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Abstract 19 

Catheter-related urinary tract infections are one of the most common biofilm-associated diseases. 20 

Inside biofilms, bacteria cooperate, compete, or have neutral interactions. The aim was to study 21 

the interactions inside polymicrobial biofilms formed by Klebsiella pneumoniae and 22 

Enterococcus faecalis, two of the most common uropathogens. 23 

  24 

Although K. pneumoniae was the most adherent strain, it was unable to maintain dominance in 25 

the polymicrobial biofilm due to the lactic acid produced by E. faecalis in a glucose-enriched 26 

medium. This result was supported using the E. faecalis V583 ldh-1/ ldh-2 double mutant, which 27 

not inhibited the growth of K. pneumoniae since this mutant does not produce lactic acid. 28 

Lyophilized cell-free supernatants (L-CFS) obtained from E. faecalis biofilms also showed 29 

antimicrobial/antibiofilm activity against K. pneumoniae. Conversely, there were no significant 30 

differences in planktonic polymicrobial cultures. 31 

 32 

In conclusion, E. faecalis modifies the pH by lactic acid production in polymicrobial biofilms, 33 

compromising the growth of K. pneumoniae.  34 

 35 

Keywords: polymicrobial biofilms; interspecies interactions; competition; lyophilized cell-free 36 

supernatant, lactic acid. 37 

  38 



Introduction 39 

Biofilms are microbial communities of surface-attached cells embedded in a self-produced 40 

extracellular matrix which play an important role in a wide diversity of infections, including 41 

catheter-related infections (Dybowska-Sarapuk et al. 2017). In this context, although 42 

indwelling device-related urinary tract infections are one of the most common biofilm 43 

infections of the urinary system (Kirmusaoglu et al. 2017), it may not result in a high mortality 44 

rate. Nevertheless, they pose a challenge for the health care system by increasing morbidity and 45 

treatment costs (Frank et al. 2009). 46 

The microorganisms that usually colonise indwelling urinary catheters and develop biofilms 47 

are Staphylococcus epidermidis, E. faecalis, Escherichia coli, Proteus mirabilis, Pseudomonas 48 

aeruginosa, K. pneumoniae, and other Gram-negative organisms (Sabir et al. 2017). Most 49 

research studies have focused on monomicrobial biofilms to understand the mechanisms that 50 

involve biofilm development (Lee et al. 2014); however, the majority of them appear in nature 51 

as a diverse community of microorganisms (Elias & Banin 2012) and the clinical field is no an 52 

exception. Recent reports have demonstrated that a large number of biofilms involved in 53 

catheter-associated urinary tract infections (CAUTI) are formed by polymicrobial communities 54 

(Azevedo et al. 2017). Galván et al, also reported that some of the dual-species associations 55 

showing higher prevalence in urine samples were K. pneumoniae/E. coli, E. coli/E. faecalis, K. 56 

pneumoniae/E. faecalis, and K. pneumoniae/P. mirabilis accounting for 26 %, 10 %, 8.5 %, 57 

and 7 % of the cases, respectively (Galván et al. 2016).  58 

Inside biofilms, social interactions of cooperation or competition between cells occur, and could 59 

drive many changes or alterations in the community (Flemming et al. 2016). In fact, in contrast 60 

to liquid cultures, these interactions are allowed by high cell concentration and diffusion 61 

limitation (Rendueles & Ghigo 2012). The new technological developments have allowed the 62 



study of the diversity of highly complex microbial communities. Nevertheless, there is a lack 63 

of knowledge about the implication of interspecies relationships that needs to be addressed 64 

(Røder et al. 2016). 65 

The present study was focused on the interspecies interactions in polymicrobial biofilms formed 66 

by K. pneumoniae and E. faecalis. K. pneumoniae is a Gram-negative, encapsulated, non-67 

motile, facultative anaerobe, and rod-shaped bacterium (Guentzel 1996). Different virulence 68 

factors are related to their biofilm formation, being the most important the capsular 69 

polysaccharides or the type 1- and type 3-fimbriae, which enhance the biofilm of these bacteria 70 

on urinary catheters (Bei et al. 2016). On the other hand, E. faecalis is a Gram-positive, non-71 

motile, facultative anaerobe, and round-shape bacterium. Previous research has reported some 72 

virulence factors related to biofilm formation, including the esp, gelE, and asa1 genes, which 73 

have been found to support cell adherence, colonization, aggregation or persistence in the 74 

urinary tract (Paganelli et al. 2012).  75 

We considered the fact that these two pathogens are some of the most prevalent among urinary 76 

tract infections but information about their specific interaction inside biofilm is still scarce. 77 

Besides, K. pneumoniae is one of the species listed as "priority pathogens" by the World Health 78 

Organization to help in prioritizing the research and development of new and effective 79 

antibiotics (World Health Organization. 2017) and it requires our special attention. 80 

Materials and methods 81 

Bacterial strains 82 

The strains used in this study are listed in Table 1. Clinical strains were isolated from midstream 83 

urine samples and belong to a collection of our research group. The main results of this study 84 

are focused on one K. pneumoniae (AT) and four E. faecalis (2, 3, 5, and V583) because they 85 



are strong biofilm-forming strains. The results of the other K. pneumoniae strains (Kp ATCC 86 

13883, Kp 188, Kp 529, Kp 725) analysed are presented in the supplementary material.  87 

E. faecalis V583 wild type (wt) and its mutants with a deletion in ldh-1 (Δldh1), ldh-2 (Δldh2), 88 

or both genes (Δldh1/Δldh2) were used to complete our study on the influence of lactic acid 89 

production in the polymicrobial biofilms. 90 

All the strains were previously identified by MALDI-TOF mass spectrometry, their 91 

antimicrobial profile was tested following the M100 guidelines (CLSI 2019) and their biofilm 92 

formation ability was characterized following the protocol of Stepanović et al, (Stepanović et 93 

al. 2007) where a cut-off value (ODc) was established as three standard deviations above the 94 

mean OD of the negative control. The interpretation was as follows: Optical density of the strain 95 

(OD) ≤ ODc, the strain was considered no biofilm producer; ODc < OD ≤ 2 X ODc it was 96 

considered weak biofilm producer; 2 X ODc < OD ≤ 4 X ODc it was considered moderate 97 

biofilm producer; 4 X ODc < OD, it was considered strong biofilm producer. The biofilm 98 

formation was measured in three technical and biological replicates. 99 

[Table 1 near here] 100 

Biofilm assays 101 

Adhesion to abiotic surfaces 102 

The adhesion to polystyrene plates was performed following the protocol described by 103 

(DiMartino et al. 2003) with some modifications. Briefly, flat-bottomed non-treated 6-well 104 

microtiter plates (VWR International) were filled with two mL of a suspension of 108 colony 105 

forming units (CFUs) per mL made in 1x phosphate-buffered saline (PBS) (pH 7.2) and 106 

incubated for 30 min, 1 h, 2 h and 3 h at 37 ºC. After the incubation, each well was washed with 107 

1x PBS. Adherent bacteria were released by sonication for 30 seconds in an ultrasonic bath 108 



(Branson 3510, Marshall Scientific) and quantified using 10-fold serial dilutions and 109 

conventional plating on Luria Bertani agar (Miller’s LB AGAR, Condalab) for K. pneumoniae 110 

and BD Columbia agar with 5 % Sheep Blood (Becton Dickinson) for E. faecalis. Then, the 111 

plates were incubated at 37 ºC for 18 - 24 h. Bacterial adhesion was expressed as a percentage 112 

of the original inoculum adhering to the well. The strains were considered highly adherent to a 113 

surface when the percentage of adherent bacteria was superior to 1 % compared to the original 114 

inoculum. The experiment was carried out in three technical and biological replicates. 115 

Development and quantification of mono- and polymicrobial biofilms 116 

Development of the mono- and polymicrobial biofilms was performed using a modified 117 

protocol previously described by Makovcova et al. (Makovcova et al. 2017). Briefly, bacterial 118 

strains were grown in 10 mL of trypticase soy broth (TSB, Condalab) overnight at 37 °C with 119 

shaking at 180 rpm. Bacterial cells were then pelleted at 4000 g for 20 min, and the pellet was 120 

resuspended in 5 mL of fresh TSB supplemented with 1 % glucose. Optical densities (OD600nm) 121 

of the bacterial suspensions were measured using the Ultrospec 10 cell density meter 122 

(Amersham Biosciences) and adjusted to a final concentration of ~ 1 x 107 CFU mL-1. An equal 123 

volume of each strain was combined to make the polymicrobial culture ratio 1:1. Biofilms were 124 

grown in flat-bottomed non-treated 6-well microtiter plates (VWR International). A sterility 125 

control (culture medium without inoculum) was included. All plates were covered with 126 

adhesive lids to avoid evaporation and then incubated in static conditions at 37 °C for 30 min, 127 

1, 2, 3, 4, 8, 24, 48, and 72 h. The media was replaced every 24 h with fresh supplemented TSB 128 

broth. The initial inoculum of each strain was confirmed by colony counting.  129 

After incubation, biofilm production was quantified using a previously described protocol 130 

(Cepas et al. 2019). Briefly, the remaining culture was carefully removed and each well was 131 

gently rinsed with 1x PBS. Then, all the plates were dried at 65 °C to fix the biofilm to the 132 



surface. Biofilms were stained with crystal violet (CV) (2 % v/v) and incubated for 10 min at 133 

room temperature. Afterwards, CV was removed, rinsed once with 1x PBS and dried at 65 °C 134 

for 60 min. Biofilm formation was quantified by eluting the CV fixed to the biofilm in 33 % 135 

glacial acetic acid and absorbance of each well was measured at 580 nm (OD580nm) using a 136 

microplate spectrophotometer (EPOCH 2 microplate reader; BioTek, VT). The experiment was 137 

carried out in three technical and biological replicates. 138 

Percentage of biofilm formation inhibition 139 

Following the protocol described by Reece et al. (Reece et al. 2018), the percentage of biofilm 140 

formation inhibition was determined as the difference between the OD580nm value of each mixed 141 

biofilm and the sum of the OD580nm values of biofilm formed by the corresponding individual 142 

species expressed in percentage. 143 

Inhibition (%) = [
( OD1 + OD2) – OD3

(OD1 + OD2) 
] ∙ 100 (1) 

OD1 = OD K. pneumoniae individual specie biofilm 144 

OD2 = OD E. faecalis individual specie biofilm 145 

OD3 = OD mixed biofilm 146 

Cultivable cells quantification 147 

The number of cultivable cells from disrupted biofilms was obtained by colony counting. In 148 

brief, after the aspiration of supernatants, the wells were rinsed once with 1x PBS to remove 149 

non-attached cells. The plates were then sonicated at 40 kHz for 1 min, following the protocol 150 

described by Iñiguez-Moreno et al. (Iñiguez-Moreno et al. 2017). Later, the biofilms were 151 

scraped with a cell scraper (VWR international) and serially diluted for colony counting. In 152 

monomicrobial biofilms, K. pneumoniae and E. faecalis were plated on Luria Bertani agar 153 



(Miller’s LB AGAR, Condalab) and BD Columbia agar with 5 % Sheep Blood (Becton 154 

Dickinson), respectively. In polymicrobial biofilms, aliquots were plated both on selective 155 

media MacConkey II agar (Becton Dickinson) for selection of K. pneumoniae cells and on 156 

Enterococcosel agar (Becton Dickinson) for E. faecalis. Agar plates were incubated at 37 °C 157 

for 18 - 24 h. Assays were performed in triplicate. 158 

Competitive index (CI) 159 

The competitive index was calculated according to Macho et al. (Macho et al. 2007). Thus, the 160 

CI was defined as the K. pneumoniae/E. faecalis ratio within the output sample, divided by the 161 

corresponding ratio in the inoculum (input), where output and input samples were assessed after 162 

plating into selective media serial dilutions of the sample taken at fixed times. CI values were 163 

subjected to a Log transformation for normal distribution, and then interpreted as follows: a CI 164 

value equal to zero indicates no competition between the two species; a positive CI value 165 

indicates a competitive advantage for K. pneumoniae, and a negative CI value indicates a 166 

competitive advantage for E. faecalis (Magalhães et al. 2017). 167 

 168 

CI = Log [
(CFU mL−1 𝐾. 𝑝𝑛𝑒𝑢𝑚𝑜𝑛𝑖𝑎𝑒) output ·  (CFU mL−1 𝐸. 𝑓𝑎𝑒𝑐𝑎𝑙𝑖𝑠) input

(CFU mL−1 𝐸. 𝑓𝑎𝑒𝑐𝑎𝑙𝑖𝑠 ) output ·  (CFU mL−1 𝐾. 𝑝𝑛𝑒𝑢𝑚𝑜𝑛𝑖𝑎𝑒) input
] (2) 

CI = 0: Equal competition between species. 169 

CI > 0: Competitive advantage for K. pneumoniae. 170 

CI < 0: Competitive advantage for E. faecalis. 171 

Competition in planktonic cultures 172 

The same volume of ~ 1 x 107 CFU mL-1 of each strain was mixed and incubated at 37 °C with 173 

shaking at 180 rpm. Aliquots were taken after specific time points (24, 48, and 72 h), serially 174 



diluted 10-fold when needed and plated for colony counting as previously described. The cell 175 

count values were expressed as CFU mL-1. Assays were performed in triplicate. After each cell 176 

count, the culture was centrifuged, the supernatant was discarded and replaced by fresh medium 177 

and the cells resuspended in the new one.  178 

Supernatant analysis 179 

Lyophilized cell-free supernatants collection (L-CFS) 180 

The E. faecalis supernatants from biofilms were collected after 24 h of incubation. A portion 181 

of each supernatant was adjusted at pH 6.5 with sodium hydroxide (NaOH) 1 M. Then, the total 182 

volume collected was centrifuged for 15 min at 12,000 × g (at 4 °C) and passed through a 0.22 183 

μm pore-size filter to remove bacteria, obtaining cell-free supernatants (CFS) (Wang et al. 184 

2013). Afterwards, all the CFS were lyophilized in the CHRIST freeze dryer alpha 1-2 LD 185 

(Martin Christ Gefriertrocknungsanlagen GmbH) to get lyophilized cell-free supernatants (L-186 

CFS).  187 

Minimal inhibitory concentration (MIC) 188 

The MIC values of the L-CFS were determined using the broth microdilution method (CLSI 189 

2019). Two-fold serial dilutions in Mueller Hinton broth (MH) were carried out using round-190 

bottom microtiter plates (Greiner bio-one 96 well, polystyrene, U-bottom). The final volume in 191 

each well was 100 µL. Bacterial 0.5 McFarland suspensions were diluted to obtain a final 192 

concentration of 5.105 CFU mL-1 per well. The MIC of DL-Lactic acid 85% (w/w), syrup 193 

(Sigma Aldrich) was also measured following the same protocol. To avoid evaporation, all 194 

plates were covered with adhesive foil lids and incubated in static conditions at 37 °C for 18 - 195 

24 h and were visually read for the absence of turbidity. MIC values were defined as the lowest 196 

concentration of L-CFS that inhibited visible growth. The experiments were carried out in 197 



triplicate. 198 

Antibiofilm assays  199 

The inhibition of biofilm formation was assessed following the procedure described by 200 

DosSantos Goncalves et al. (DosSantos Goncalves et al. 2014) with some modifications. 201 

Briefly, overnight cultures of K. pneumoniae were diluted to reach a 107 CFU mL-1 inoculum 202 

with fresh TSB supplemented with 1 % glucose. Biofilm formation assay was carried out in 203 

polystyrene flat bottomed microtiter plates (Nunc™ Edge 2.0 96-well plate, non-treated, with 204 

lid, VWR International). Each well, filled with the corresponding inoculum, contained ⅟4 (v/v) 205 

of E. faecalis supernatant extract at different concentrations. The microtiter plates were 206 

incubated at 37 °C for 24 h in static. Each well was rinsed once with sterile 1x PBS and the 207 

remaining biofilms were quantified following the CV staining procedure described previously. 208 

To evaluate the effects of L-CFS on pre-formed K. pneumoniae biofilms, the following method 209 

was carried on. After 24 h of incubation at 37 ºC in static conditions, each well containing the 210 

established biofilm was carefully rinsed once with sterile 1x PBS and treated with L-CFS at 211 

different concentrations. The microtiter plates were then incubated at 37 °C for another 24 h in 212 

static, and quantified using the CV staining procedure.  213 

In both assays, a negative control (culture medium without inoculum) and positive control 214 

(culture medium with bacterial inoculum) were included in each plate. 215 

Both inhibitory and eradication capacities of DL-Lactic acid 85% towards K. pneumoniae 216 

biofilms were also measured following the same protocol. The experiments were carried out in 217 

three technical and biological replicates. 218 



Determination of lactic acid 219 

Quantitative detection of lactic acid in cell-free supernatants was performed using the L-lactic 220 

acid Kit (BioSystems S.A.). The method is based on lactic acid oxidation. L-lactic acid in the 221 

sample generates, using the reaction described below, NADH, which can be measured by 222 

spectrophotometry. Measurements were made on the Analyser Y15 (BioSystems S.A.). 223 

 224 

(3) 225 

Biofilm development using lactic acid E. faecalis mutant strains 226 

E. faecalis V583 wt and its mutant strains with deletions in either ldh-1, ldh-2, or both genes 227 

were used to assess the inhibition caused by lactic acid production. Development and 228 

quantification of mono- and polymicrobial biofilms using counting of bacterial CFUs were 229 

performed as described above. The pH of the supernatants was also measured. 230 

Interspecies interaction using pooled human urine 231 

To evaluate the interactions between some of the strains, human urine was collected from six 232 

healthy volunteers of both sexes who had no history of urinary tract infection. Urinalysis 233 

showed normal parameters (glucose, ketones, nitrites, leukocyte esterase, bilirubin, 234 

urobilinogen, blood, and proteins). The urine was pooled, filter sterilized and stored at 4 ºC. 235 

Urine pH was 6.5 at the beginning of the analysis. Mono and polymicrobial biofilms were 236 

developed using the pooled human urine with or without glucose 1 %, and quantified by 237 

counting of bacterial CFUs as previously described. The competitive index was also calculated.  238 

Data plotting and statistical analysis  239 

All statistical analyses were performed using GraphPad Prism v8.0.2 software (La Jolla, 240 

California, USA). Graphs were created using GraphPad Prism v8.0.2 software and Tableau 241 

L-lactate  +  NAD+        L-LDH        Pyruvate  +  NADH 



Software (Seattle, USA). The data are expressed as mean ± SD (standard deviation). The 242 

percentage of inhibition in biofilm formation was evaluated via Student t-test, comparing the 243 

OD580nm value of polymicrobial biofilms and the sum of OD580nm of each monomicrobial 244 

biofilm. One-way ANOVAs followed by post hoc Dunnett’s multiple comparisons tests were 245 

used to analyse the quantification of the cultivable cells, competition in planktonic cultures, the 246 

antibiofilm capacities by the L-CFS of E. faecalis. One-way ANOVA followed by post hoc 247 

Tukey’s multiple comparisons test was used to analyse adhesion to abiotic surfaces. 248 

Confirmation of inhibition by lactic acid production, using E. faecalis V583 wt and its mutants, 249 

was analysed by confidence intervals on the difference between means. Tests with P values < 250 

0.05 were considered significant.  251 

Results 252 

Biofilm assays 253 

Adhesion to abiotic surfaces 254 

The time-dependent adhesion to polystyrene plates was measured by conventional plating 255 

(Figure 1 and Figure S1). For all these strains, the number of adherent bacteria increased during 256 

the incubation period. K. pneumoniae AT was the most adherent strain, with an increase of 2.42 257 

% after 60 min of incubation compared to the initial inoculum. Among the E. faecalis strains, 258 

Ef 2 increased its adhesion in a 1.20 % after 60 min of incubation, and Ef 3, Ef 5, and Ef V583 259 

reached a percentage of 1.50 %, 1.51 %, and 1.18 % respectively, after 120 min of incubation. 260 

One-way ANOVA showed statistically significant differences when the percentage of 261 

adherence of K. pneumoniae AT after 60 minutes of incubation was compared with the 262 

percentages of adherence of all E. faecalis strains tested at the same incubation time. (p < 263 

0.0001). 264 

[Figure 1 near here] 265 



Percentage of biofilm formation inhibition 266 

When assessing the interaction between the two pathogens within the biofilm, the reduction of 267 

the total biomass of polymicrobial biofilms formed by K. pneumoniae and E. faecalis compared 268 

to the sum of the total biomass of monomicrobial biofilms of each strain was statistically 269 

significant (p < 0.001) in all comparisons, being the inhibition observed expressed in 270 

percentages in Table 2. The same effect was observed using the other K. pneumoniae strains 271 

(Table S1). These results suggest that the co-cultivation of K. pneumoniae and E. faecalis in a 272 

polymicrobial biofilm significantly compromised their biomass formation compared to those 273 

formed individually.  274 

[Table 2 near here] 275 

Cultivable cells quantification 276 

Results on the cultivable bacterial quantification after polymicrobial biofilm growth at different 277 

time points are presented in Figure 2 and Figure S2. In general, cell counts of K. pneumoniae 278 

in the polymicrobial biofilm decreased when compared to monocultures. E. faecalis maintain 279 

similar growth in polymicrobial biofilms compared with monocultures and it is the prevailing 280 

specie over K. pneumoniae in co-culture. This predominance was not statistically significant 281 

after 30 min, 1, 2, 3, 4, and 8 h of incubation. A statistically significant reduction of CFUs was 282 

observed in K. pneumoniae after 24, 48, and 72 h (p <0.001).  283 

[Figure 2 near here] 284 

Competitive index (CI)  285 

The CI value allows us to compare the differences among growth curves of polymicrobial 286 

biofilms and explains which of the pathogens present in the co-culture has a predominant 287 

behaviour within the biofilm. Negative CI values in polymicrobial biofilms at most of the 288 

incubation times tested were observed (Figure 3 and Figure S3), agreeing with the colony count 289 



results. This could mean a clear advantage for E. faecalis over K. pneumoniae. 290 

[Figure 3 near here] 291 

Competition in planktonic cultures 292 

The competition between both species in planktonic cultures was also assessed. Although a 293 

reduction in the CFUs of K. pneumoniae was observed when it was co-cultured with different 294 

E. faecalis strains in biofilm growth, no statistically significant reduction of CFUs of any of the 295 

involved species in planktonic co-cultures was observed at any time point tested (P>0.05) 296 

compared to monocultures. Therefore, neutral interactions were evident between the involved 297 

species in the planktonic state. (Figure S4) 298 

Supernatant analysis 299 

pH measurement 300 

The pH values of supernatants of mono- and polymicrobial cultures (biofilms and planktonic) 301 

were measured throughout the incubation time. A pH decrease over time is observed in both 302 

mono and co-cultures (Figure 4).  303 

In biofilms, it is worth noting that the pH of the E. faecalis supernatant was lower in 304 

monomicrobial than in polymicrobial. Nevertheless, when co-cultured, pH decreases enough to 305 

impair K. pneumoniae growth according to the colony count observed in figure 2.  306 

This K. pneumoniae colony count changes depending on the E. faecalis strain used in the 307 

polymicrobial biofilm, and it may be the reflection of nutrient competition and different growth 308 

rates of the strains. In the same way, inherent characteristics of each strain such as virulence 309 

factors and their expression, as well as the physical interactions and other metabolites 310 

exchanges between the strains involved could produce these differences. 311 



On the other hand, the pH in polymicrobial planktonic cultures was not low enough to affect 312 

the K. pneumoniae growth, which would explain why the colony count of none of the species 313 

was affected.  314 

[Figure 4 near here] 315 

Antimicrobial and antibiofilm effect  316 

All non-pH adjusted L-CFS collected from E. faecalis biofilms showed antimicrobial and 317 

antibiofilm activity against K. pneumoniae. Thus, the MIC value in planktonic growth was 32 318 

mg mL-1. The minimal biofilm inhibitory concentration (MBIC), defined as the last well in 319 

which no visible growth was observed after incubation in the presence of biofilm and 320 

antimicrobial agents (LaPlante & Mermel 2009), was 64 mg mL-1 (Figure 5a and Figure S5). 321 

The minimal biofilm eradication concentration (MBEC), defined as the lowest concentration 322 

that an antimicrobial agent required to eradicate biofilm (Perumal & Mahmud 2013), was 256 323 

mg mL-1, although a complete eradication of the mature biofilm was not observed with K. 324 

pneumoniae AT (Figure 5b and Figure S6).  325 

MBIC and MBEC were measured in three biological and technical replicates and were 326 

statistically significant when compared to the control (K. pneumoniae biofilm without L-CFS) 327 

(P<0.001). No antimicrobial or antibiofilm activity was observed when the pH of L-CFS 328 

collected from biofilms was adjusted to a pH of 6.5 with sodium hydroxide (NaOH) 1M.  329 

[Figure 5 near here] 330 

The antibacterial and antibiofilm effects of commercial lactic acid were also measured against 331 

K. pneumoniae, being the MIC value = 1.25 mg mL-1, MBIC value = 4 mg mL-1, and MBEC 332 

value was > 256 mg mL-1. 333 



Determination of lactic acid in supernatants 334 

To confirm that the decrease in pH was due to the production of organic acids, the lactic acid 335 

concentration of supernatants collected from biofilms was measured. An important 336 

concentration of lactic acid was detected in supernatants (Table 3 and Table S2), which may 337 

confer the observed antibacterial and antibiofilm activities against K. pneumoniae. These 338 

results are consistent with the MIC values obtained with commercial lactic acid, where a 339 

concentration of 1.25 mg mL-1 inhibited K. pneumoniae growth. As well as the pH, lactic acid 340 

of the E. faecalis supernatant was lower in monomicrobial than in polymicrobial, because, in 341 

the second one, two kinds of species with different growth rates are competing for nutrients, 342 

and Klebsiella pneumoniae, which has a higher growth rate than E. faecalis, also use up the 343 

glucose and E. faecalis has not enough to produce the same lactic acid than produced when it 344 

grows in monomicrobial biofilms. 345 

[Table 3 near here] 346 

K. pneumoniae biofilm development at different pH conditions 347 

To define the influence of pH in the growth and the subsequent biofilm development of K. 348 

pneumoniae, TSB medium was adjusted with NaOH 1M at pH ranging from 3.5 to 7.0, with 349 

intervals of 0.5. Biofilms were established following the protocol of development and 350 

quantification of biofilms and then incubated in static conditions at 37 °C for 24 h. After 351 

incubation, biofilm production was quantified using CV staining. The results of OD 580 nm 352 

showed that the lowest pH at which K. pneumoniae AT can form biofilm was 5.0, being 7.0 the 353 

optimal pH value to develop a strong biofilm. This condition corresponds to the pH used in 354 

conventional culture media (Figure 6 and Figure S7). 355 

[Figure 6 near here] 356 



Biofilm development using lactic acid E. faecalis mutant strains 357 

E. faecalis possesses two cytosolic L - (+) - lactate dehydrogenases encoded by the ldh-1 and 358 

ldh-2 genes. Most of the activity is associated with LDH-1, and LDH-2 plays only a minor role 359 

(Fatima Rana et al. 2013). Therefore, polymicrobial biofilms formed by E. faecalis V583 wt or 360 

V583 Δldh-2 displayed the same inhibitory effect over K. pneumoniae observed previously with 361 

the other E. faecalis clinical strains tested in this study. However, when E. faecalis V583 Δldh-362 

1 or Δldh-1/Δldh-2 double mutant were analysed, the colony count of K. pneumoniae was not 363 

statistically affected when compared to monocultures (Figure 7). Confidence intervals on the 364 

difference between means showed statistically significant differences between means of K. 365 

pneumoniae AT monomicrobial and K. pneumoniae AT co-cultured with E. faecalis V583 wt 366 

or E. faecalis V583 Δldh-2. The difference between means of K. pneumoniae AT 367 

monomicrobial and K.pneumoniae AT co-cultured with E. faecalis V583 Δldh-1 or E. faecalis 368 

V583 Δldh-1/Δldh-2 was not statistically significant. The same effect was observed using the 369 

other K. pneumoniae strains (Figure S8). The competitive index showed an advantage of E. 370 

faecalis over K.pneumoniae with all the strains used, but the difference of the obtained values 371 

when E. faecalis V583 or E. faecalis V583 Δldh-2 were used (-3.63 and -2.52 respectively after 372 

24 h of incubation), is higher than the obtained when E. faecalis V583 Δldh-1 or E. faecalis 373 

V583 Δldh-1/Δldh-2 were in the polymicrobial biofilm (-0.74 and -0.59 respectively after 24 h 374 

of incubation). In the same way, the pH decrease in the polymicrobial cultures using E. faecalis 375 

V583 or E. faecalis V583 Δldh-2 was enough to inhibit the K. pneumoniae growth. Although 376 

the decrease in the pH could be done by other organic acids produced, the loss of lactic acid 377 

production in these E. faecalis mutant strains (V583 Δldh-1 or Δldh-1/Δldh-2 double mutant) 378 

made these values not as lower as the wt V583 or the V583 Δldh-2 strain, causing less alteration 379 

on K. pneumoniae growth (Table S3).  380 

[Figure 7 near here] 381 



Interspecies interaction using pooled human urine 382 

Using pooled human urine with and without glucose, the urine conditions of diabetic and non-383 

diabetic patients were simulated. Neutral interactions between the strains were found when the 384 

urine without glucose was used. However, the same inhibitory effect of E. faecalis over K. 385 

pneumoniae was observed when the pooled human urine was supplemented with glucose 1 %, 386 

similarly, as the results obtained when TSB supplemented with glucose was used (Figure 8 and 387 

Figure S9). The reduction of CFUs was statistically significant in K. pneumoniae after 24, 48, 388 

and 72 h of incubation (p <0.001).  389 

[Figure 8 near here] 390 

Discussion 391 

It is widely known that the interactions established in polymicrobial biofilms imply cell-to-cell 392 

communication, typically via quorum sensing (Thornhill & McLean 2018). These interactions 393 

may promote synergism, in which the involved species cooperate between them by increasing 394 

biofilm formation and, therefore, their resistance to antibiotics, compared to monomicrobial 395 

biofilms (Schwering et al. 2013; Makovcova et al. 2017). However, these interactions can lead 396 

to a benefit for one of the species involved, based on nutrient competition or by inhibiting the 397 

proper growth of their counterparts, a mechanism known as antagonism (Harrison 2007). Thus, 398 

the co-culture of different bacteria in the biofilm state can lead to an increase or decrease in 399 

their biomass. The third scenario is in which neither synergism nor antagonism is evident 400 

among the species involved. Therefore, in this case, their interaction is classified as neutral. 401 

Considering that K. pneumoniae and E. faecalis are common uropathogens, and biofilm 402 

formation is an important trait in their pathogenesis, the study of their interspecies interactions 403 

within biofilms seems mandatory. This approach could help identify possible targets or new 404 

antimicrobial compounds, mainly produced by predominant strains, with therapeutic activity. 405 



However, research in this specific interaction is currently scarce.  406 

According to our study, when the CV assay and the percentage of inhibition were carried out, 407 

the sum of their separate monomicrobial biomasses did not correlate with the total biomass of 408 

polymicrobial biofilms, which was frequently much lower. Therefore, these results point a 409 

competitive interaction between the involved species, also supported by their quantification in 410 

agar plates, where a predominance of E. faecalis over K. pneumoniae was observed. In 411 

polymicrobial biofilms, the CFU cm-2 values of E. faecalis continued almost unaltered through 412 

all set times tested, while K. pneumoniae concentration decreased over time in contrast to the 413 

monomicrobial biofilm. In the same way, the negative CI values obtained during the time 414 

specifies an inhibitory effect of all E. faecalis over K. pneumoniae suggesting a more 415 

competitive rather than cooperative interaction between species. It is important to note that this 416 

competitive interaction was not observed in the planktonic state, although nutrient content of 417 

growth media, pH, and temperature were initially the same in both experiments. It was because 418 

the oxygen availability among cells differs in planktonic and biofilm state. Thus, as observed 419 

in the biofilm assay, limited airing leads to an increase in lactic acid production by E. faecalis 420 

compared to planktonic cultures.  421 

A previous study performed by Galván et al. observed neutral interactions between K. 422 

pneumoniae - E. faecalis regarding biofilm formation and viable cell-counts were similar when 423 

mixed vs pure cultures were compared (Galván et al. 2016). Our findings contrast with this 424 

previous work, showing a decrease in the biofilm population of K. pneumoniae and an 425 

advantage over time of E. faecalis in biofilm co-culture. Such differences observed between 426 

studies could be attributed to the use of artificial urine medium without glucose, which, when 427 

tested in our laboratory, did not allow an adequate growth of our E. faecalis strains. Therefore, 428 

we preferred to use pooled human urine supplemented with glucose, observing the same 429 

inhibitory effect as when TSB broth was used. It should be noted that, as was observed by 430 



Galvan et al, neutral interactions between the species were observed when the pooled human 431 

urine without glucose was used, which makes a difference in the interspecies interactions that 432 

may be going on diabetic and non-diabetic patients. In patients with CAUTI and risk factors 433 

such as diabetes, less virulent pathogens than Enterobacteriaceae, such as Candida spp. and 434 

Enterococcus spp. become more predominant (Tandogdu & Wagenlehner 2016), and several 435 

studies have shown that urinary tract infection by Enterococcus species is often polymicrobial 436 

(Giannakopoulos et al. 2019), confirming our findings. Although the data obtained in this study 437 

has the limitation of no using a continuous flow system, future research could be focused on a 438 

comparison between the static and dynamic models.  439 

Nadell et al (Nadell et al. 2016) affirmed that when several strains and species come into contact 440 

with others,  predominance is expected of the most competitive phenotypes, as an act of natural 441 

selection to favour genetic lineages that may be helpful to themselves more than they are to the 442 

others. In this way, even though K. pneumoniae has a shorter generation time than E. faecalis, 443 

the first one is not capable to maintain dominance in the biofilm. Indeed, Schluter et al (Schluter 444 

et al. 2015), stated that in polymicrobial biofilms predominate the most adherent genotype, but 445 

the obtained results indicate that, although K. pneumoniae AT has a stronger capacity to 446 

adhesion than E. faecalis in monomicrobial biofilms, this characteristic is not key in the further 447 

development of the polymicrobial biofilm with E. faecalis, where the production of substances 448 

like lactic acid affects the growth of K. pneumoniae. So, not only the adhesion to the abiotic 449 

surface but also the production of inhibitory substances should be taken into account when these 450 

interactions are analysed.  451 

Several bacteria generate different compounds that interfere with the growth of their 452 

counterparts, like hydrogen peroxide, different organic acids or bacteriocins (Mariam et al. 453 

2017). Bacteriocins have stability at different pH concentrations and possess other biological 454 

and physicochemical properties, some of which are related to their capacity to eradicate 455 



biofilms (Mathur et al. 2018). However, in some cases, one of the involved species produces 456 

hydrogen peroxide or organic acids as metabolic waste, causing a change in the pH of the 457 

surrounding medium that harms the other species growing into the biofilm (Makovcova et al. 458 

2017). Thus, the producing strain could benefit itself or not be affected by its waste product, 459 

but accidentally it could affect the normal growth of the other species (Nadell et al. 2016). For 460 

example, vaginal Lactobacilli spp. produces lactic acid that causes a decrease in environmental 461 

pH interfering in the growth of species such as Neisseria gonorrhoeae (Graver & Wade 2011). 462 

E. faecalis is also considered a lactic acid bacteria, and some of the mechanisms that involve in 463 

the inhibition of different pathogens comprise competition for nutrients, production of different 464 

organic acids and secretion of antimicrobial substances (Mariam et al. 2017). Lactic acid is the 465 

main product of Enterococcus fermentation under conditions of excess glucose and limited 466 

oxygen. It is generated by the reduction of pyruvate to regenerate NAD+ for ongoing glycolysis 467 

and is the most important in all lactic acid bacteria (Ramsey et al. 2014). However, certain 468 

strains produce ethanol, formic acid, fatty acids, hydrogen peroxide, diacetyl, reuterin, and 469 

reutericyclin (DeVuyst & Leroy 2007).  470 

Antibacterial and antibiofilm effects were also observed when assessing the activity of L-CFS 471 

extracted from E. faecalis biofilms over K. pneumoniae. Since the inhibitory effect was only 472 

observed when testing the non-pH adjusted L-CFS, it was probably caused by the production 473 

of organic acids and may not be related to bacteriocin production. So, when lactic acid in 474 

supernatants was measured, the concentration was enough to inhibit the growth and biofilm 475 

development of K. pneumoniae, which was also supported by the commercial lactic acid MIC 476 

and MBIC results. 477 

In different environments, E. faecalis has been found inhibiting the growth of other bacteria. In 478 

root canals, Streptococcus gordonii was completely inhibited when it was co-cultured with E. 479 

faecalis (Gao et al. 2016). Also, other studies showed that the presence of E. faecalis limited 480 



the presence of Listeria monocytogenes in polymicrobial biofilms at 39 ºC due to the 481 

competition for nutrients and production of toxic metabolites. (DaSilva Fernandes et al. 2015). 482 

Studies of Alakomi et al (Alakomi et al 2000) confirmed that 5 mM (pH 4.0) of lactic acid 483 

causes the permeabilization of Gram-negative bacteria by disrupting the outer membrane. The 484 

average pH found in the E. faecalis biofilm supernatants after 24 h was 4.18 and the lactic acid 485 

concentration was 2.37 g L-1. Besides, when testing the ability of K. pneumoniae to form a 486 

biofilm in a range of pH between 3.5 and 7.0, biofilm biomass production increased along with 487 

the pH of the media, finding pH 7.0 as the most favourable condition to form the biofilm. On 488 

the other hand, at pH values below 5.0, bacteria lose this ability. Other researchers have also 489 

demonstrated the effect of pH in biofilm production, establishing that biofilm production in K. 490 

pneumoniae increased 151–319 % at pH 8.5 and 111–177 % at pH 7.5 compared with the 491 

biofilm formed under pH 5.5 (Hoštacká et al. 2010).  492 

Additionally, the analysis carried out with E. faecalis V583 wt and V583 mutant strains with 493 

deletions in ldh-1, ldh-2, or both genes, confirm also the hypothesis related to inhibition caused 494 

by lactic acid production. The inhibition was found when the polymicrobial biofilms were 495 

formed by E. faecalis V583 wt or the E. faecalis Δldh2 strains. On the other hand, no statistically 496 

significant decrease in the colony counts of K. pneumoniae when E. faecalis V583 Δldh-1 or 497 

Δldh-1/Δldh-2 mutant strains were involved. This is because the majority of the lactic acid 498 

production is conferred to the ldh-1 gene, where ldh-2 plays a minor role in this process. 499 

(Jönsson et al. 2009; Fatima Rana et al. 2013), concluding that the antibiofilm effect by E. 500 

faecalis over K. pneumoniae is mainly due to the production of lactic acid and the consequent 501 

reduction of pH.  502 

This suggests that, in CAUTIs of diabetic patients, lactic acid production could confer an 503 

advantage to E. faecalis over K. pneumoniae or other species, because some E. faecalis strains 504 



can resist and adapt to different pH ranges growing in highly acid conditions (pH 2.9) (Rince 505 

et al. 2000; Mubarak & Soraya 2018). Moreover, it is well known that growth inhibition of 506 

different Gram-negative pathogens in urine occurs at pH 5.0 and below (Kaye 1968). Different 507 

researchers explain how some lactic acid bacteria can be used as candidates to develop probiotic 508 

microorganisms that could inhibit uropathogens. In female adults and children, probiotics have 509 

been studied and used for urogenital tract health (Reid & Bruce 2001; Lim et al. 2009; Akgül 510 

& Karakan 2018). E. faecalis has been proposed as well as a probiotic due to its adherence to 511 

intestinal cells and reinforcement of the epithelial barrier (Baccouri et al. 2019). Additionally, 512 

the study of Manohar et al found Enterococcus spp. on virtually all the catheters studied 513 

regardless of duration, but was not associated with UTI development during follow-up 514 

(Manohar et al. 2020), which could shed light on the use of Enterococcus as uropathogens 515 

inhibitor due to lactic acid production when is adhered to catheters, avoiding their adhesion by 516 

competition or by reducing available nutrients, which should be explored further in future 517 

research. All these results make us continue the study of potential lactic acid bacteria as 518 

biocontrol agents to tackle the problematic emergence of antibiotic resistance and, in this case, 519 

against biofilm formation on indwelling devices related to urinary tract infections. 520 

Conclusions 521 

K. pneumoniae and E. faecalis interact competitively when grown in biofilms in a rich glucose 522 

environment. Both microorganisms produce more biomass in monomicrobial than in 523 

polymicrobial biofilms. E. faecalis has shown to exhibit inhibitory activity against K. 524 

pneumoniae, modifying the pH as a result of lactic acid production, which originates deleterious 525 

effects over K. pneumoniae but without compromising their growth. However, the complex 526 

network of interspecies interaction between this polymicrobial biofilm and others needs further 527 

investigation.   528 
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