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Abstract  28 

Recently it was demonstrated that for urinary tract infections species  with a lower or unproven 29 

pathogenic potential such as Delftia tsuruhatensis and Achromobacter xylosoxidans, might 30 

interact with conventional pathogenic agents as such Escherichia coli. In here, single- and dual-31 

species biofilms of these microorganisms were characterized in terms of microbial composition 32 

over time, average fitness of E. coli, spatial organization and biofilm antimicrobial profile. Results 33 

revealed a positive impact of these species on E. coli fitness and a greater tolerance to the 34 

antibiotic agents. Surprisingly, in dual-species biofilms exposed to antibiotics, E. coli was able to 35 

dominate the microbial consortia in spite of being the most sensitive strain. This is the first study 36 

demonstrating the protective effect of less common species over E. coli under adverse conditions 37 

imposed by the use of antibiotic agents.  38 
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 42 
 43 

Introduction 44 
 45 

Healthcare-associated infections include the urinary tract infections (UTIs) (Kline et al. 2012), 46 

cystic fibrosis lung disease (Baldan et al. 2014), and device-related infections (Armbruster et al. 47 

2014, Frank et al. 2009, Hola et al. 2010, Stickler 2008) (e.g. urinary catheters). Concerning the 48 

catheter-associated urinary tract infections (CAUTIs), Escherichia coli is typically one of the 49 

most prevailing bacteria (Niveditha et al. 2012, Ronald 2002). Advances in molecular 50 

technologies have disclosed that in short-term catheterization, the surface of the urinary catheter 51 

is frequently colonized by a single species; while, in the long-term catheterization, a diverse 52 

microbial community inhabiting  the urinary catheter surface can be observed, with a 53 

predominance of gram-negative bacteria (Hola et al. 2010, Hooton et al. 2010, Nicolle 2005). 54 

Nonetheless, only a few studies have examined mixed-species structures (eg Azevedo et al. 2014, 55 

Cerqueira et al. 2013), and hence, our current knowledge about interspecies dynamic within 56 

polymicrobial biofilms, such as microbe-microbe interactions, remains scarce (Elias & Banin 57 

2012).  58 

Two of the species less commonly found on the surface of urinary catheters are Delftia 59 

tsuruhatensis and Achromobacter xylosoxidans (Frank et al. 2009). These species have been 60 

shown to be able to coexist with E. coli in biofilms, and a pre-colonization of the surface with 61 

these species seemed to promote E. coli adhesion (Azevedo et al. 2014). While only a limited 62 

number of studies have investigated the behavior and role of E. coli in catheters-associated 63 

polymicrobial biofilms (eg Azevedo et al. 2014, Cerqueira et al. 2013, Spadafino et al. 2014), a 64 

previous study has suggested that  uncommon bacteria interact synergistically with this pathogen 65 

(Azevedo et al. 2014). Similar results were reported for cystic fibrosis associated species, where 66 

two other uncommon bacteria, Inquilinus limosus and Dolosigranulum pigrum, were able to 67 

interact synergistically with Pseudomonas aeruginosa (Lopes et al. 2012). This type of interaction 68 

also resulted into an increased tolerance of the overall consortia to a wide range of antibiotics. 69 

Although the pathogenic nature of these uncommon bacteria remains unknown, these studies 70 

suggest that some species might cooperate with conventional microorganisms (e.g. E. coli, P. 71 

aeruginosa) to form mixed biofilms in order to protect them from environmentally challenging 72 

condition such as antibiotic exposure.  73 

The present study aimed to assess the effect that the uncommon species might have on 74 

the fitness and antimicrobial profile of E. coli biofilms. E. coli and two less common species, D. 75 

tsuruhatensis and A. xylosoxidans, were used to form single- and dual-species biofilms on silicone 76 

surfaces. Then, the single- and dual-species biofilms were characterized in terms of microbial 77 
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composition over time, average fitness of E. coli, spatial organization and biofilm antimicrobial 78 

profile. 79 

The interactions, synergetic or antagonistic, among the species within the biofilm have 80 

been demonstrated to have a crucial role in the process of biofilm development, architecture and 81 

resistance to several antimicrobial agents (Burmolle et al. 2006, Kostaki et al. 2012, Leriche et al. 82 

2003, Simoes et al. 2009). This information might then provide data to model microbial behavior 83 

on polymicrobial communities and might also be the base for new personalized treatment 84 

strategies (Lopes et al. 2015). 85 

 86 

 87 

Materials and methods 88 

 89 

Culture conditions and preparation of inocula 90 

For each experiment, E. coli CECT 434, A. xylosoxidans B3 and D. tsuruhatensis BM90 were 91 

streaked from a frozen stock (-80°C) on Tryptic Soy Agar (TSA) (Merk, Germany) and grown 92 

overnight at 37°C. E. coli CECT 434 was originally isolated from a clinical sample in Seattle, 93 

Washington, and is often used in quality control testing; A. xylosoxidans B3 was isolated from 94 

sewage sludge (Reinecke et al. 2000); D. tsuruhatensis BM90 was previously isolated from water 95 

samples collected at 90 m deep in the Tyrrhenian Sea off the coast of Giglio Island, Grosseto, 96 

Italy (Fenice et al. 2007).   97 

For the preparation of the inocula, cells were subcultured (16-18 hours) at 37°C and 150 98 

rpm, in artificial urine medium (AUM). AUM was prepared as previously described (Brooks & 99 

Keevil 1997). Cell concentration was assessed by optical density at 620 nm (O.D.620 nm), and the 100 

inoculum was diluted in AUM in order to obtain a final concentration of 105 CFUs ml-1. 101 

 102 

Single- and dual-species biofilm formation 103 

Single-species biofilms were formed to study the biofilm-forming ability of each species on 104 

silicone material, which is frequently used in urinary catheters (Lawrence & Turner 2005, Stickler 105 

2008). In order to understand the interactions that occur between E. coli and the less common 106 

microorganisms, 2 species combinations (E. coli 105 CFU ml-1/ D. tsuruhatensis 105 CFU ml-1; 107 

E. coli 105 CFU ml-1/ A. xylosoxidans 105 CFU ml-1) were studied.  108 

Coupons of silicone (Neves & Neves Lda, Portugal) were cut (dimensions of 2 × 2 cm or 109 

1 × 1 cm), cleaned and sterilized according to the procedure described by Azevedo et al. (2006). 110 

Each coupon of silicone was placed in the bottom of the wells of the 6-well tissue culture plates 111 

(Orange Scientific, Braine-l’Alleud, Belgium). 112 

Cell suspension cultures prepared in AUM at 105 CFUs ml-1 were used as an inoculum 113 

for biofilm formation. Single- and dual-species biofilms were formed as previously described 114 
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(Azevedo et al. 2014). Two independent experiments were performed for each condition. At 115 

specific times (2, 4, 6, 24, 48, 96 and 192 h), the biofilm formation was assessed by CFU counts. 116 

The spatial organization of dual-species biofilm was also performed using LNA/2’OMe-FISH at 117 

192 h.  118 

 119 

CFU counts for quantification of biofilm cells 120 

At each time point the silicone coupons with biofilm were washed three times in 10 ml of 0.85% 121 

(v/v) sterile saline solution to remove loosely attached cells. After washing, coupons were placed 122 

in a new well of the tissue plate containing 9 ml of sterile saline solution 0.85% (v/v); 123 

subsequently, the biofilms were sonicated (Sonopuls HD 2070, Bandelin Electronics, Germany) 124 

for 10 seconds with 25 % amplitude. The sonication conditions were previously optimized to 125 

guarantee that the cells were detached from the silicone coupons, avoiding the bacteria lysis (data 126 

not shown). Afterwards, the CFU counts were performed. For this, 100 μl of the disrupted biofilm 127 

were serially diluted (1:10) in saline solution, and plated in triplicate on TSA (for the single-128 

species biofilms). The plates were incubated at 37°C for 12–16 h (E. coli), 24 h (D. tsuruhatensis) 129 

and 48 h (A. xylosoxidans). For discrimination of the species involved on the dual-species 130 

biofilms, different selective agar media were used, as described on Azevedo et al. (2014). 131 

MacConkey agar (Liofilchem) was used to assess the E. coli CFU counts; and, for assessing the 132 

A. xylosoxidans and D. tsuruhatensis counts the Cetrimide agar (Liofilchem) and Simmons Citrate 133 

agar (ammonium dihydrogen phosphate 1 g l−1 [Merck]; di-potassium hydrogen phosphate 1 g l−1 134 

[Merck]; sodium chloride 5 g l−1 [Merck]; tri-sodium citrate 2 g l−1 [Sigma, StLouis, MO, USA]; 135 

magnesium sulfate 0.2 g l−1 [Merck]; bromothymol blue 0.08 g l−1 [Sigma]; agar 13 g l−1 [Merck]) 136 

were used, respectively. Subsequently, the selective agar plates were incubated at 37°C for 12–137 

16 h (E. coli), 48 h (A. xylosoxidans) and 72 h (D. tsuruhatensis). The number of CFU in biofilms 138 

was determined and expressed per unit area of silicone coupon in contact with AUM (Log CFUs 139 

cm-2). These values were used for the determination of the E. coli fitness relative to the less 140 

common species (WE. coli) as previously described by Azevedo et al. (2014). 141 

Briefly, the WE. coli was estimated as the ratio of the malthusian parameters (m) of each 142 

species (Lenski et al. 1991). This parameter is defined as the average rate of increase and was 143 

calculated for both species over the time, 144 

 145 

m = ln [N (tfinal) / N (tinitial)] / tfinal     (1) 146 

 147 

where N is the value of CFU cm−2 present in the biofilm at initial time (tinitial) and final time (tfinal) 148 

points. Then, the WE. coli was determined as, 149 

 150 
WE.coli = mE.coli / muncommon species           (2) 151 
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 152 

The value of WE. coli indicates the influence of the less common species on the E. coli behaviour 153 

when co-cultured; a fitness of 1 means that the species are equally fit. 154 

 155 

Antibiotic stock solutions 156 

Four relevant antibiotics commonly used in the treatment of UTIs and CAUTIs (Dellimore et al. 157 

2013, Hooton et al. 2010, Steinman et al. 2003, Zhanel et al. 2000), with distinct modes of action, 158 

were selected, namely: ciprofloxacin (Sigma-Aldrich, Portugal), ampicillin (AppliChem, 159 

Germany), gentamicin (AppliChem, Germany), amoxicillin/clavulanic acid (Sigma-Aldrich, 160 

Portugal). Stock solution of antibiotics were prepared at 100 000 mg/l. Working solutions were 161 

prepared on the day of use at 1024 mg/l, and from these two-fold serial dilutions were made in 162 

AUM. The antibiotic concentrations tested ranged from 0.5 to 1024 mg l-1.  163 

 164 

Antibiotic susceptibility testing 165 

The antibiotic susceptibility of single- and dual-species biofilms pre-formed on silicone coupons 166 

was evaluated according to Ceri et al. (1999) with slight modifications. Briefly, silicone coupons 167 

(1 × 1 cm) were placed on the bottom of the wells of the 24-well tissue culture plates (Orange 168 

Scientific, Braine-l’Alleud, Belgium). The biofilm formation was performed as described above. 169 

After 48 h, silicone coupons with biofilm were washed three times in 3 ml of 0.85% (v/v) sterile 170 

saline and placed in a new well of the tissue culture plate. Then, two-fold serial dilutions of the 171 

antibiotic in AUM were applied in the pre-established biofilms and the plates were incubated for 172 

24 h at 37°C, under static conditions. It is important to notice that, at 48 h, the biofilms are mature 173 

and the species involved in dual-species biofilms are equally fit.  174 

After the antibiotic exposure, the coupons with biofilms were washed and placed in a new 175 

well of the 24-well tissue culture plate containing 1.5 ml of 0.85% (v/v) sterile saline. 176 

Subsequently, biofilms were sonicated, as described above, and the suspension of each biofilm 177 

was spotted onto TSA plates. The plates were incubated at 37°C for CFU enumeration. These 178 

counts allowed to determine the minimum biofilm eradication concentration (MBEC) values, 179 

which corresponded to the lower concentration of antibiotic required to eradicate 99% of the 180 

sessile bacteria.  181 

 182 

Determination of the species relative composition after antibiotic exposure 183 

To determine the effect of sub-MBEC concentrations of antibiotics on the species composition in 184 

the dual-species biofilms, the CFU enumeration was performed for the concentration close to the 185 

MBEC and 8× and 64× lower concentrations. Then, population compositions after and before 186 

antibiotic exposure, were compared. A previous study showed a good correlation between 187 
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LNA/2’OMe-FISH procedure and CFU counts (Azevedo et al. 2015); therefore, it was considered 188 

that the CFU enumeration reflects the population involved in the dual-species biofilms.  189 

 190 

Effect of inoculum size on the species relative composition after antibiotic exposure 191 

To understand the effect of inoculum size on the species relative composition in antibiotic treated 192 

dual-species biofilms, two conditions were tested: i) the antibiotic susceptibility of E. coli 105 193 

CFU ml−1/ D. tsuruhatensis 102 CFU ml−1 and E. coli 105 CFU ml−1/ A. xylosoxidans 102 CFU 194 

ml−1 dual-species biofilms to four antibiotic agents; ii) the susceptibility to ampicillin and 195 

amoxicillin/clavulanic acid was tested for the E. coli 102 CFU ml−1/ D. tsuruhatensis 105 CFU 196 

ml−1 and E. coli 102 CFU ml−1/ A. xylosoxidans 105 CFU ml−1 dual-species biofilms. These 197 

experiments were performed as described above. The CFU enumeration was also performed for 198 

the concentration close to the MBEC and 8× and 64× lower concentrations to determine the 199 

species relative composition of each dual-species biofilm. 200 

 201 

Spatial organization of biofilm populations  202 

In order to assess the biofilm spatial organization and the species distribution, the LNA/2’OMe-203 

FISH procedure in combination with confocal laser scanning microscopy (CLSM) analysis  was 204 

performed directly on dual-species biofilms formed on silicone coupons at 192 h and on 205 

ampicillin treated-biofilms, according to a protocol already developed by Azevedo et al. (2015). 206 

Briefly, coupons were washed in 0.85% (v/v) sterile saline; to prevent the detachment of biofilm 207 

during hybridization, the biofilms were dried at ∼60 ͦC for 15 min and fixed with 100% methanol 208 

for 20 min. Afterwards, for the fixation step, the biofilms coupons were immersed in 4% (v/v) 209 

paraformaldehyde and 50% (vol/vol) ethanol, for 15 min each at room temperature, and allowed 210 

to air dry. Subsequently, a hybridization buffer (0.5 M of urea [VWR BHD Prolabo,], 50 mM 211 

Tris-HCl [Fisher Scientific], 0.9 M NaCl [Panreac]; pH 7.5) with 200 nM of the respective probe, 212 

were added. The samples were covered with coverslips and incubated in moist chambers at 57°C 213 

during 90 min. Next, the coverslips were removed and the coupons were washed in a pre-warmed 214 

washing solution (5 mM Tris Base [Fisher Scientific], 15 mM NaCl [Panreac] and 1% Triton X 215 

[Panreac]; pH 10) for 30 min at the same temperature of the hybridization step. Finally, the 216 

coupons were allowed to air dry before CSLM visualization. The biofilm CSLM images were 217 

acquired in a FluoViewFV1000 microscope (Olympus). Biofilm was observed using a 60×water-218 

immersion objective (60×/1.2W). Multichannel simulated fluorescence projection images and 219 

vertical cross sections through the biofilm were generated by using the FluoView application 220 

Software package (Olympus). E. coli cells were identified as green fluorescent bacillus and the 221 

uncommon bacteria as bright red fluorescent bacillus. 222 

 223 

Statistical analysis 224 
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Results were compared using One-Way analysis of variance (ANOVA) by applying Levene's test 225 

of homogeneity of variance and the Tukey multiple-comparisons test, using the SPSS software 226 

(SPSS - Statistical Package for the Social Sciences, Chicago, USA). All tests were performed 227 

with a confidence level of 95%.  228 

 229 

 230 

Results and discussion 231 
 232 

Typically, in ecological and clinical environments, biofilm communities are dominated by the 233 

species that is better fitted to the environmental conditions (Jacobsen et al. 2008, Lyczak et al. 234 

2002). However, other pathogenic species, or even, species with an unknown pathogenic potential 235 

(eg D. tsuruhatensis and A. xyosoxidans) are also present at a lesser extent (Frank et al. 2009).  236 

Previous reports on D. tsuruhatensis and A. xyosoxidans species provided relevant 237 

information about the type of interactions between these species and E. coli, as well as on their 238 

impact on biofilm formation and development. While the uncommon species are not directly 239 

involved in the pathogenesis of the biofilm, they seemed to help the establishment of the 240 

predominant species in the microbial consortium (Azevedo et al. 2014, Lopes et al. 2014, Lopes 241 

et al. 2012). As these results were performed in a 96-well plate model, with surfaces that are 242 

composed by polystyrene, the first experiments of the present study intended to clarify if this 243 

behavior is maintained on silicone surfaces. As such, two consortia composed by the E. coli and 244 

the less common species (E. coli/ D. tsuruhatensis and E. coli/ A. xylosoxidans), formed on 245 

silicone surfaces, in AUM, at 37ºC, were studied.  246 

 247 

Single- and dual-species biofilms growth and spatial organization of the species on silicone 248 

material 249 

First, we assessed the ability of these species to form biofilm on silicone coupons in single- and 250 

dual-species biofilms. In single-species biofilms, from  2 h up to 48 h, the CFU counts 251 

significantly increased for all species (P<0.05). Then, all species stabilized with CFU counts 252 

ranging between Log 7.3 CFUs cm-2 and Log 7.8 CFUs cm-2 (data not shown). These results 253 

corroborated the one previously obtained (Azevedo et al. 2014). 254 

To study the influence of the less common species on the WE. coli, E. coli was co-cultured 255 

with each of the less common species (Figure 1A). It was clear that at early stages of biofilm 256 

formation the WE. coli increased significantly in the presence of both less common species 257 

(P<0.05). For the E. coli/ D. tsuruhatensis biofilm, this fitness increase was also noticed at 192 h 258 

(P<0.05). Overall, these results were similar to the results obtained in polystyrene 96-well tissue 259 

culture plates (Azevedo et al. 2014), where the less common species and E. coli coexisted within 260 

the dual-species biofilms at high cell concentrations, with a positive effect on E. coli fitness.  261 
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The elucidation of the species interactions can be supported by the spatial distribution of 262 

the species within the polymicrobial biofilms. It has been shown that particular interactions are 263 

associated with specific spatial organizations (Elias & Banin 2012). As such, a multiplex 264 

LNA/2’OMe-FISH technique previously validated on biofilm samples (Azevedo et al. 2015) was 265 

combined with CLSM to assess the spatial organization of the species in 192 h-dual-species 266 

biofilms (Figure 1-B, C). The information allowed to infer the type of interaction that occurs 267 

between E. coli and the less common species. Images show that the dual-species biofilms were 268 

composed by both species mixed together in a typical coaggregation structure. This spatial 269 

organization occurs commonly when the species within the biofilm cooperate or interact 270 

synergistically (Elias & Banin 2012). Relating this information with data described above, it 271 

becomes clear that E. coli might benefit from the presence of the D. tsuruhatensis and A. 272 

xylosoxidans or, at least, E. coli and these species are not negatively affected by each other’s 273 

presence, coexisting in the biofilm.  274 

In the synergetic interaction, microorganisms acquire a beneficial phenotype which can 275 

result in the development of a stable biofilm, metabolic cooperation, increased resistance to 276 

antibiotics and host immune responses (Elias & Banin 2012). Several studies have demonstrated 277 

that the polymicrobial consortia are more resistant to antibiotic treatment than the corresponding 278 

mono-species biofilms (Al-Bakri et al. 2005, Burmolle et al. 2006, Kara et al. 2006, Leriche et al. 279 

2003). This demonstrated that under challenging conditions imposed by the use of antibacterial 280 

agents, the species within the biofilm can cooperate metabolically in order to protect themselves 281 

(Elias & Banin 2012, Kara et al. 2006). In fact, the population proportion might be adjusted in 282 

order to reach a new balance better suited to the new environmental conditions.  283 

 284 

Antibiotic effects on the relative composition and spatial organization of biofilms formed by E. 285 

coli and less common species   286 

Assuming that the less common species might cooperate with E. coli and that this cooperation 287 

might have an impact on the antimicrobial profile of the overall microbial consortia, the antibiotic 288 

resistance profiles of dual-species biofilms were characterized. Four relevant antibiotics/antibiotic 289 

combinations with different modes of action were applied in a 48 h pre-established dual-species 290 

biofilms; and, the more prevalent species was determined for the three different antibiotic 291 

concentrations below the MBEC. 292 

The antibiotics selected, including ciprofloxacin, gentamicin, ampicillin and 293 

amoxicillin/clavulanic acid (from the fluoroquinolone, aminoglycoside and β-lactam drug-class, 294 

respectively), are widely used in the treatment of UTIs and CAUTIs (Dellimore et al. 2013, 295 

Hooton et al. 2010, Steinman et al. 2003, Zhanel et al. 2000). The MBECs were evaluated for the 296 

single- and dual-species biofilms. Results are listed on Table 1.  297 
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For the dual-species biofilms (E. coli 105 CFU ml-1/ D. tsuruhatensis 105 CFU ml-1; E. 298 

coli 105 CFU ml-1/ A. xylosoxidans 105 CFU ml-1), it was also expected that higher concentrations 299 

of antibiotics were needed to eradicate the consortia than those required to eradicate single-species 300 

biofilms; or, at least, an antibiotic concentration equal to the one needed to eradicate the more 301 

resistant species which, in this case, were D. tsuruhatensis and A. xylosoxidans. As expected, in 302 

general the MBEC results showed that behavior. An exception was observed for the E. coli/ D. 303 

tusuruhatensis dual-species biofilm where the ciprofloxacin was able to eradicate the biofilm at 304 

very low concentration (0.5 mg l-1). While individually the single-species biofilms were highly 305 

resistance to ciprofloxacin; when combined the resulting mixed biofilm was highly susceptible to 306 

the antibiotic. This result reflects how urgent it is to understand the composition and the species 307 

interactions in mixed biofilms in order to select a therapy directed to the species involved.  308 

While it was apparent that, in general, the presence of the less common species highly 309 

increased the E. coli odds of surviving in the presence of antibiotic agents, it was unclear if the 310 

exposure to these agents results in a new repositioning of the population balance. To further 311 

investigate this, the dual-species biofilm cells were quantified after exposure to antibiotic 312 

concentration near or below the MBEC (the CFU cm-2 values are present in Supplemental material 313 

on Table S2, S3 and S4). Figure 2 shows which species was more prevalent after the introduction 314 

of specific antibiotic agents. Before antibiotic exposure, the proportions of the species were 315 

similar in both dual-species biofilms with a slight prevalence of E. coli (Figure 2-A e B). After 316 

antibiotic exposure, results showed that, in general, the relative bacteria composition of the dual-317 

species biofilms was dependent of the antibiotic and concentration applied (Figure 2). For 318 

ciprofloxacin, the 3 bacteria presented high MBEC and, thus, the percentages of each population 319 

were more balanced. For the other 3 antibiotics, for which MBEC values of the uncommon species 320 

were much higher than those obtained for the E. coli, a different behavior was observed. It would 321 

be expectable that the more resistant species would dominate the microbial consortia. This, in 322 

fact, happened for gentamycin-exposed dual-species biofilms, where the percentage of the 323 

uncommon species increased with the antibiotic concentration. However, the opposite happened 324 

for the ampicillin and amoxicillin/clavulanic acid-exposed biofilms. While the less common 325 

species biofilm cells were much more resistant, surprisingly the E. coli population dominated the 326 

consortia. Both ampicillin and amoxicillin/clavulanic acid belong to the same antibiotic class, the 327 

β-lactam class, which might explain the similar results obtained for both antibiotics. The β-lactam 328 

antibiotics are able to inhibit the cell wall biosynthesis in the bacterial cell, which ultimately might 329 

lead to the cell lysis (Kohanski et al. 2010). Interestingly, biofilms resistance was observed even 330 

in the presence of clavulanic acid, which is an inhibitor of the β-lactamase production. These 331 

results suggested that a small relative percentage of the D. tsuruhatensis and A. xylosoxidans was 332 

sufficient to introduce some protective changes on the E. coli physiology, promoting its resistance 333 

and survival against the ampicillin and amoxicillin/clavulanic acid treatment. To determine if this 334 
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protective effect exhibited by D. tsuruhatensis and A. xylosoxidans is maintained in the presence 335 

of low initial ratios of the species, the initial inoculum concentration of these species was lowered 336 

(102 CFU ml-1) when co-cultured with E. coli (105 CFU ml-1).  337 

In general, while the MBEC values decreased due, in part, to a low initial inoculum 338 

concentration of D. tsuruhatensis and A. xylosoxidans (Table 2), the E. coli population dominated 339 

the consortia after the antibiotic treatment (Figure 3-A, B). The exception was for the 340 

ciprofloxacin action on the E. coli 105 CFU ml-1/ A. xylosoxidans 102 CFU ml-1 (Figure 3-B). 341 

Concerning the gentamycin-treated dual-species biofilms, as previously observed, the results also 342 

showed that the E. coli population only survived when the antibiotic concentration was below the 343 

MBEC of E. coli single-species biofilms (Figure 3-A, B).  344 

Next, it was also important to understand whether the E. coli population is able to 345 

dominate the ampicillin and amoxicillin/clavulanic acid treated biofilms even lowering 346 

significantly its initial inoculum concentration (102 CFU ml-1). The results showed that a lower 347 

initial inoculum concentration of E. coli did not affect the MBEC value to ampicillin and 348 

amoxicillin/clavulanic acid of dual-species biofilms (Table S1 in Supplemental material). E. coli 349 

lost its dominance when co-cultured with D. tsuruhatensis, but in general, was able to persist 350 

within the consortia (~20% of the total population) (Figure 3-A). When co-cultured with A. 351 

xylosoxidans, E. coli maintained its dominance (Figure 3-B). 352 

The images captured by CLSM revealed that the dual-species biofilms maintain the same 353 

structure after treatment with ampicillin (Figure 5). The species are closely associated with a 354 

dominance of E. coli population (Figure 5-II, VI, VII, VIII). Collectively, these results suggest 355 

that the less common species seems to offer a shared resistance to the E. coli population, 356 

independently of its initial inoculum concentration. In fact, Lee et al. have reported that the role 357 

of the species in a consortium is not necessarily related with this abundance; the less abundant 358 

species might have a protective effect over the other members involved in the consortia (Lee et 359 

al. 2014).  360 

Recently, several studies have demonstrated a new phenomenon of antibiotic resistance 361 

based on the “shared resistance” by some members of the microbial consortia (Lee et al. 2014, 362 

Perlin et al. 2009, Yurtsev et al. 2013). However, the mechanism underlying this shared resistance 363 

is unknown. For the results presented here, three hypotheses are formulated to explain the 364 

dominance of the more antibiotic-sensitive species in a multispecies biofilm (Figure 6): 1) the 365 

transfer of genetic material from the less common species to E. coli; 2) the induction of a different 366 

physiological state in the E. coli to the antibiotic uptake; 3) the degradation of the antibiotic on 367 

the biofilm matrix, through the action of the β-lactamases produced by the uncommon species. 368 

Horizontal gene transfer of antibiotic resistance genes is a way by which some bacteria 369 

become resistant to antibiotic agents (Broszat & Grohmann 2014). Recent data have also been 370 

provided for the occurrence of this mechanisms in biofilms (Broszat & Grohmann 2014, Ghigo 371 
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2001, Hoiby et al. 2010, May et al. 2009, Savage et al. 2013) which may result, in part, from the 372 

close cell-to-cell contact occurring in the biofilm (Savage et al. 2013). For instance, the horizontal 373 

transfer of specific genes coding for β-lactamases, is not new. May et al. (2009) reported that the 374 

resistance to the β-lactam antibiotics is mainly due to the localization of the β-lactamase genes on 375 

plasmids, which can spread rapidly among bacteria. 376 

Regarding the induction of a different physiological state, Kara et al. (2006) have 377 

suggested this type of interaction for Streptococcus mutans and Veillonella parvula. When S. 378 

mutans was co-cultured with V. parvula, the latter species induced changes in the gene expression 379 

of S. mutans allowing its survival under challenging conditions caused by the use of different 380 

antibacterial compounds. Another study reported that the sub-inhibitory concentrations of β-381 

lactam antibiotics promotes alterations into the biofilm phenotype, such as a loss of viable bacteria 382 

and an increase in biofilm biomass, which can protect and allow the survival of the bacteria 383 

exposed to antibiotic agents (Wu et al. 2014). 384 

Regarding the last hypothesis, it was demonstrated that the presence of β-lactamases in 385 

the biofilms matrix might inactivate the β-lactam antibiotics (Gould et al. 2008). Lee et al. (2014) 386 

suggested that Pseudomonas protegens was able to protect all species involved in the microbial 387 

consortia (P. aeruginosa and Klebsiella pneumonia) when exposed to tobramycin, probably due 388 

to the ability of the resistant species to produce enzymes that degrade or modify the antibiotics. 389 

In the present study, as previously reported by Lee et al. (2014), there was no selection of 390 

the more resistant species (D. tsuruhatensis and A. xylosoxidans) over the E. coli (the less resistant 391 

species). The presence of resistant species, even in low concentration, seemed to offer a 392 

protection, allowing the survival and dominance of the E. coli within microbial consortia under 393 

lethal antibiotic concentrations. While the uncommon species (the resistant species) might have 394 

their metabolism directed to the secretion of β-lactamases, E. coli (the susceptible cells) might 395 

gain benefit from the action of β-lactamases secreted. In this situation, E. coli does not expend 396 

energy in producing enzymes and may redirect that energy to promote its growth and survival 397 

without paying the cost. A similar scenario, described by Foster, reports that the resistant cells, 398 

through the production of enzymes that break down the antibiotic agents, promote the growth of 399 

susceptible cells without cost, conferring a competitive disadvantage for the resistant cells (Foster 400 

2011). 401 

Finally, it is important to note that to ensure the reproducibility of results the use of an 402 

established formula of artificial urine was preferred. In fact, human urine varies significantly in 403 

terms of pH and compositions according the type of food intake and the health of the individual 404 

(Siener et al. 2004). The formula used in this study was reported as a suitable replacement for 405 

normal urine and may be used in a wide range of experiments (eg for modelling the growth and 406 

attachment of urinary pathogens in the clinical environment) (Almeida et al. 2013, Azevedo et al. 407 

2014, Brooks & Keevil 1997, Cerqueira et al. 2013, Klinth et al. 2012, Raffi et al. 2012). Also, 408 
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the use of a dynamic biofilm system might allow to better mimic the urine flow that occurs in the 409 

urinary catheter but the experiments were performed on static conditions using the well plates. 410 

These platforms offer the possibility of providing a larger amount of data (Duetz 2007, Kumar et 411 

al. 2004). 412 

 413 

 414 

Conclusions 415 

 Interactions between E. coli and other less common species in CAUTIs can promote E. coli 416 

survival under challenging conditions, such as those imposed by the antibiotic agents. A residual 417 

concentration of these less common species appears to be sufficient to protect the E. coli 418 

population. In fact, for certain situations where E. coli was more sensitive to the antibiotics than 419 

the other microorganisms, it was, nonetheless, able to predominate within the dual-species 420 

biofilms. Combining the results obtained in this work, Figure 6 shows a schematic representation 421 

of the hypothesis proposed in the present work to explain the predominance of a certain species 422 

(E. coli, in this case) when a dual-species biofilm is exposed to antibiotics agents or other 423 

molecules. 424 

While synergistic interactions between the E. coli and the less common species might 425 

significantly contribute to the development of well-organized and resistant biofilm structures, it 426 

also became clear that some particular species-combination might induce metabolic processes 427 

that decrease the resistance mechanism.  428 

In conclusion, this study suggested that there are new aspects about the role of uncommon 429 

species that should be investigated such as, how the protection offered by these species contribute 430 

to the survival and dominance of sensitive species under lethal antibiotic concentrations. More 431 

experiments involving this type of species, and understanding the mechanisms involved in 432 

evolution of antibiotic resistance should be taken into consideration. In addition, we suggest that 433 

the microbial composition and environmental conditions present in the polymicrobial biofilms 434 

should be considered on the development and validation of novel antimicrobial strategies. 435 

 436 
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 591 

 592 

Figure 1. Single and dual-species biofilm growth on silicone material. 593 
Notes: The three species were individually cultured or co-cultured at 37°C, on silicone coupons, 594 
under static conditions. Two independent experiments were performed for each condition. Error bars 595 
represent the SD. (A) Representation of the relative fitness of E. coli when co-cultured with the 596 
uncommon species (D. tsuruhatensis and A. xylosoxidans). The dashed line represents a relative 597 
fitness of 1, which means that the species are equally fit. The asterisk (*) placed over the bars 598 
indicates a statistically significant difference between the relative fitness of E. coli in dual-species 599 
biofilms and 1 (p < 0.05). (B) CLSM images of (I) E. coli 105 CFU ml−1/D. tsuruhatensis 105 CFU ml−1 600 
and (II) E. coli 105 CFU ml−1/A. xylosoxidans 105 CFU ml−1, distinguishing each bacterium in two 601 
different fluorescence channels and the superposition of the two fields. (C) CLSM showing the spatial 602 
organization of the biofilm of (I) E. coli 105 CFU ml−1/D. tsuruhatensis 105 CFU ml−1 and (II) E. coli 105 603 
CFU ml−1/A. xylosoxidans 105 CFU ml−1 192 h dual-species biofilms. The bottom images represent 604 
the transverse planes. 605 
 606 
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 607 
Figure 2. Relative bacterial composition of the dual-species biofilms after antibiotic exposure. 608 
Notes: For each antibiotic, the E. coli/D. tsuruhatensis (A) and E. coli/A. xylosoxidans (B) 48 h dual-609 
species biofilms were exposed to three different concentrations below the MBEC; then, the CFU 610 
counts were determined after exposure for 24 h. An initial inoculum concentration of 105 CFU ml−1 611 
was used for these experiments. Two independent experiments were performed for each condition. 612 
 613 
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 614 
Figure 3. Effect of a lower D. tsuruhatensis or A. xylosoxidans initial inoculum concentration (102 CFU 615 
ml−1) on the E. coli population after antibiotic exposure. Notes: For each antibiotic, the E. coli/D. 616 
tsuruhatensis (A) and E. coli/A. xyosoxidans (B) 48 h dual-species biofilms were exposed to 617 
three different concentrations below the MBEC, then, the CFU counts were determined after 618 
exposure for 24 h. An E. coli initial inoculum concentration of 105 CFU ml−1 was used for these 619 
experiments. Two independent experiments were performed for each condition. 620 
 621 



19 

 622 
Figure 4. Effect of a lower E. coli initial inoculum concentration (102 CFU ml−1) on the relative 623 
bacterial composition of the dual-species biofilms after exposure to ampicillin and 624 
amoxicillin/clavulanic acid. Notes: For each antibiotic, the E. coli/D. tsuruhatensis (A) and E. coli/A. 625 
xyosoxidans (B) 48 h dual-species biofilms were exposed to three different concentrations below the 626 
MBEC, then, the CFU counts were determined after exposure for 24 h. An initial inoculum 627 
concentration of 105 CFU ml−1 for D. tsuruhatensis and A. xylosoxidans was used for these 628 
experiments. Two independent experiments 629 
were performed for each condition. 630 
 631 

 632 
 633 
Figure 5. Spatial localization and structure of dual-species biofilms exposed to ampicillin. 634 
Notes: CLSM images showing the spatial organization of the biofilm of (I) E. coli 105 CFU ml−1/D. 635 
tsuruhatensis 105 CFU ml−1 before the ampicillin exposure; and (II) E. coli 105 CFU ml−1/ 636 
D. tsuruhatensis 105 CFU ml−1, (III) E. coli 105 CFU ml−1/D. tsuruhatensis 102 CFU ml−1, and (IV) E. 637 
coli 102 CFU ml−1/D. tsuruhatensis 105 CFU ml−1 after ampicillin treatment; (V) E. coli 638 
105 CFU ml−1/A. xylosoxidans 105 CFU ml−1 before the ampicillin exposure; and (VI) E. coli 105 CFU 639 
ml−1/A. xylosoxidans 105 CFU ml−1, (VII) E. coli 105 CFU ml−1/A. xylosoxidans 102 CFU ml−1, 640 
and (VIII) E. coli 102 CFU ml−1/A. xylosoxidans 105 CFU ml−1 after ampicillin treatment. The bottom 641 
and side images of each panel represent the transverse planes. 642 
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 643 
 644 
Figure 6. Schematic representation of the hypothesis proposed in the present work to explain the 645 
predominance of a certain species when a dual-species biofilm is exposed to antibiotics. 646 
Notes: After antibiotic exposure, (A) typically the species more resistant survives and dominates the 647 
microbial consortia; (B) however, the opposite can occur, and, the more susceptible species 648 
resists and dominates. Some hypothesis to explain that observation include: (1) transfer of genetic 649 
material from the resistant species to the susceptible species; (2) induction of a different 650 
physiological state in the susceptible species due to antibiotic uptake; (3) degradation of the antibiotic 651 
in the biofilm matrix, through the action of the enzymes produced by the resistant 652 
species. 653 
 654 
Table 1. MBEC values for E. coli, D. tsuruhatensis and A. xylosoxidans single- and dual-species 655 
biofilms, exposed to four antibiotics. 656 
 657 

 658 
 659 
 660 
Table 2. Effect of a low D. tsuruhatensis or A. xylosoxidans initial inoculum concentration (102 CFU 661 
ml−1) on the in vitro susceptibility of 662 
the dual-species biofilms to four antibiotics. 663 
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