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ABSTRACT
Klebsiella pneumoniae and Escherichia coli form mixed species biofilms in catheter-associated 
urinary tract infections. Recently, a detrimental effect of K. pneumoniae over E. coli was observed in 
mixed species biofilms grown in an artificial urine medium. The mechanism behind this competitive 
interaction was studied. K. pneumoniae partially outcompeted E. coli in early-stage batch-fed biofilms, 
whereas both microorganisms co-exist at longer times (K. pneumoniae:E. coli ratio, 55:1), as shown 
by cell counts and confocal microscopy. E. coli cells were scattered along the K. pneumoniae biofilm. 
Biofilm supernatants did not appear to contain either antimicrobial or anti-biofilm activities against 
E. coli. Biofilms grown under continuous flow prevented interspecies competition. K. pneumoniae 
showed both increased siderophore production and better growth in iron-limited media compared 
to E. coli. In summary, these results indicate the importance of nutrient (particularly iron) competition 
in the modulation of the bacterial composition of mixed species biofilms formed by uropathogenic 
K. pneumoniae and E. coli.

Introduction

The biofilm mode of growth is a basic survival strategy 
deployed by bacteria in a wide range of environmental, 
industrial and clinical settings (Flemming et al. 2016). The 
catheterized urinary tract provides ideal conditions for 
the development of biofilm populations. Consequently, 
catheter-associated urinary tract infections (CAUTIs) 
are among the most common nosocomial infectious dis-
eases of humans, and significantly burden the healthcare 
system by increasing both morbidity and treatment costs 
(Chenoweth et al. 2014). Initial infections are usually 
caused by a single bacterial species, such as uropathogenic 
Escherichia coli or Enterococcus faecalis (Sabir et al. 2017). 
However, over time, a variety of organisms, including 
Klebsiella pneumoniae, Pseudomonas aeruginosa, Proteus 
mirabilis and Morganella morganii can colonize the uri-
nary tract and form polymicrobial communities that are 
embedded in protective self-produced extracellular poly-
meric substances (Warren et al. 1982; Stickler 2008; Holá 
et al. 2010). Biofilm-associated infections are highly per-
sistent because biofilms are much less susceptible to anti-
microbials compared to planktonic cells (Hall-Stoodley 
et al. 2004).

Given the diversity of biofilms in nature, it is likely 
that interspecies interactions play important roles that 
impact the development, structure and function of these 
biofilms. Polymicrobial growth allows interspecies inter-
actions that involve communication, usually via quorum 
sensing. These interactions can be of a cooperative (syn-
ergistic), competitive (antagonistic) or neutral nature (Tan 
et al. 2017). Synergistic interactions are based on promo-
tion of biofilm formation by co-aggregation, metabolic 
cooperation (one species utilizes a metabolite produced 
by a neighboring species), and can also increase resist-
ance to antibiotics or host immune responses compared 
to mono-species biofilms. On the other hand, antagonis-
tic interactions are based on competition for nutrients 
and growth inhibition (Burmolle et al. 2006; Harriott and 
Noverr 2009).

Recently, a high prevalence of K. pneumoniae and  
E. coli co-isolates in catheter-associated polymicrobial 
bacteriuria was shown (Galván et al. 2016). Moreover, 
the in vitro ability of these strains to establish mixed bio-
films was reported. However, the mechanisms behind the 
interactions between these two species in mixed biofilms 
are still unknown. K. pneumoniae and uropathogenic  
E. coli are Gram-negative bacteria present in the human 
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of nine days by both colony forming unit (CFU) counts 
and confocal laser scanning microscopy. The presence of 
secreted antimicrobial or anti-biofilm compounds was eval-
uated by analyzing biofilm supernatants. Additionally, the 
role of nutrient limitation was studied by comparing batch-
fed vs dynamic biofilms. The results obtained help to better 
understand the interactions between K. pneumoniae and E. 
coli in mixed biofilms in the context of the urinary tract.

Materials and methods

Bacterial strains and inoculum preparation

Klebsiella pneumoniae 01 (Kp01, ApR) and Escherichia coli 
01 (Ec01, RfR) clinical strains were co-isolated from a urine 
sample of a patient undergoing long-term catheterization of 
the urinary tract and showing symptoms of CAUTI (Galván 
et al. 2016). Isolates were maintained in the laboratory as 
frozen stocks (at –80°C) in Luria-Bertani (LB) broth supple-
mented with 15% glycerol. Inocula for assays were prepared 
as follows. Strains were freshly streaked on LB-agar plates 
and grown overnight at 37°C. Subsequently, individual col-
onies were used to inoculate LB broth and were incubated 
overnight at 37°C and 200 rpm. Then, each inoculum was 
properly diluted in artificial urine medium (AUM) (Brooks 
and Keevil 1997) or LB broth in order to obtain a desired 
final cell density. For dual-species assays, equal volumes of 
each single-species inoculum in AUM were mixed.

Biofilm formation assays

Bacterial inocula in AUM (1 × 107 CFU ml−1) were placed 
in 24-well culture plates (GBO Cellstar, Frickenhausen, 
Germany), 1 ml per well, or in 60 mm-diameter culture 
dishes (GBO Cellstar), 8 ml per dish. It is well known that 
hydrophobic surfaces, such as silicone and polystyrene, 
are favorable surfaces for biofilm formation. The inocu-
lated wells were incubated for 3 h to allow adhesion to the 
polystyrene surface. For batch-fed biofilm cultures, AUM 
was replaced every 24 h, as already described (Galván et 
al. 2016). For continuous-flow biofilm cultures, a flow cell 
system was made by making holes in the culture dishes and 
delivering the growth medium through a tubing system 
via a peristaltic pump, at a flow rate of 37 ml h−1 without 
recirculation. This flow rate is within the range estab-
lished as normal urinary output for an adult (measured 
in a 24-h volume) and has been previously used (Stickler 
and Morgan 2006). The plates and dishes were incubated 
at 37°C. At selected time points, aliquots of the AUM sur-
rounding the biofilms (biofilm supernatants) were saved 
and biofilms were washed three-times with sterile 0.9% 
NaCl before they were mechanically disrupted from the 
surface by scraping with a sterile pipette tip. For experi-
ments examining biofilm establishment by one strain in 

fecal flora as innocuous commensal bacteria inhabiting 
the colon. Despite that, under certain conditions, such 
as in immunocompromised individuals or when the 
mucosae is damaged by a disease, trauma, or catheteri-
zation, both organisms can induce infections (Moreno et 
al. 2006; Foxman 2014). Bacterial fimbriae are important 
for biofilm formation on catheters; K. pneumoniae uses 
mainly type 3 fimbriae whereas E. coli utilizes type 1 fim-
briae (Schroll et al. 2010; Reisner et al. 2014). Nitrogen, 
iron and amino acids are essential nutrients for the sur-
vival of uropathogens during CAUTI development (Alteri 
and Mobley 2015; Subashchandrabose and Mobley 2015). 
Since the host environment is limited in available iron, 
to be able to grow in human urine uropathogens utilize 
a variety of iron uptake strategies, including siderophore 
systems for iron (Fe3+) scavenging (Barber and Elde 2015). 
In the context of the urinary tract, both K. pneumoniae 
and E. coli strains produce some or all of the following 
siderophores: enterobactin, salmochelin, aerobactin and 
yersiniabactin (Henderson et al. 2009; El Fertas-Aissani 
et al. 2013). In particular, E. coli mutants lacking the iron 
uptake receptor responsible for iron acquisition through 
yersiniabactin showed impaired biofilm formation in 
urine medium (Hancock et al. 2008).

Knowledge of interspecies interactions between uro-
pathogens that develop multispecies biofilms on urinary 
catheters, particularly K. pneumoniae and E. coli, is lim-
ited. E. coli has been studied in mixed species biofilms 
with P. aeruginosa (Cerqueira et al. 2013) and with two 
non-pathogenic atypical species (Delftia tsuruhatensis and 
Achromobacter xylosoxidans) (Azevedo et al. 2014). The 
results indicated that cell numbers of E. coli decreased 
when co-cultured with P. aeruginosa while P. aeruginosa 
seemed to benefit in mixed species biofilms (Cerqueira et 
al. 2013). On the other hand, pre-colonization with Delftia 
tsuruhatensis and Achromobacter xylosoxidans appeared to 
promote E. coli adhesion to form mixed species biofilms 
(Azevedo et al. 2014). Additionally, it has been reported 
that co-infection of the urinary tract with E. coli and P. 
mirabilis enhanced bacterial colonization and persistence 
of both pathogens during urinary tract infection (UTI), 
which is consistent with the observed changes in nutri-
tional requirements between E. coli and P. mirabilis during 
co-colonization (Alteri et al. 2015). Finally, in vitro anal-
ysis of mixed K. pneumoniae–E. coli biofilms grown on 
a siliconized surface in artificial urine medium (AUM) 
showed a detrimental effect of K. pneumoniae over E. coli 
(Galván et al. 2016).

The present study focused on the elucidation of the 
mechanisms involved in the competitive interactions 
observed between K. pneumoniae and E. coli in mixed spe-
cies biofilms developed in AUM. The interactions between 
these two microorganisms were studied over the course 
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the presence of a mature biofilm developed by a different 
bacterial species, a single-species biofilm was grown for 
three days as describe above, prior to inoculation of the 
other species. The number of cultivable cells in the biofilms 
and in the biofilm supernatants was determined.

Quantification of cultivable cells

Bacterial suspensions were enumerated by counts of col-
ony forming units (CFU). For this purpose, bacteria were 
serially 10-fold diluted, plated on LB-agar plates contain-
ing appropriate antibiotics, and grown for 16 h at 37°C. 
As previously described, in order to distinguish between 
the two bacterial species in the mixed cultures, LB-agar 
plates were supplemented with rifampicin (50 μg ml−1) to 
recover Ec01 or ampicillin (30 μg ml−1) to isolate Kp01 
(Galván et al. 2016).

Growth inhibition assays

In order to explore a potential inhibitory activity toward 
Ec01 released by Kp01-containing biofilms, supernatants 
from seven-day-old single-species or mixed species bio-
films were collected and filtered through a 0.22 μm pore 
size (Millipore, Bedford, MA, USA). For some assays, 
molecules present in the supernatants from mixed species 
biofilms were concentrated 10-fold by ultracentrifugation 
(3,000 MWCO Amicon Ultra, Millipore, Bedford, MA, 
USA). Ec01, pre-inoculated in LB, was suspended in the 
biofilm supernatants half-diluted with fresh AUM. For 
planktonic growth experiments, Ec01 (1 × 105 CFU ml−1) 
was incubated at 37°C. Cultures were sampled at the indi-
cated time points to determine the CFU ml−1 as described 
earlier. For biofilm growth assays, Ec01 (1 × 107 CFU ml−1) 
was placed in 24-well culture plates as described above and 
incubated for 3 days at 37°C, replacing the half-diluted 
biofilm supernatant in each well every 24 h. At specified 
time points, planktonic cultures or disrupted biofilm 
suspensions were sampled to determine the number of 
cultivable cells.

Agar diffusion assay

To evaluate the antibacterial activity of biofilm superna-
tants against Ec01, LB- and AUM-agar plates (1.4% agar) 
containing Ec01 (106  CFU  ml−1) were prepared. Then, 
20 μl of sample or appropriated control were loaded into 
holes pre-formed in the agar plate. After incubation for 
16 h at 37°C, the appearance of a growth inhibition halo 
was monitored. Ampicillin and Klebsiella pneumoniae 
RYC492, a bacteriocin producing strain (de Lorenzo 
1984), were used as positive controls for Ec01 growth 
inhibition.

Confocal laser scanning microscopy assay

Confocal laser scanning microscopy (CLSM) was used 
to visualize the different stages of biofilm formation on 
22 mm-diameter siliconized coverslips. For this purpose, 
Ec01 carrying the tetracycline resistant plasmid pHC60, 
which expresses green fluorescent protein (GFPuv) 
(Cheng and Walker 1998), and Kp01 carrying the empty 
vector pHC60Δgfp were used. Biofilm formation was per-
formed as described earlier (see Biofilm formation assay), 
using AUM supplemented with tetracycline (10 μg ml−1). 
Briefly, sterile coverslips were placed inside six-well culture 
plates and inoculated with 4 ml of bacterial suspension 
(1 × 107 CFU ml−1). The inoculated wells were incubated 
for 3 h at 37°C and then the medium was renewed every 
24 h. At indicated time points, biofilms were rinsed with 
0.9% NaCl and fixed in 4% paraformaldehyde in PBS for 
2 h. Then, counterstaining with 130 μg ml−1 of propidium 
iodide (PI) for 1 h at room temperature was carried out. 
Coverslips were then mounted on a slide with a drop of 
mounting medium [90% glycerol in 100 mM NaH2PO4 
and 10 mM Tris-HCl (pH 8)]. Observation of biofilms 
was done using a Carl Zeiss Pascal LSM 5-Axioplan 2 
laser scanning confocal microscope (Zeiss, Oberkochen, 
Germany) with a C-Apochromat 40 × /1.2 W objective. 
Dual-color images were acquired by sequentially scanning 
with settings optimal for GFP (488-nm excitation with 
argon laser line and detection of emitted light between 
505 and 530 nm) or PI (543-nm excitation with He/Ne 
laser line and detection of emitted light between 570 and 
615 nm). Representative images (frames of 230 × 230 μm) 
were taken with an image resolution of 1,024 × 1,024 pix-
els. For each biofilm, at least four image-stacks were taken 
at different locations throughout the biofilm, using 1-μm 
z-step increments. Images were first analyzed by using 
the Zeiss LSM Image Browser version 3.2.0. Biofilm bio-
mass and biofilm thickness (biofilm average height) were 
then quantified using the confocal z-stacks and images 
were analyzed using COMSTAT 2.1 (www.comstat.dk) 
(Heydorn et al. 2000; Vorregaard 2008) and ImageJ soft-
ware (National Institutes of Health, MD, USA). In particu-
lar, time-course biomass progression of GFP-expressing 
Ec01 was determined for both single-species and mixed 
biofilms.

CAS assays

Siderophore production was evaluated by the chrome 
azurol S (CAS) agar assay described by Schwyn and 
Neilands (1987) and modified by Alexander and Zuberer 
(1991). The CAS dye (Sigma Aldrich, St Louis, MO, USA) 
can form stable complexes with ferric iron, resulting in 
a blue color when it is incorporated into the plates of 

http://www.comstat.dk
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Statistical analysis

Statistical significance was assessed using one-way anal-
ysis of variance (ANOVA) with Bonferroni post-test. A 
p-value < 0.05 was considered significant. Analyses were 
performed using GraphPad Prism, version 4 (GraphPad 
Software, San Diego, CA, USA).

Results

Competitive interactions between K. pneumoniae 
and E. coli in early-stage mixed biofilms developed 
on polystyrene

Kp01-Ec01 mixed species biofilm development in AUM 
on a siliconized surface was previously investigated 
(Galván et al. 2016). These studies revealed that, despite 
the similar levels of initial adhesion to the surface of both 
bacterial species, a marked decline in the number of viable 
Ec01 cells was later found in mixed species biofilms. To 
analyze whether the surface material could influence this 
phenomena, biofilms were grown on polystyrene plates. 
When initial binding was measured after mixed inocu-
lations, Kp01 showed approximately sevenfold higher 
adhesion to polystyrene than to silicone (5.9 ± 1.3 × 105 
and 8.3 ± 1.5 × 104 CFU cm−2, respectively), whereas Ec01 
binding to polystyrene was ~19-fold higher than to sili-
cone (1.6 ± 0.7 × 106 and 8.6 ± 4.4 × 104 CFU cm−2, respec-
tively). Similar results were observed for adhesion after 
single-species inoculations. Notably, despite the higher 
number of Ec01 cells initially bound to the polystyrene 
surface, compared to Kp01 (approximately threefold 
higher), Ec01 viability declined over time in mixed spe-
cies biofilms until day 5 (Figure 1A). At this time point, 
the number of Ec01 cells was 1.6 logs lower in mixed vs  
single-species biofilm. This difference remained constant 

agarized medium. The medium turns orange to yellow 
when iron is removed from the CAS-Fe3+ complex by 
a chelator, such as a siderophore. Since casamino acids 
included in the medium formulation are a source of 
iron that could inhibit siderophore synthesis, 100  μM 
2,2′-dipyridyl (DIP, Sigma Aldrich), a specific Fe2+ che-
lator, was added in order to achieve iron starvation and 
stimulate siderophore production. Strains were grown in 
2 ml of AUM supplemented with 100 μM DIP for 48 h 
at 37°C. The planktonic cultures were standardized to 
1 × 108 CFU ml−1 before 10 μl of each strain were spotted 
onto the CAS-Fe3+ agar plate with or without DIP sup-
plementation. The plates were incubated at 37°C for 48 h 
and appearance of yellow/orange halos were monitored. 
Pseudomonas aeruginosa PA14 (Rahme et al. 1995) and 
Acinetobacter baumannii ATCC19606 (Garcia et al. 2012) 
strains were used as controls for siderophore production.

Bacterial growth in AUM supplemented with 
2,2′-dipyridyl (DIP)

The ability of bacterial strains to grow in AUM depleted 
of Fe2+ (by supplementation with DIP) was examined. 
AUM-agar plates (1.5% agar) supplemented with 400 μM 
DIP alone, 400 μM DIP plus 10 μM FeCl3.6H2O in 10 mM 
HCl (as a Fe3+ source), or without supplementation (for 
control of bacterial growth) were prepared. Strains were 
grown in 2 ml of AUM supplemented with 100 μM DIP 
for 48 h at 37°C. Then, bacterial cultures were standard-
ized to 1 × 108 CFU ml−1 before 10 μl of each strain were 
spotted onto plates. The plates were then incubated at 
37°C for 48 h and bacterial growth was visualized as col-
ony formation on the plate and also quantified by CFU 
counts after disrupting the bacterial colonies in sterile 
0.9% NaCl.
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Figure 1. Bacterial behavior in K. pneumoniae–E. coli mixed biofilms compared to single-species biofilms. (A) Time-course of biofilm 
formation in AuM assessed as the number of cultivable cells cm−2 recovered from polystyrene plates. E. coli Ec01 and K. pneumoniae Kp01 
strains from both single-species (Ec-S and Kp-S) and mixed (Ec-M and Kp-M) biofilms were studied. Each point represents the geometric 
mean ± SDs of at least three independent experiments. (*) p < 0.01 and (**) p < 0.001 for Ec01 in single-species vs mixed biofilms. (B) 
Effect on biofilm development of Kp01 colonization over a Ec01 pre-established biofilm. Ec01 single-species biofilm was grown for three 
days and then challenged with Kp01 (t=0). Cultivable cell numbers of Ec01 and Kp01 in mixed biofilms (Ec-M and Kp-M) were assessed at 
three and seven days after the Kp01 challenge as described in (A). Single-species Ec01 biofilm (Ec-S) was included as a control. Each bar 
represents the mean ± SE of two independent experiments.
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mixed species biofilms were tested for their antimicro-
bial effect on Ec01. First, supernatants were tested by 
the agar diffusion method on Ec01 growing either on 
LB- or AUM-agar plates (Figure 3A and B). As expected, 
better bacterial growth was achieved in the rich medium, 
LB, than in the minimal medium, AUM. Regarding 
supernatant antimicrobial activities, neither Kp01 nor 
mixed species biofilm supernatants showed inhibitory 
effects of Ec01 growth. Moreover, a 10-fold concentrated 
supernatant from mixed species biofilms showed simi-
lar results (data not shown). In contrast, ampicillin and 
the microcin-producing K. pneumoniae RYC492 (de 
Lorenzo 1984) were able to inhibit Ec01 growth in both 
the media tested or only in LB, respectively. In addition, 
Ec01 planktonic growth kinetics were tested in superna-
tants supplemented 1:1 (v v–1) with fresh AUM. Neither 
supernatants from Kp01 biofilms nor supernatants from 
mixed species biofilms significantly affected Ec01 growth 
(Figure 3C). Moreover, a 10-fold concentrated superna-
tant from mixed species biofilms showed similar results. 
Finally, the ability of Ec01 to establish a biofilm in the 
presence of supernatants from mixed or single-species 
Kp01 biofilms was tested. Biofilms grown for three days 
in supernatants supplemented 1:1 (v  v–1) with fresh 
AUM showed fivefold fewer viable bacteria compared 
to the control biofilms developed in AUM (Figure 3D). 
However, this decrease was not only observed in the 
presence of Kp01 single-species and mixed species super-
natants, but also when Ec01 supernatants were tested. 
These results did not indicate the presence of a secreted 
effector with antimicrobial activity against E. coli or with 
anti-biofilm activity from K. pneumoniae single or mixed 
species biofilms.

Continuous nutrient delivery abolished the 
competitive effect of K. pneumoniae over E. coli in 
mixed biofilms

In order to investigate whether nutritional competition is 
involved in the detrimental effect of Kp01 over Ec01, bio-
films formed under continuous nutrient supply (37 ml h−1) 
were compared to batch-fed biofilms, at three days after 
bacterial inoculation. All continuous-flow biofilms exhib-
ited fivefold higher cell numbers than the corresponding 
batch-fed biofilms (Figure 4A and B). This result indicate 
that a continuous influx of fresh medium allows better 
growth of both bacterial species. Contrary to the expected 
decrease in Ec01 cells in batch-fed mixed species biofilms, 
similar levels of Ec01 cells were observed in mixed con-
tinuous-flow biofilms, compared to single-species ones. 
Moreover, when dispersed cells from biofilms were quan-
tified, a similar behavior was found (Figure 4C and D). 
These results suggest that nutrient limitation is involved 

at the latter stages of biofilm development (day 9 was the 
last time point assayed). In contrast, Kp01showed similar 
cell counts in single-species and mixed biofilms. These 
results also indicate that after a slightly lower initial adhe-
sion of Kp01 compared to Ec01 (Kp01:Ec01 ratio, 1:2.7), 
at the early stages of biofilm development, a significant 
decrease in Ec01 viability, but not Kp01, occurred which 
is reflected in the Kp01:Ec01 ratio (55:1).

Next, Kp01 colonization of a mature Ec01 biofilm was 
examined to determine whether there was an effect on 
Ec01 viability. Figure 1B shows that Kp01 was able to col-
onize a three-day-old Ec01 biofilm. Moreover, the mixed 
species biofilm showed an increase in Kp01 cell numbers 
of ~21-fold and ~19-fold at days 3 and 7 post Kp01 chal-
lenge, respectively. Conversely, Ec01 viability decreased 
approximately sevenfold and ~25-fold at days 3 and 7 post 
Kp01 challenge, respectively. These results show that the 
detrimental effect of K. pneumoniae over E. coli can also 
occur after a mature E. coli biofilm had been developed.

To better understand these community dynamics 
and interbacterial interactions, time-course biofilm pro-
gression was monitored by CLMS, using an Ec01 strain 
carrying a plasmid that express GFP (Ec01-GFP) and 
visualizing Kp010 by counterstaining with propidium 
iodide after paraformaldehyde fixation. As shown by CFU 
counts, both bacterial species adhered well to the surface 
when inoculated alone or after co-inoculation (Figure 
2A–C). Time-course determination of average biofilm 
thickness showed that both single- and dual-species bio-
films increased their thickness over time in a similar fash-
ion, reaching the greatest value at day 5 (Figure 2G). CFU 
counts at day 5 indicated no differences in Kp01 content 
were evident between single-species and mixed species 
biofilms (Figure 2E, F). However, there was a reduction 
of Ec01-GFP cells in mixed species biofilms compared to 
single-species biofilms (Figure 2D, F). Noticeably, Ec01-
GFP cells were scattered along the predominant Kp01 
biofilm (Figures 2F and S1). Quantification of Ec01-GFP 
biofilm biomass from the CLMS images indicated a signif-
icant reduction of Ec01-GFP biomass over time in mixed 
species biofilms with respect to single-species biofilms 
(Figure 2H). By day 5, a 60-fold reduction in Ec01-GFP 
biomass was observed in mixed species biofilms compared 
to single-species ones.

Supernatants of K. pneumoniae biofilms exhibited 
neither antimicrobial nor anti-biofilm activities 
against E. coli

To determine if the antagonistic effect of Kp01 on Ec01 
populations in mixed species biofilms was the result 
of a secreted effector with antimicrobial activity, Kp01 
supernatants from seven-day-old single-species or 
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of iron-scavenging molecules called siderophores was 
screened initially by the universal CAS agar assay. In CAS 
agar plates, both Kp01 and Ec01 were moderately positive, 
showing a yellowish halo around the bacterial colony (1.2 
and 1.1 cm, respectively) (Figure 5A). Regarding the con-
trol strains, P. aeruginosa produced a small yellowish halo 
(0.7 cm), whereas A. baumanii showed a 1.1 cm halo. In 

in the outcompeting mechanism of K. pneumoniae over 
E. coli.

Iron scavenging ability of K. pneumoniae and E. coli

Iron is an essential element required by microorgan-
isms to grow (Barber and Elde 2015). The production 
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evidencing the ability of K. pneumoniae to utilize ferric 
iron probably by siderophore(s) production (Figure 5E). 
Conversely, even after Fe3+ supplementation E. coli was 
not able to restore its growth.

These results suggest that K. pneumoniae is more effi-
cient than E. coli in growing in environments with limited 
iron availability. This could be the situation in mixed spe-
cies biofilms developed in AUM.

Discussion

Microbial biofilms are an increasing concern in the 
medical field where the use of artificial medical devices 
for therapeutic and restorative purposes is on the rise. 
Biofilms are frequently found as multispecies communi-
ties that differ greatly in composition, structure, and anti-
microbial resistance from mono-species biofilm systems 
(Liu et al. 2016). The catheterized urinary tract provides 
ideal conditions for the development of biofilm popula-
tions (Chenoweth et al. 2014). In this investigation, the 

order to achieve iron starvation and stimulate siderophore 
production, the specific Fe2+ chelator 2,2′dipiridyl (DIP) 
was added to the CAS agar plates (Figure 5B). Addition 
of DIP clearly stimulated siderophore production of all 
strains, as reflected by the size increase of the yellow halos. 
The effect was greater on Kp01, with a substantial increase 
in the halo size compared to Ec01 (2.7 vs 1.2 cm, respec-
tively). These results suggest that under iron limitation K. 
pneumoniae has a more effective siderophore production 
response. Then, the ability of each bacterial species to grow 
in AUM-agar plates supplemented with increased concen-
trations of DIP was assayed. DIP concentrations up to 
200 μM did not significantly affect Kp01 nor Ec01 growth 
in AUM (Figure S2). However, addition of 400 μM DIP 
to AUM-agar plates strongly inhibited bacterial growth 
[(24 ± 4) × 107 vs (0.7 ± 0.2) × 107 cells per bacterial spot 
and (12 ± 2) × 107 vs (0.03 ± 0.02) × 107 cells per bacterial 
spot for K. pneumoniae and E. coli, respectively, in AUM vs 
AUM plus DIP], (Figure 5D). Additional supplementation 
with Fe3+ partially reverted the Kp01 growth inhibition, 
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authors focused on understanding a K. pneumoniae and 
E. coli mixed biofilm, as the two species can coexist dur-
ing CAUTIs (Galván et al. 2016) (Ganderton et al. 1992; 
Wang et al. 2010). CAUTIs are frequently recalcitrant to 
existing antimicrobial treatments; therefore, established 
biofilms are not eradicated completely after treatment 
and surviving biofilm cells could carry on the infection. 
Additionally, even though in a patient with CAUTI, the 
catheter can be removed to eliminate the source of bio-
film itself while the patient is treated with antibiotics to 
kill planktonic bacteria, uropathogens such as E. coli and 
K. pneumoniae are able to survive in the host by invad-
ing the bladder epithelium (Flores-Mireles et al. 2015). 
Invasion allows the bacteria to subvert host defenses and 
become recalcitrant to antibiotic treatments by forming 
transient biofilm-like intracellular bacterial communi-
ties and quiescent intracellular reservoirs. Bacteria can 
disperse from these structures and then invade other 
cells or colonize a newly applied catheter. Moreover, K. 
pneumoniae and E. coli are both highly antibiotic-re-
sistant organisms (WHO 2014). These facts highlight 
the importance of understanding the underlying mecha-
nisms of interspecies interaction between these two spe-
cies in biofilms, which could help to identify potential 

Ec-M Kp-S Kp-M S-cES-cE

S-cES-cE Ec-M

Ec-M

Ec-M

Kp-S

S-pKS-pK

Kp-M

M-pKM-pK

C
ul

tiv
ab

le
 c

el
ls

(L
og

 C
FU

 c
m

   
)

-2

4

6

8

10

C
ul

tiv
ab

le
 c

el
ls

(L
og

 C
FU

 c
m

   
)

-2
C

ul
tiv

ab
le

 c
el

ls
(L

og
 C

FU
 m

l  
 )-1

C
ul

tiv
ab

le
 c

el
ls

(L
og

 C
FU

 m
l  

 )-1

4

6

8

10

*

4

6

8

10

**

4

6

8

10

(A) (B)

(C) (D)

Fed-batch Continuous-flow 

At
ta

ch
ed

 c
el

ls
D

is
pe

rs
ed

 c
el

ls

Figure 4. Comparison of bacterial coexistence in static vs dynamic biofilms. Biofilms were developed in batch culture (with AuM change 
every 24 h) (panels A and C) or under continuous AuM flow (37 ml min−1) (panels B and D). The number of cultivable cells obtained from 
attached bacteria forming biofilms (panels A and B) and from bacteria in the medium surrounding the biofilms (panels C and D) were 
assessed as described in the Materials and methods section. Single-species and mixed biofilms were analyzed. Each bar represents the 
mean ± SD of three independent experiments. (*) p < 0.05 and (**) p < 0.01 for E. coli in single-species vs mixed biofilms.

(E)(D)(C)

CAS

AUM

CAS + DIP 

AUM + DIP AUM + DIP + Fe

(A) (B)

3+

Figure 5.  Production of siderophores screened by the CAS 
agar assay (A, B) and the effect of iron availability on bacterial 
growth on AuM agar plates (C–E). Bacterial strains assayed: K. 
pneumoniae Kp01 (Kp), E. coli Ec01 (Ec), P. aeruginosa PA14 (Pa), 
and A. baumanii ATCC 19,606 (Ab). (A, B) CAS agar plates without 
(A) or with 100 μM DiP (B). note the appearance of yellow halos 
around the colonies, indicating siderophore production. (C–E) 
Bacterial growth on AuM agar plates without supplementation 
(C), supplemented with (D) 400  μM DiP or (E) 400  μM DiP plus 
10  μM feCl3. in all cases, one representative assay, from two 
independent experiments, is shown.
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organism (Rendueles and Ghigo 2015). Analysis of anti-
microbial activity of mixed species biofilm supernatants 
on E. coli growing either in solid medium or in broth failed 
to detect secreted antimicrobial compounds. It could be 
that antimicrobial compounds are present at very low con-
centrations, which would also appear as a negative result. 
However, even when a 10-fold concentrated supernatant 
from mixed species biofilms was tested, no antimicro-
bial activity was detected. These results suggest that the 
decrease in E. coli cells when forming a mixed species 
biofilm with K. pneumoniae is probably not due to the 
production of antimicrobial compounds by K. pneumo-
niae. Additionally, biofilm supernatants did not exhibit 
anti-biofilm activity against E. coli, as shown by a similar 
performance of E. coli biofilm development in the pres-
ence of supernatants from K. pneumoniae and E. coli sin-
gle-species biofilm as well as supernatants from mixed 
species biofilms. Even though initial adhesion of E. coli 
was less in the presence of biofilm supernatants than in 
AUM, since this effect was observed for all supernatants 
including the supernatants from single-species E. coli bio-
films, it could be possible that this is due to the increase 
in the pH of these samples compared to fresh AUM (7.8 
vs 6.8, respectively). Whereas the rising pH in superna-
tants from K. pneumoniae containing biofilms could be 
due to the expression of K. pneumoniae urease (which is 
able to generate NH3 by urea cleavage), the reason for pH 
alcalinization in supernatants from single-species E. coli 
biofilms is still unclear.

Since bacterial growth is dependent on the concen-
tration of limiting resources (eg iron, carbon and oxy-
gen) in the biofilm environment, the availability of such 
resources could drive competition (Rendueles and Ghigo 
2015). In particular, AUM is a minimal medium that mim-
ics human urine composition (Brooks and Keevil 1997). 
To analyze this possibility, bacterial cell numbers were 
assessed in mixed biofilms formed under a continuous 
nutrient supply. Under a continuous influx of AUM, the 
numbers of biofilm-associated E. coli and K. pneumoniae 
were not affected by the presence of the other species. 
Comparison of this result with that obtained in batch-fed 
biofilm experiments supports the idea that an exploita-
tive competition of K. pneumoniae over E. coli in mixed 
species biofilms could be driven by nutrient limitation. 
Exploitation of a variety of essential elements, including 
oxygen, carbon, phosphorous, and especially iron have 
been reported (Rendueles and Ghigo 2015). Iron is a key 
element in microbial physiology, controlling many bac-
terial functions. Due to its low bioavailability, bacteria 
have evolved many iron-scavenging strategies, such as 
high-affinity iron-chelators or siderophores. Siderophore-
producing genotypes increase their own growth rate while 
they deplete iron in their surroundings and potentially 

targets for therapeutic intervention. Although K. pneu-
moniae–E. coli mixed species biofilms formed in AUM 
have previously been studied, the interactions between 
these two species have yet to be fully characterized. As 
previously reported, after co-inoculation at a 1:1 ratio, 
both bacterial species adhered at similar levels to both 
siliconized and polystyrene surfaces; however, at ear-
ly-stages of biofilm development (less than three days) 
K. pneumoniae outcompeted E. coli (Galván et al. 2016). 
Here, prolonged (more than five days) batch-fed biofilm 
growth showed that both bacteria coexist in mixed spe-
cies biofilms at a K. pneumoniae:E. coli ratio of ~55:1. 
In fact, K. pneumoniae showed similar cell counts in 
single-species and mixed species biofilms, which was 
in agreement with the findings reported previously, 
in which mixed species biofilms were formed on a sil-
iconized surface (Galván et al. 2016). Based on these 
results, it was concluded that K. pneumoniae partially 
outcompeted E. coli in early stages of mixed biofilms, 
whereas in later stages (after day 5) both bacterial spe-
cies coexisted. A similar competitive effect was observed 
after the addition of K. pneumoniae to a pre-established 
E. coli biofilm. Moreover, even when E. coli was able to 
adhere to a pre-formed K. pneumoniae biofilm (3 × 106 
cells cm−2), an ~2-log decrease in E. coli cell number 
was observed after three days of mixed species biofilm 
development with no additional loss in E. coli viability 
subsequently observed (data not shown). The analysis 
of spatial organization of the mixed species biofilm by 
CLSM corresponded to the results obtained by CFU 
counts. At 3  h, both species were found well adhered 
on the surface. However, at later times it was possible to 
visualize K. pneumoniae outcompeting E. coli. It has been 
postulated that bacterial species organize in three gen-
eral forms: interspecific segregation, coaggregation, and/
or stratification, based on different types of interspecies 
interactions (Liu et al. 2016). For adhesion to the surface, 
K. pneumoniae and E. coli in mixed biofilms might be 
following a co-aggregation pattern, with both species 
being well intermixed on the surface. Unfortunately, 
CLSM images did not give enough information to form 
conclusions regarding bacterial co-aggregation and fur-
ther tests will need to be conducted. At extended times, 
no segregation or stratification was detected. By the time 
a clear displacement of E. coli occurred, the remaining 
E. coli detected in the mixed species biofilm were found 
scattered among the predominant K. pneumoniae cells.

Mechanisms of biofilm competition have been classi-
fied in two groups: ‘interference competition’, that refers 
to specific mechanisms which damage a competitor’s sur-
vival, and ‘exploitative competition’, which corresponds 
to indirect interactions by which one organism prevents 
access to and/or limits the use of resources by another 
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development; nevertheless, a fairly stable coexistence 
occurred in the long term. This long-term mixed bio-
film contained ~55-fold more K. pneumoniae cells than E. 
coli cells. Evidence reported in this study pointed to iron 
utilization as a competing mechanism. However, a recent 
study has reported an alternative competitive mechanism 
in K. pneumoniae, in which E. coli could be susceptible 
to the expression of a type six secretion system (T6SS) 
(Liu et al. 2017). It cannot be ruled out that the compet-
itive effect observed at early-stage mixed species biofilm 
formation involves the transient expression of this kind 
of secretion system. Overall, the data presented here may 
add to the understanding of the complex relationships 
between bacterial species in the context of polymicro-
bial biofilms formed on urinary catheters. From a clinical 
point of view, it seems that strategies tending to reduce 
the nutritional quality of urine in catheterized patients 
would be important to hinder catheter colonization and 
biofilm persistence by uropathogens. Particularly, to min-
imize iron availability in urine could be important in 
inhibiting bacterial growth in the urinary tract. Finally, 
elucidation of the mechanisms mediating interspecies 
interactions of two highly antibiotic resistant uropatho-
gens such as K. pneumoniae and E. coli, which are prev-
alent pathogens in CAUTIs, may provide insight into 
new strategies for treatment of patients suffering from 
polymicrobial CAUTIs.
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limit access to it for other genotypes (Eberl and Collinson 
2009; Barber and Elde 2015). The repertoire of sidero-
phores varies among different microbial species and even 
among different strains. Indeed, various combinations of 
siderophores (eg aerobactin, enterobactin, salmochelin 
and yersiniabactin) are found among clinical isolates of 
Klebsiella pneumoniae and E. coli (Henderson et al. 2009; 
El Fertas-Aissani et al. 2013). In this regard, siderophore 
production of the two species under study were analyzed 
by the CAS assay. K. pneumoniae produced a noticeable 
yellow halo, indicative of siderophore production, that 
increased in size when the Fe2+ chelator DIP was added 
to the plate. Conversely, whereas E. coli showed a yel-
lowish halo in CAS plates, this halo did not significantly 
increase in the presence of DIP. These results suggest that 
K. pneumoniae is able to express high amounts of sidero-
phore molecules in response to iron starvation, whereas 
E. coli does that to a much lesser extent. Moreover, assays 
performed in AUM-agar plates in the presence of a high 
DIP concentration (400 μM), to evaluate growing capacity 
under a pronounced iron starvation in AUM, evidenced a 
better ability of K. pneumoniae to grow in this condition 
than E. coli. Furthermore, addition of Fe3+ together with 
DIP to the AUM agar plates improved K. pneumoniae, but 
not E. coli, growth. This result suggests that K. pneumo-
niae has a better ability than E. coli to utilize ferric iron, 
probably due to more efficient siderophore production. 
Additional ongoing research efforts are focused on identi-
fying the siderophores expressed by both bacterial species 
when growing together in mixed biofilms developed in 
AUM. It is important to note that the iron levels pres-
ent in the AUM used in the present culture experiments 
(250 ± 40 μg l−1 are similar to the reported iron concentra-
tions observed in human urine, which can vary from 152 
to 419 μg l−1 depending on the age of the individual, with 
higher levels being found in older people (Pfrimer et al. 
2014). Interestingly, urine is a complex and variable bio-
fluid whose chemical composition is shaped by multiple 
sources, including the host metabolism and the intestinal 
microbiome (Bouatra et al. 2013). Therefore, variations 
in free iron levels originated from individual differences 
in urine composition may add more complexity to the 
modulation of siderophore expression by both K. pneumo-
niae and E. coli. In particular, patients with inflammatory 
damage of the tissue, traumatism, or other disorders such 
as hemochromatosis, could generate an environment with 
high iron availability; consequently, nutritional competi-
tion between K. pneumonia and E. coli strains for availa-
ble iron might be impaired and a polymicrobial infection 
could be facilitated.

Altogether, the results presented here showed the 
killing of some of the original E. coli adhered cells at 
early stages of mixed K. pneumoniae–E. coli biofilm 
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