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Abstract

Uropathogenic Escherichia coli (UPEC) is the primary etiologic agent of urinary tract
infections (UTIs). This study aimed to investigate the difference in antimicrobial susceptibility
of UPEC isolates in the planktonic and biofilm states. Important virulence factors were also
evaluated. The minimum inhibitory concentrations (MICs) were determined and recorded as
0.5-64 pg/ ml for amikacin, 0.5-64 ug/ ml for cefotaxime, 0.25-64 pg/ ml for cefepime, 0.25-
16 pg/ ml for meropenem, and 0.125-32 pg/ ml for ciprofloxacin. Biofilm-specific resistance
was assessed using the minimum biofilm eradication concentration (MBEC). The obtained
results for MBEC were: 8-512 pg/ ml for amikacin, 32-512 pg/ ml for cefotaxime, 8-512 pg/
ml for cefepime, 4-256 pg/ ml for meropenem, and 4-128 pg/ ml for ciprofloxacin. The
virulence factors were evaluated using suitable phenotypic techniques. Our findings revealed a
significant enhancement in the antimicrobial resistance after biofilm formation. The MBEC
values were higher than the MIC values by 2-128 folds for amikacin, 2-256 folds for
cefotaxime, 2-64 folds for cefepime, 8-128 folds for meropenem, and 4-128 folds for
ciprofloxacin. The swimming and swarming motilities demonstrated a significant positive
correlation (rs = 0.506, P< 0.001). Protease production analysis revealed a large variation,
with the weak biofilm-producing isolates EW2 and EW15 displaying the largest zone
diameters of 39 mm and 33 mm; respectively. We have also evaluated the distribution and
levels of siderophore production, which were significantly associated with meropenem
resistance. Finally, this study underscores the importance of considering biofilm formation in
UPEC treatment and emphasizes the need for therapeutics targeting these biofilms.

Keywords: Uropathogenic Escherichia coli, Biofilm, Minimum inhibitory concentration,
Minimum biofilm eradication concentration, Virulence factors
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1. Introduction

Urinary tract infections (UTIs) are among the
most prevalent human infections caused by bacteria. In
2019, UTIs resulted in 230,000 deaths globally
(Terlizzi et al., 2017; Whelan et al., 2023).
Uropathogenic Escherichia coli (UPEC) is the primary
etiology of UTIs, accounting for up to 95 % of the
community-acquired UTIs and 40 % of the healthcare-
associated UTIs (Gajdacs et al., 2021b; Walker et al.,
2022).

According to Sundaramoorthy et al., (2022), UPEC
strains can form biofilms that shield the embedded
bacterial cells from the environmental stressors,
antimicrobial agents, and the host's immune system.
Therefore, biofilm formation is closely linked to the
bacterial resistance and is known to encourage the
persistence and recurrence of these bacterial
infections. Ballén et al., (2022a); Théming and
Héussler, (2022) added that the bacteria in biofilms
display dramatic improvement in the antimicrobial
resistance due to various factors, including reduced
antimicrobial  diffusion, slowed multiplication,
upregulation of resistance determinants, and the
development of persister cells. The persister cells are
small percentage of a biofilm population that becomes
dormant due to its minimal metabolic activity. Since
the antibiotics mainly attack the actively growing
cells, the persister cells can survive in high antibiotic
doses and resume their normal growth after treatment
cessation (Bottery et al., 2021). The association
between biofilm formation and resistance has been the
subject of extensive researches. Ballén et al., (2022b)
observed that biofilm formation in E. coli increases the
antimicrobial resistance. On the other hand, several
studies showed that antibiotic resistance may have a
fitness cost on the bacterial cells, which could
negatively affect the biofilm formation (Shenkutie et
al., 2020; Yamani et al., 2021). Meanwhile, Carcione
et al., (2022); Donadu et al., (2022) studies reported
no link between the development of biofilms and
antibiotic resistance. The microbiological laboratories
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recommend an antimicrobial therapy based on the
resistance of the planktonic cells, which is determined
using standard antimicrobial susceptibility assays,
such as determination of the minimum inhibitory
concentration (MIC). However, these assays do not
evaluate susceptibility of the bacteria in biofilms
(Shenkutie et al., 2020). The difference in
antimicrobial susceptibility between the planktonic
and the biofilm-associated cells may explain the
frequent therapy failure and recurrence in the cases of
biofilm-forming infections (Bottery et al., 2021). The
biofilm-related antimicrobial susceptibility can be
measured using the minimum biofilm eradication
concentration (MBEC), which is the lowest antibiotic
concentration needed to inhibit regrowth of the pre-
formed biofilms (Ciofu et al., 2022).

Additionally, different virulence factors possessed
by UPEC enable it to colonize, invade the host tissues,
and to survive against the host defense mechanisms
(Ambite et al., 2021; Torres-Puig et al., 2022). These
virulence factors include flagellar motility, protease
and siderophore production. Flagellar motility that
facilitates UPEC ascension in the urinary tract includes
the swimming and swarming motilities. The swarming
motility describes the multicellular movement of the
bacteria across a surface, while the swimming motility
refers to the movement of the individual cells in the
liquid media (Vega-Hernandez et al., 2021; Wadhwa
and Berg, 2022). The proteases have an important role
in facilitating the host tissue invasion, and they also
significantly contribute to the immune evasion
capacity of UPEC (Freire et al., 2022; Chen et al.,
2023). A previous study  reported by
Subashchandrabose and Mobley, (2015) that the
ability of UPEC to competitively chelate iron from the
host tissues using siderophores ensures its survival in
the iron-scarce environment of the urinary tract. The
objective of this study was to evaluate how the
planktonic and the biofilm-embedded UPEC isolates,
which have different biofilm formation capacities,
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vary in  their antimicrobial  susceptibilities.
Furthermore, several virulence factors of UPEC were
evaluated, including motility, protease and siderophore
production.

2. Materials and methods
2.1. Sampling of the Escherichia coli isolates

Clinical UPEC isolates (n = 46) with different
biofilm-forming abilities, namely, strong (n = 15),
moderate (n = 15), and weak (n = 16) that were
previously determined (unpublished data), were
obtained from Tanta University Hospital, Tanta,
Gharbia governorate, Egypt.

2.2. Determination of the minimum inhibitory
concentration (MIC)

The minimum inhibitory concentrations (MICs)
were determined for the forty six UPEC isolates using
the standard broth microdilution method (CLSI. 2020),
for the following antibiotics: ciprofloxacin (CIP),
amikacin (AK), cefotaxime (CTX), cefepime (CPM),
and meropenem (MRP). The MIC determination assay
was repeated twice with three replicates for each
treatment, to ensure reproducibility and accuracy of
the recorded MICs.

2.3. Determination of the minimum biofilm
eradication concentration (MBEC)

To study the difference in antibiotic susceptibility
between the planktonic and the biofilm-embedded
cells of the forty six UPEC isolates, the biofilm-
specific resistance was determined by measuring the
minimum biofilm eradication concentration (MBEC)
for the five tested antibiotics. Initially, the isolates
were allowed to form biofilms in 96-well microtiter
plates, as previously described by Ballén et al.
(2022Db). Following the biofilm formation, the MBEC
assay was carried out as detailed by Rafaque et al.
(2020). The broth medium (minimal M63) was
carefully removed from the wells, and a sterile
phosphate-buffered saline (PBS) was used to wash the
wells three times. Antibiotics ranging in concentration
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from 0.5 to 2048 pg/ ml were then prepared in two-
fold serial dilutions, and 100 pl of each concentration
was applied aseptically and individually to the wells.
The plates were then incubated at 37 °C for 24 h. After
incubation, the antibiotic solutions were removed and
the wells were washed with PBS, and then 100 pl of
Luria Bertani (LB) broth was added to each well, and
then the wells were examined for bacterial growth.
Wells that showed no signs of growth or turbidity were
carefully scraped using a sterile micro-pipette tip, with
special attention paid to the well's edges. The scraped
material was transferred into 1 ml of PBS. After brief
vortexing to break up the biofilms, 100 ul of each
sample suspension was plated onto a sterile tryptic soy
agar (TSA) plate, followed by incubation for 24 h at
37 °C. After incubation, the lowest concentration that
showed no visible colonies on TSA plates was
considered as the MBEC. The MBEC assay was
performed twice with three replicates for each
treatment, to ensure reproducibility and accuracy of
the MBEC.

2.4. Growth curve analysis

As previously described by Hung et al., (2012), the
growth rates of the forty six UPEC isolates of various
biofilm formation categories were examined. After
growing the UPEC isolates on nutrient agar (NA) for
24 h at 37 °C, the growing cells were suspended in a
sterile 0.9 % saline solution and adjusted to 0.5
McFarland  units.  Afterward, these bacterial
suspensions were diluted in LB broth by a factor of 1:
20, and the mixture was incubated for 24 h at 37 °C
with agitation at 200 rpm. The optical density at 600
nm (ODggo) values were measured using a UV-Vis
spectrophotometer (Shimadzu™, Japan) after the
following periods: 0 h, 2 h, 4 h, 6 h, 8 h, 10 h, 12 h,
and at 24 h. The measured ODgqo Values were used to
create the growth curve for each tested isolate.

2.5. Swimming and swarming motility assays

Determination of the swimming and swarming
motilities was performed according to Pearson, (2019)
with minor modifications. Briefly, LB broth medium
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with agar concentrations of 0.3 % for the investigation
of the swimming motility and 1 % for investigation of
the swarming motility were used. For evaluation of the
swimming motility, overnight bacterial cultures of
each UPEC isolate were adjusted to a density of
ODgpo= 1.0. Subsequently, the cultures were
inoculated individually and inserted vertically into the
motility agar medium using a sterile inoculating
needle. Care was taken during inoculation to avoid
pushing the needle through the bottom of the Petri
plate, and to ensure that the needle remains vertical
during insertion and withdrawal. For evaluating the
swarming motility, the swarm agar plates were surface
inoculated individually with 5 pl of the overnight
bacterial culture, which was adjusted to ODgy = 1.0.
After incubation of all plates at 37 °C for 24 h, the
growth zone diameters were measured in mm using a
calibrated ruler. The swarming and swimming motility
assays were performed in triplicates, and the average
zone diameter was calculated and approximated to the
nearest mm.

2.6. Protease production

Uropathogenic E. coli isolates (n = 64) were tested
qualitatively for their ability to produce proteases
according to the previously established method of
Alnahdi, (2012). Briefly, the isolates were inoculated
individually onto skim milk agar plates containing 5 %
skimmed milk in 1.5 % LB agar. After incubation for
48 h at 28 °C, the positive protease production was
depicted as a clear zone surrounding the bacterial
growth due to proteolysis. This assay was conducted
twice with three replicates for each treatment.
Moreover, protease production levels were determined
semi-quantitatively according to Seleem et al., (2021).
Overnight cultures of UPEC isolates in LB broth were
centrifuged at 10,000 rpm for 20 min. at 4 °C, and then
a 0.22 um filter was used to remove the bacterial cells
and obtain a sterile supernatant. Wells in the skim milk
agar medium were made using a sterile cork borer
(three wells for each isolate), and 100 pl of the sterile
protease-containing  supernatants  was  added
individually to these wells. After 24 h of incubation at
37 °C, protease diffusing from the wells led to
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proteolysis of the casein present in the agar media,
causing the formation of clear zones around the wells.
The zone diameters were measured in mm. A well
containing LB broth instead of the bacterial
supernatant was used as a negative control.

2.7. Siderophore production estimation

Quantitative  determination  of  siderophore
production was carried out for all the tested isolates
(n= 46), as previously described by Eger et al., (2022).
Briefly, 0.5 McFarland suspension of the bacterial
isolates was prepared individually in sterile saline, and
50 pl from each suspension was added aseptically to
15 ml of M9 minimal broth medium, which was
supplemented with 0.3 % casamino acids, 2 mM
MgSO,, and 200 uM 2,2'-dipyridyl. The cultures were
n incubated at 37 °C, at 130 rpm for 24 h. After
incubation, the bacterial cultures were centrifuged at
7000 rpm for 20 min., and 100 pl of the supernatant
was added to a 96-well microtiter plate. In each well,
100 pl of the Chrome  Azurol S-
Hexadecyltrimethylammonium bromide (CAS-
HDTMA) solution prepared according to Neilands
(1987) was added to the culture supernatant. A blank
medium supplemented with the CAS reagent was used
as a negative control, while a 15 mM Ethylene
diamine tetra acetic acid (EDTA) solution with the
CAS reagent was used as a positive control.
Subsequently, the mixtures were incubated for 30 min.
at ambient temperature in darkness, and then the
absorbance was measured at 630 nm using a
microplate reader (Sunrise™, TECAN, Switzerland).
The assay was carried out in triplicates and the average
absorbance was considered. The siderophore
production level was calculated using the Percent
Siderophore Unit (PSU), according to Arora and

Verma, (2017):

(Ar—As)
Ar

PSU = %100

Where; Ar = reference absorbance (CAS-HDTMA solution
in sterile broth) and As = sample absorbance (CAS-
HDTMA solution in cell-free sample supernatant).
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2.8. Statistical analysis

The Statistical Package for the Social Sciences
(SPSS) software, version 27.0 (IBM Corp., Armonk,
NY, USA) was used to conduct statistical analyses. All
P-values were two-tailed and were regarded as
statistically significant at the P < 0.05 level. The chi-
square test was used to evaluate the connections
between the categorical variables. For intergroup
comparisons and to investigate the correlation between
numerical variables, a Spearman's rank correlation was
applied. The Kruskal-Wallis test or the Mann-Whitney
U test was employed to compare the numerical
variables amongst the different groups. The Kruskal-
Wallis test was followed by pairwise comparisons and
a Bonferroni adjustment for multiple comparisons.

3. Results
3.1. MIC and MBEC determination

The MICs and the MBECs of amikacin,
cefotaxime, cefepime, meropenem, and ciprofloxacin
for 46 UPEC isolates of different biofilm formation
categories were determined and compared, in order to
assess whether the biofilm-specific resistance is
dependent on the biofilm quantity and/or on the
antibiotic resistance in the planktonic mode. For
cefotaxime, the resulting MIC values varied from 0.5
to 64 ug/ ml. Cefotaxime MBECs ranged from 32 to
512 pg/ ml. The MICs and MBECs for meropenem
were 0.25-16 ug/ ml and 4-256 ug/ ml; respectively.
The MICs for ciprofloxacin ranged from 0.125 to 32
pg/ ml, while the MBECs had a range of 8-512 pg/ ml.
Amikacin had MICs ranging from 0.5 to 64 pg/ ml and
MBECs ranging from 8 to 512 pg/ ml. The MICs and
MBECs for cefepime varied from 0.25 to 64 pg/ ml
and 8 to 512 pg/ ml, respectively (Fig. 1-3).

The extent of resistance enhancement upon biofilm
formation was measured by the fold differences
between the MBEC and MIC values for each isolate,
which was calculated by dividing the MBEC by the
MIC values. For cefotaxime, MBEC values were 2-
256 times higher than their corresponding MIC values.
For meropenem, there was a 8-128 fold increase in the
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MBECs over the corresponding MIC values. For
ciprofloxacin, the MBECs were 4-128 times greater
than the corresponding MIC values. For amikacin, the
MBEC values were 2-128 folds greater than their
corresponding MIC values. For cefepime, the MBEC
values are 2-64 times higher than their corresponding
MICs. The correlation between MIC values of the 46
isolates and their biofilm formation category was
analyzed. Using spearman's correlation analysis, a
significant negative correlation between the two
qualities for all of the tested antibiotics was detected:;
namely, AK (rs = —0.486, P < 0.001), MRP (rs =
—0.676, P < 0.001), CTX (rs = —0.635, P < 0.001),
CPM (rs = —0.519, P < 0.001), and CIP (rs = —0.407,
P < 0.01). These results were confirmed using the
Kruskal Wallis analysis, which demonstrated the
significant difference in MIC values among the
different biofilm formation categories for all the tested
antibiotics (P < 0.05) (Fig. 4).

By assessing the relationship between MIC and
MBEC values, a positive correlation for all the tested
antibiotics (rs = 0.861- 0.473, P < 0.001) was detected.
The recorded difference between MIC and MBEC
values demonstrated that biofilm formation indeed
promotes the resistance of the bacterial isolate
compared with the planktonic state. However, for most
of the tested isolates, the level of resistance
improvement following biofilm formation was almost
the same. According to Spearman's rank correlation
analysis, there was no significant correlation between
the biofilm-related resistance (MBEC) and the biofilm
density of the isolates (rs = -0.228-0.113, P > 0.05).
This indicates that different levels of biofilm density
(i.e., strong, weak, and moderate) provided similar
enhancement level in the antibiotic resistance.

3.2. Growth curve analysis

The growth rates of the strong, moderate, and weak
UPEC biofilm formers did not differ significantly (Fig.
5), suggesting that the growth rate was not the cause of
the variation in the biofilm formation levels and/ or the
biofilm-specific resistance.
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Fig. 1: Determination of the MBEC and MIC values of the 15 strong biofilm-forming UPEC isolates for amikacin (a),
meropenem (b), cefotaxime (c), cefepime (d), and ciprofloxacin (e). The X-axis represents the isolate code, while the Y-axis
represents log2 of resistance (MIC or MBEC) for each isolate. The blue dots indicate the log, MIC, while the red squares
indicate the log, MBEC. MIC: minimum inhibitory concentration. MBEC: minimum biofilm eradication concentration.
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Fig. 2: Determination of the MBEC and MIC values of 15 moderate biofilm-forming UPEC isolates for amikacin (a),
meropenem (b), cefotaxime (c), cefepime (d), and ciprofloxacin (e). The X-axis represents the isolate code, while the Y-axis
represents log2 of resistance (MIC or MBEC) for each isolate. The blue dots indicate the log, MIC, while the red squares
indicate the log, MBEC. MIC: minimum inhibitory concentration. MBEC: minimum biofilm eradication concentration.
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Fig. 4: Differences in MIC values of the tested UPEC isolates (n = 46) among the different biofilm formation categories
including strong biofilm-producers (n = 15), moderate biofilm-producers (n = 15), and weak biofilm-producers (n = 16). The
panels represent the distribution of the MIC values for cefotaxime (a), amikacin (b), ciprofloxacin (c), meropenem (d), and
cefepime (e). The X-axis represents the biofilm formation category, while the Y-axis represents the log, of the MIC. The black
dots represent the outlier values. MIC: minimum inhibitory concentration. This figure demonstrates the inverse correlation
between the planktonic resistance levels and the biofilm formation category for all the tested antibiotics.
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Fig. 5: Growth curves of 46 UPEC isolates of different biofilm formation categories, including strong, moderate, and weak
biofilm producers. The X-axis represents the measurement time (h), while the Y -axis represents the measured optical density at
600 nm (ODgq). The figure shows that no significant differences existed in the growth rates of the tested 46 UPEC isolates,
which had different biofilm formation densities. Thus, the differences in biofilm density were not attributed to the differences in

the bacterial growth rates.

3.3. Motility assays

The motility assays were performed to determine
the swimming and swarming abilities of the UPEC
isolates. Wide ranges of motility zones were recorded
(Table 1), with swimming zones ranging between 15-
53 mm in diameter. The strong biofilm-forming
isolates ES5 and ES115 displayed the largest zones of
51 and 53 mm, respectively. The moderate biofilm-
forming isolate EM11 produced the smallest
swimming zone of 15 mm, followed by the two weak
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biofilm-producing isolates EW7 and EW13, both of
which had demonstrated a swimming zone diameter of
22 mm. On the other hand, the swarming zones
recorded values that ranged between 10- 31 mm in
diameter. The strong biofilm-producing isolates ES4
and ES5 exhibited the largest swarming zones of 30
and 31 mm, respectively. However, no significant
correlation was observed between motility and the
biofilm formation capacity (P > 0.05). A direct
correlation between the swimming and swarming
motility (rs = 0.506, P <0.001) was detected (Fig. 6).
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Table 1: Summary of the phenotypic virulence characters of the tested forty-six isolates of UPEC

Swimming zone Swarming zone Proteolysis zone PSU (%)°
(mm) (mm) (mm)

Range 15-53 mm 10-31 mm 9-39mm 16.7-69.4 %
Highest value 53 mm (ES15) 31 mm (ES5) 39 mm (EW2) 69.4 % (EM13)
(isolate code) 51 (ES5) 30 (ES4) 33 (EW15)

Lowest value 15 mm (EM11) 10 mm (EW7, 9 mm (ES2 and 16.7 % (EW16)
(isolate code) 22 (EW7 and EW13) EM10 and EM11) EW3)

Where; "The percent siderophore unit (PSU) calculated as follows: PSU = (ArA;As)me

r

Ar = reference absorbance (CAS-HDTMA solution in sterile broth) and As = sample absorbance (CAS-HDTMA solution in
cell-free sample supernatant).
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Fig. 6: A scatter plot showing the direct relationship (P < 0.001) between the swimming and swarming motilities in the tested
UPEC isolates (n = 46). The dotted line is the line of best fit that represents the relationship between the two variables. The x
value refers to the swimming zone diameter (presented on the X-axis), and the y value refers to the swarming zone diameter
(presented on the Y-axis). R? is the coefficient of determination.
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3.6. Production of protease

Using skim milk agar plates to detect protease
production, 40 out of the 46 tested UPEC isolates
displayed positive protease production, which was
observed as a clear zone of proteolysis around the
bacterial growth. Semi-quantitative determination of
the protease production was carried out by measuring
the diameters of the proteolysis zones. The average
lysis zone diameters for the tested isolates ranged
between 9-39 mm. The weak biofilm-producing
isolates EW2 and EW15 recorded the highest zone
diameters of 39 and 33 mm; respectively, whereas the
ES2 and EW3 isolates displayed the smallest lysis
zones of 9 mm for each (Table 1).

3.5. Siderophore production

The siderophore production levels were measured
using the percent siderophore unit (PSU) for each of
the tested UPEC isolates (n = 46), which revealed that
the siderophore production capacity ranged between
16.7-69.4 % compared with 92 % for the EDTA
solution (positive control) (Table 1). The siderophore
production levels (PSU) were significantly associated
with the resistance level to meropenem (measured
using the MIC values). The Spearman correlation
coefficient for this relationship was rs = 0.312 (P =
0.035).

4. Discussion

Uropathogenic E. coli (UPEC) is the predominant
causative agent of UTIs in both the hospital and
community settings (Walker et al., 2022). To our
knowledge, up-to-date local information on the effect
of biofilm formation on the resistance of clinical
UPEC isolates in Tanta, Gharbia governorate, Egypt,
is very scarce. Understanding the role of biofilms in
antimicrobial resistance and the difference in
susceptibility between the planktonic and the biofilm-
embedded cells, are essential for accurate treatment of
the biofilm-forming bacterial pathogens and for
reducing the risk of treatment failure.

Novel Research in Microbiology Journal, 2024

Recently, Thoming and Haussler, (2022) reported
that bacterial cells in biofilms have up to 1,000-fold
higher resistance to antibiotics than the planktonic
cells. Biofilm formation reduces the antimicrobial
diffusion and can significantly raise a population's
effective MIC (Bottery et al., 2021). As a result,
bacteria within the biofilm are exposed to sub-
inhibitory antimicrobial concentrations that are lower
than those outside of the biofilm (Trubenova et al.,
2022). When biofilm-forming infections are treated as
recommended by the planktonic MIC, the result is that
the infection persists and the bacteria recommence
their growth after cessation of the antimicrobial agent
(Ciofu et al., 2022). Moreover, studies conducted on
various bacterial species reported that long-term
exposure to  sub-inhibitory  concentrations of
antibiotics promotes biofilm formation, and leads to
more enhanced resistance (Thoming and Haussler,
2022; Trubenova et al., 2022).

In the current study, to understand the effect of
biofilm development on the sensitivity of the bacterial
cells to antimicrobial treatment, the effect of five
antimicrobial agents on the planktonic cells and the
biofilm-embedded cells was investigated using the
MIC and MBEC assays, respectively. Our results
revealed that the MIC values were negatively
correlated with the biofilm formation category, where
strong biofilm producers tended to display lower MIC
values for all the tested antibiotics. Several previous
studies reported similar observations in Klebsiella
pneumoniae and Pseudomonas aeruginosa (Cusumano
et al., 2019; Yamani et al., 2021). These observations
may be attributed to fitness costs of the resistance
determinants on the bacterial cells, which may affect
their virulence and biofilm formation capacity
(Cusumano et al., 2019; Trubenova et al., 2022).

Meanwhile, the MBEC values were several folds
higher than the MIC values for all the tested
antibiotics. These findings reflect the extent of
resistance enhancement that biofilms provide to the
bacterial cells. The improvement in antibiotic
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resistance upon biofilm formation was indicated by the
extent of increase (fold difference) in MBEC values
compared with the MIC values for each isolate. These
fold differences were; 2-256-fold, 8-128-fold, 4-128-
fold, 2-128-fold, and 2-64-fold for the cefotaxime,
meropenem, ciprofloxacin, amikacin, and cefepime,
respectively. The results of the MIC and MBEC
analyses agreed with the previous findings of Amin et
al., (2019); Li et al., (2021), which demonstrated that
biofilm communities have very high levels of
antimicrobial resistance compared to their planktonic
counterparts, which is indicated by the large
differences between the MIC and MBEC values.

Interestingly, there was no significant association
between the biofilm resistance (MBEC) and the
biofilm formation category (P > 0.05). This suggests
that the resistance of biofilms to the antibiotics may
not only be due to the biofilm density, but also it could
be attributed to the presence of persister cells and/ or
other genetic factors. This is noteworthy because even
bacterial isolates with weak biofilms could still obtain
a considerable improvement in their antimicrobial
resistance after biofilm formation. On a similar note,
Mah et al., (2003) reported that mutations in P.
aeruginosa's ndvB gene increased the sensitivity of P.
aeruginosa biofilms to a variety of antibiotics without
reducing the P. aeruginosa ability to form such
biofilms or impairing the biofilm structure. This
indicates that the biofilm-specific resistance may
depend on factors other than the biofilm density.
Similarly, Qi et al., (2016) observed that in A.
baumannii isolates, the resistance of biofilms (MBEC)
was 8-2048 times higher than the resistance of the
planktonic cells (MIC) to several antibiotics. This
increase in resistance occurred regardless of the
amount of the produced biofilm. Moreover, Shenkutie
et al., (2020) reported that the biofilm-associated
persister cells survived treatment with the antibiotic
concentrations that were 256-4096 higher than the
MIC values in A. baumanii isolates.

UPEC isolates possess a diverse arsenal of
virulence factors, which include toxins; serum
resistance factors, adhesions, iron acquisition systems,
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motility organelles, and others (Ambite et al., 2021).
Flagellar motility is an essential bacterial virulence
factor for UPEC, which facilitates ascension of the
infection in the urinary tract (Benyoussef et al., 2022).
The swimming and swarming motilities of the tested
biofilm-forming UPEC isolates were evaluated, where
a strong direct correlation was detected between the
two types of flagellar motilities. The detected positive
association between the two types of motility may be
attributed to the fact that both are powered by flagella
(Wadhwa and Berg, 2022). Although the flagellar
motility was speculated to contribute to the various
stages in the biofilm formation process in E. coli, such
as the initial adhesion and the biofilm dispersion
(Khan et al., 2020); however, several studies revealed
conflicting results regarding this correlation in the
different bacterial species. For instance, many previous
studies have reported an inverse correlation between
motility and biofilm formation (O'May et al., 2006;
Murray et al., 2010), while others revealed that there is
no tangible association between the two factors
(Gajdacs et al., 2021a; Behzadi et al., 2022). On the
other hand, Pratt and Kolter, (1998) highlighted that
the flagella-deficient mutants of E. coli had diminished
biofilms, due to the essentiality of flagellar motility to
the early bacterial attachment and surface spread. Our
findings revealed that there was no significant
association between motility and biofilm formation
capacity and/ or antimicrobial resistance. Proteases are
another vital virulence factor of UPEC that have an
essential role in facilitating the invasion of the
epithelial barriers (Freire et al., 2022). They also
display a wide range of cytotoxic effects and
immunomodulatory activities (Freire et al., 2022;
Chen et al., 2023). In the current study, the majority of
the tested UPEC isolates produced proteases, and the
semi-quantitative analysis demonstrated a large
variation in the observed proteolysis zones. A previous
recent study conducted by Reid et al., (2022) on the
pathogenic E. coli strains revealed the carriage of
protease genes on large plasmids, such as the colV
plasmid, which may concurrently carry other virulence
and resistance determinants, leading to a positive
correlation between protease production and resistance
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to the antimicrobials. However, in this study, no
association was detected between proteolysis and the
biofilm formation capacity, virulence, and/ or
antibiotic resistance. In addition, the production of
siderophores by UPEC ensures a competitive
advantage in acquiring iron in the iron-deficient
environment of the urinary tract (Subashchandrabose
and Mobley, 2015). In this study, siderophore
production was analyzed using the universal CAS
assay, and the resulting siderophore production levels
ranged between 16.7-69.4 % PSU. Interestingly, in the
current study, siderophore production levels had a
significant positive correlation with the meropenem
resistance levels (represented by the MIC values).
Previous studies conducted by Karam et al., (2018);
El-Baky et al., (2020) indicated that certain
siderophore genes may be carried on the same mobile
genetic elements that also encode for resistance
determinants. The combination of resistance and
virulence is concerning since it majorly reduces the
patients' outcomes and increases the morbidity of the
infectious diseases.

Conclusion

Our research highlights the pivotal role of biofilm
formation in the context of antibiotic susceptibility of
UPEC. The significant disparity between the
susceptibility of the bacterial cells in the planktonic
and biofilm states emphasizes the essentiality of
biofilms for protecting UPEC from the antimicrobial's
exposure. Collectively, our findings underscore the
importance of taking the biofilm-forming ability into
account in the treatment of biofilm-forming UPEC
infections, in order to prevent the treatment failure and
the infection recurrence. Moreover, the positive
correlation between siderophore production and
antibiotic resistance; along with the prominence of
protease production and bacterial motility in certain
isolates, accentuates the complexity of the virulence
factors and their distribution in UPEC isolates
recovered from Tanta University, Egypt. This study
serves as a foundational step towards understanding
the effect of biofilm formation on the resistance and
virulence levels of UPEC isolates. These findings will
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help to pave the way for the development of novel and
effective treatment regimens to combat UTIs caused
by biofilm-forming UPEC strains.
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