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FliA-Dependent Surface Macromolecules Promote Initial
Biofilm Development of Escherichia coli by Influencing

the Bacterial Surface Properties
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ABSTRACT

liA is an important regulatory component for the synthesis of surface macromolecules

which are involved in motility and biofilm development of Escherichia coli. In this
study, the roles of FliA-dependent surface macromolecules in E. coli surface tension, sur-
face heterogeneity and surface roughness, and initial biofilm development consisting of re-
versible and irreversible adhesion were investigated using E. coli MG1655 wild-type strain
and fliA gene deleted mutant strain. Negative Gibbs free energy change values calculated
using bacterial surface tensions obtained by a spectrophotometric method showed that
both wild-type and mutant cells in water can reversibly adhere to the surface of the model
solid, silicon nitride (Si3N4). The calculations further showed that bacterial reversible auto-
adhesion and co-adhesion were also thermodynamically favorable. In comparison, the re-
versible adhesion and auto-adhesion capacities of wild-type cells were higher than the mu-
tant cells. Direct measurements by atomic force microscopy (AFM) and thorough analysis
of the recorded adhesion data showed that the irreversible adhesion strength of wild-type
cells to Si3sN4 in water was at least 2.0-fold greater than that of the mutants due to signifi-
cantly higher surface heterogeneity resulting in higher surface roughness for the wild-type
cells compared to those obtained for the mutants. These results suggest that strategies
aimed at preventing E. co/i biofilm development should also consider a combined method,
such as modifying the surface of interest with a bacterial repellent layer and targeting the
FliA and FliA-dependent surface macromolecules to reduce both reversible and irreversible

bacterial adhesion and hence the initial biofilm development of E. coli.
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INTRODUCTION

variety of aquatic bacteria, including Escheric-

hia coli, can attach to both biological and abi-
otic surfaces and initiate the formation of biofilms,
which are surface-bound communities of bacterial
cells coated with protective extracellular polymeric
substances [1-3]. Biofilms represent a source of water
contamination in drinking water supplies [4], and can
cause damage to equipment and materials in indust-
rial water systems [5]. In addition, biofilms create spe-
cialized environments that confer bacterial tolerance
and resistance to antimicrobial agents and enhance
intra- and inter-species exchange of antimicrobial
resistance (AMR) genes [6] and cause many chronic
infections [7]. Biofilms are therefore also a source of
antimicrobial resistance, the spread of which among
bacteria is currently a global public health challenge
[8]. For these reasons, researchers have been inves-

tigating biofilms from different perspectives to pro-
pose effective methods to eliminate biofilm develop-
ment on surfaces.

Since many aquatic bacteria can form biofilms and
cause infections, it is important to choose a well-known
bacterial species that can form biofilms on different sur-
faces to study the bacterial biofilm development. In this
context, E. coli, a well-characterized human pathogen
that causes intestinal and medical device-related infec-
tions [9], is known for its competence to grow into bi-
ofilms on biological surfaces and abiotic surfaces such
as glass and different metal and plastic surfaces [7-9].
Thus, studies have often used E. coli as a paradigm for
the investigation of the process of bacterial biofilm de-
velopment, which usually occurs in a stepwise manner
[10-13]. The steps include reversible initial bacterial ad-
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hesion to a surface driven mainly by attractive and repulsi-
ve physicochemical interactions [14, 15], irreversible initial

bacterial adhesion to the surface via binding of surface-as-
sociated biomacromolecules to the surface [10-14], biofilm

maturation via the increase of biofilm biomass on the surfa-
ce and secretion of extracellular polymeric substances, and

ultimately biofilm dispersion via the detachment of bacteria

from the biofilm [10-12]. As can be seen from this process,
the starting point of biofilm development is the first contact

of the bacterial cell with the surface. For the case of E. coli,
surface-associated locomotive appendages called flagella

propel the cells towards a surface and help them cope with

repulsive interactions in the vicinity of that surface [12, 13].
Cells that overcome the repellent barrier and come into

contact with the surface use flagella and other surface mac-
romolecules to irreversibly adhere to the surface of interest

and to the cells that have already managed to adhere to the

surface, thus initiating the biofilm development [12]. Howe-
ver, flagella are not always a key component for the bacterial

cell to approach the surface, attach and grow into a biofilm.
This is because nonmotile E. coli can be transported to a

surface with the fluid flow or by the gravitational force le-
ading to the slow deposition of cells onto the surface [3, 11,
12]. Hence cells lacking flagella can still form biofilms via

the extracellular macromolecules other than flagella such
as curli fimbriae, pili, and other adhesion factors [12]. Curli

fimbriae are functional fibers of protein aggregates that pro-
mote auto-aggregation and biofilm formation, and pili are

hair-like proteinaceous adhesins that have been considered
to enable the initial biofilm formation of E. coli [10, 11].

In E. coli, the master regulator FIhDC activates the
transcription of a number of flagellar genes including fliA
that encodes the alternative Sigma factor FliA [16-18]. FliA
transcribes the genes whose expression is required late in
flagellar assembly [18]. FliA is not only involved in flagella
synthesis, but is also an important regulatory component
linking flagella and type 1 pili synthesis [16]. As it was re-
ported that, in E. coli LF82 deletion mutant lacking FliA,
type 1 pili synthesis, adhesion and invasion decreased dra-
matically [16]. Although the motility and curli-mediated
adhesion have been reported to be inversely coordinated in
E. coli [18], Congo red depletion was observed to be signi-
ficantly enhanced by the overexpression of FliA in plank-
tonic E. coli cells, indicating increased curli concentration
[12]. These findings support the important role of FliA in
the synthesis of E. coli surface macromolecules that mediate
this microbe’s motility and adhesion to surfaces.

Although the role of FliA in the regulatory networks
of flagella synthesis and motility [16-18], in the regulation
of type 1 pili synthesis [16], as well as in the biofilm compo-
sition [12] and biofilm architecture [19] of E. coli has been
unveiled, the role of FliA in the surface properties and ini-

tial biofilm development steps of E. coli cells has not been
systematically investigated, and therefore require further
examination. To investigate the role of FliA-dependent sur-
face macromolecules in bacterial surface tension and the
reversible initial adhesion capacity of E. coli, first the sur-
face tensions of E. coli MG1655 wild-type (WT) and FliA
mutant cells were determined using a spectrophotometric
method. The surface tensions of the bacterial cells were
used in the calculations of the Gibbs free energy changes for
the reversible bacterial adhesion to the model solid surfa-
ce, providing the necessary information about whether the
reversible bacterial attachment is thermodynamically favo-
rable. Furthermore, the Gibbs free energy changes for bacte-
rial auto-adhesion and co-adhesion were also calculated. To
investigate the role of FliA-dependent surface macromole-
cules in the initial irreversible adhesion of E. coli, the most
important step taking place at the nano-scale that initiates
the biofilm development, as well as the heterogeneity of the
surface macromolecules and the roughness of the cell sur-
face, atomic force microscopy (AFM) measurements were
performed on the WT cells and FliA mutants.

MATERIAL AND METHODS

Bacterial Strains and Cultures

E. coli K-12 MG1655 WT strain and mutant strain dele-
ted of fliA gene (E. coli MG1655 AfliA) were kindly provi-
ded by Prof. Dr. Thomas K. Wood, Professor of Chemical
Engineering at the Pennsylvania State University. Prior to
spectrophotometric and AFM measurements, WT cells
and mutants were grown at 37 °C and 170 rpm until the
late exponential growth phase in Luria-Bertani broth
(LB) and LB supplemented with 50 pg/mL of kanamycin
[19], respectively. The cells were then centrifuged 3 times
at 3000 rpm for 10 minutes and collected for use in the
following experiments.

Determination of Bacterial Surface Tension by
Spectrophotometric Measurements

When bacterial cells are maximally dispersed in a li-
quid, their surface tension should be close to the surface
tension of the liquid they are in [20-22]. To apply the afore-
mentioned principle, the protocol developed for the quan-
titative determination of bacterial surface energies [21, 22]
was adapted. Briefly, using predetermined mixing ratios, 0.5
ml of ethanol-water mixtures with known surface tensions
(22 to 73 mJ/m?) were prepared at room temperature. Then,
10 pl each of WT and FliA mutant cell suspensions were
added to the mixtures and vortexed. After 20 min, the et-
hanol-water mixtures containing bacteria were centrifuged
at 100g for 6 min and 200 pl of the supernatant of each mix-
tures was added into the wells of the microplates [22]. The
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optical density (OD) for each supernatant in the wells of the
microplates was then measured (A = 570 nm) and plotted
against the surface tensions of the ethanol-water mixtures.
The peak OD values in the plots were obtained by polyno-
mial fitting and the liquid surface tensions corresponding to
the peak OD values were evaluated as the surface tensions
of the bacterial cells.

Calculation of the Change in the Gibbs Free
Energy for Reversible Bacterial Adhesion

The Gibbs free energy change represents the thermody-
namic state of a system in terms of its availability or po-
tential to do useful (non-expansion) work in a reversible
process. Since the interfacial tension is the free energy
per unit surface area required to form an interface betwe-
en two phases, the interfacial tensions for bacterium-so-
lid (y,, ), bacterium-liquid ( y,, ) and solid-liquid (y, ) in-
terfaces allow for the calculation of the Gibbs free energy
change upon the reversible bacterial adhesion to a solid

surface in a liquid medium [23-26] as follows:
AG hesion = Vs = Vo — Vi @

The interfacial tensions given in equation 1 were qu-
antified using the surface tensions of the bacterium (v, ),
solid ( y, ), and the liquid ( y, ) based on the Neumann’s
equation of state [27] as:

Vs =75 + Y — 2 VoY s e‘ﬂ(n—m (2)
Yo =¥y T 7, = 24Jy,y,e P a8
Ya=V.ty, =2 ysy/efﬁ(rﬁn) @

where f3 is the universal constant (0.0001247 (mJ/m?)~?)
[27]. In this study, the model solid was chosen as silicon
nitride (SisNa) because the surface potential of SisNa is
similar to the surface potentials of soil and glass [28],
which are the substrates to which bacterial cells usually
adhere in nature [29]. In addition to its resemblance to a
surface to which bacteria adhere in nature, the current
and potential use of SisNs as a biomedical material for
different medical applications [30] make it a model inert
surface for the studies investigating bacterial adhesion.
Since water is the universal solvent for life, and the main
solvent in the environment and industry, water was cho-
sen as the model liquid. In the calculations of interfaci-
al tensions (presented in equations 2-4) and Gibbs free
energy change (equation 1), the surface tensions of SisNa
and water were taken as 56 mJ/m? and 73 mJ/m? [26], res-
pectively. The surface tensions of the bacterial cells were

determined using the spectrophotometric method as
described above. In addition to the calculations of Gibbs
free energy changes for the adhesion of WT cells and
FliA mutants to SisNa surfaces in water (AG_,, ), the Gibbs
free energy changes for auto-adhesion (WT-to-WT and
mutant-to-mutant) and co-adhesion (WT-to-mutant or
mutant-to-WT) in water were also calculated. For those
calculations, the surface tension of the solid presented in
equations 1-4 was replaced by the surface tension of the
WT strain or FliA mutant strain to determine AG__ ..
(mJ/m?) and AG (mJ/m?).

co-adh

AFM Measurements

Samples were prepared by attaching WT cells and FliA
mutants to poly-L-lysine (PLL)-coated mica disks fol-
lowing the procedure described previously [31]. Then
the scanning and force measurements were performed
on the samples using Hitachi AFM5100N atomic force
microscope (Hitachi High-Tech Corp.), and SisNs AFM
probes (DNP-S probes, 0.24 N/m, Bruker AXS Inc.). The
images of bacterial cells were captured at dynamic fluid
mode (DFM or tapping mode) using a scan rate of 0.50

Hz and line pixels of 256 lines (Figure 1).

Figure 1. AFM images of (A) E. coli MG1655 wild-type (WT) cells, and
(B) E. coli MG1655 FliA mutants in water captured at dynamic fluid
mode (DFM mode).

When measuring force-distance curves, the probe of
the AFM approaches to a spot on the sample surface, con-
tacts with the surface, and then moves away from the sur-
face perpendicularly. As this happens, the AFM detects
and measures the interaction forces between the probe
and the spot on the sample surface as a function of the
distance the probe moves. In this way, force-distance
curves were measured at 10 different spots on a bacte-
rial cell and 6 bacterial cells each from WT and mutant
strains were selected for the measurements. For adhesion
measurements, data recorded as the probe moved away
from the sample (retraction curves) were used. A total of
60 retraction force-distance curves (6 bacterial cells x 10
different points on each cell) were measured and analy-
zed to obtain irreversible bacterial adhesion energy at the
nano-scale for each bacterial group studied.
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Analysis of AFM Retraction Force-Distance
Curves

The cell surface-associated macromolecules often attach
to the AFM probe at the spot where the AFM probe con-
tacts the surface of the bacterium. As the probe moves
away from the surface, the molecules detach from the
probe, and single or multiple adhesion peaks or so cal-
led pull-off force peaks are observed (Figure 2). Unlike
AFM images, significant processing and analysis is often
required to extract meaningful information from the
force-distance curves. In this study, 60 retraction-force-
distance curves were analyzed for each investigated to
quantify the irreversible bacterial adhesion energy to the
SisNa surface in water by approximating the integral be-
low using the trapezium method:

X; —
E ,,(AFM) = | Fx _XaT Xy
n
p

{F(x,wF(x,)
T )

:z;:“F(x,+k7XI;x'] (5)

In equation 5, E ;, (AFM) represents the irreversible
bacterial adhesion energy computed from the recorded
AFM data, F is the pull-off force (when multiplied by the
negative value, adhesion force is obtained), x is the dis-
tance and # is the number of data points in the integral
interval. After the analysis of retraction curves, the mean,
standard error (SE) of the mean and the median values of
the adhesion energies were quantified.

Wild-type FliA mutant

I I N% ‘

Separation Distance (um)

Separation Distance (um)

Figure 2. Examples of retraction force-distance curves obtained after
force measurement at a single spot on each of the bacterial cells. Bacteri-
al irreversible adhesion energy was obtained by calculating the blue area
using equation 5. The arrows indicate the adhesion peaks.

Determination of Bacterial Surface Heterogeneity

Since adhesive cell surface molecules are heterogeneous
[32], different types of adhesion peaks can be seen in the
retraction curves (Figure 2) depending on what binds the
probe and the sample. Hence, the commonly observed
heterogeneity in adhesion forces and/or energies can be
used to describe heterogeneity in bacterial surface mac-
romolecules [14, 26, 28, 31, 33]. In this study, the frequ-
ency histograms of adhesion energies were generated
to determine the bacterial surface heterogeneity. The
ranges of the frequency distributions were obtained and
used as indicators of surface heterogeneity. Furthermo-
re, bacterial surface heterogeneity was determined by a
heterogeneity index (HI). As presented in equation 6, HI

was defined as the ratio of the standard error (SE) of the
mean value obtained for the adhesion energy data to the
highest SE of the mean obtained for the data set [33].

_ SE of the mean
Max. SE of the mean

©)

Analysis of Bacterial Surface Roughness

The surfaces of WT cells and FliA mutants can be com-
pared in terms of average surface roughness and root-
mean-square (RMS) surface roughness, the two most
common roughness parameters that affect the available
bacterial surface area required for the adhesion [34]. The
average surface roughness (R ) is the arithmetical mean
of the absolute values of the height deviations from the
mean, whereas RMS surface roughness (Rq) is the square
root of the sum of the squares of the values of the height
deviations from the mean. The R and R_values were de-
termined for each of the bacterial strains studied using
the AFM software.

Statistical Analysis

Mann-Whitney Rank Sum test and t-test were applied
to determine whether there were statistically significant
differences in the adhesion energies and surface rough-
ness parameters, respectively.

RESULTS AND DISCUSSION

Since bacterial cells have similar dimensions to colloi-
dal particles, can disperse throughout the medium and
scatter light, the stability of a bacterial suspension can be
predicted using the Derjaguin-Landau-Verwey-Overbeek
(DLVO) colloidal stability theory [14, 15]. DLVO theory
states that the physiochemical interactions between two
surfaces are dominated by attractive Lifshitz-van der
Waals (LW) and repulsive electrostatic interactions and
that the balance of the two interactions determines col-
loidal stability. Based on this theory, it can be predicted
that when the least attractive LW interaction is observed,
bacterial cells will be maximally dispersed in the liquid
medium, leading to a minimal amount of sedimentation.
When the bacterial cells are maximally dispersed in the
liquid, which can be identified from the highest OD value
of the cell suspension (Figure 3A and 3B), their surface
tension should be close to the surface tension of the liqu-
id they are in [20-22]. The results showed that the peak
OD values corresponding to the surface tensions of the
bacterial cells were 57 mJ/m? and 60 mJ/m? for the WT
and FliA mutant strains, respectively (Figure 3A and 3B).
The bacterial surface tensions determined in this study
were in good agreement with literature values obtained
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for various strains of E. coli using conventional contact ~ SisNain water (AG_, ) were negative (Figure 3C), indicating
angle measurements with water and the equation of state  that the reversible adhesion of both of the strains to SisNa
approach, or using contact angle measurements with wa-  in water was a thermodynamically favorable process. This
ter, formamide and a-bromonapthalene and the LW-AB  finding suggests that cells lacking flagella and other FliA-
approach [35]. dependent surface macromolecules will be able to overcome
the repulsive forces near an inert surface such as SisNa in

To quantify the Gibbs free energy change (equation 1)  water and adhere to the surface reversibly. However, in com-

for bacterial adhesion to SisNa (solid surface) in water (liqu-  parison, the negative Gibbs free energy change quantified
id), the interfacial tensions of the interacting surfaces (pre-  for the reversible adhesion of the WT strain (-10.2 mJ/m?)
sented in equations 2-4) were calculated using the surface  was higher than that quantified for the mutant strain (-8.36
tensions of the bacterial cells obtained by the spectropho-  mjJ/m?), suggesting that the reversible adhesion of the WT
tometric measurements. As described in the theory of sur-  strain to SisN in water is more favorable. During biofilm
face thermodynamics, spontaneous bonding occurs with  formation, planktonic bacterial cells will not only approach
a decrease in the free energy of the process, so adhesion is ~ and attach to the bare substrate but also to the cells that
favored if the free energy per area is negative [23-26]. There-  have already managed to attach to the surface. Therefore it
fore, when AG,, o
is thermodynamically favorable, and will progress spon-  adhesion (adhesion between microbial pairs from the same
taneously [23-26]. The values of Gibbs free energy change  strain) as well as co-adhesion (adhesion between microbial
obtained for the adhesion of WT and FliA mutant strainsto ~ pairs from different strains) [24, 25]. To quantify the Gibbs

(mJ/m?) is negative, bacterial adhesion s also significant to investigate the reversible bacterial auto-
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Figure 3. Plots of the optical densities (OD 570 nm) measured for the suspensions of (A) E. coli wild-type (WT) strain and (B) FliA mutant strain as
functions of surface tensions of the suspending ethanol-water mixtures. Straight lines indicate the polynomial fitting. (C) Gibbs free energy changes
for adhesion between W'T strain-SisNs and mutant strain-SisNa (AG ), auto-adhesion between WT-WT strains and mutant-mutant strains (AG_ _..),

and co-adhesion between W T-mutant strains or mutant-WT strains (AG_, ).
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free energy changes for bacterial auto-adhesion (AG_ )
and co-adhesion (AG_ )
the solid presented in equations 1-4 was replaced by the
surface tension of the WT strain or the FliA mutant stra-
in. As presented in Figure 3C, the auto-adhesion between
the WT cells (AG, . = -9.82 mJ/m? was more thermody-
namically favorable than the co-adhesion between the WT
and mutant cells (AG___, = -8.04 mJ/m?) and auto-adhesion
between the mutant cells (AG_ . = -6.58 m]/m?), respecti-
vely, showing the positive impact of FliA-dependent surface

in water, the surface tension of

macromolecules on the reversible bacterial auto-adhesion
and co-adhesion during the first step of biofilm formation
of E. coli.

To investigate the role of FliA-dependent surface mac-
romolecules in the initial irreversible adhesion of E. coli as
well as the heterogeneity of the surface macromolecules,
atomic force microscopy (AFM) measurements were per-
formed on the WT and FliA mutant cells. In the irreversible
bacterial attachment to the surface, bacterial cells bind to
the surface via their adhesive cell surface-associated mac-
romolecules [10-14]. Thus, it can be said that the more the
bacterial surface is covered by different types of adhesive
surface macromolecules, which can be judged by the he-
terogeneity of the cell surface, the greater the strength of
irreversible bacterial adhesion to the surface. In this study,
bacterial surface heterogeneity was defined by the ranges
of distributions in the frequency histograms of measured
AFM adhesion energies and the values of heterogeneity in-
dexes [33]. The frequency distribution of the adhesion ener-
gies measured between SisNa probes and WT cells in water
(Figure 4A) was wider than the distribution obtained for the
FliA mutant cells (Figure 4B).

red adhesion energies for the WT cells were approximately
3.2-fold and 2.0-fold greater than the mean and the median
adhesion energies for the mutant cells, respectively (Table 1).
These results show that the irreversible adhesion strength
of WT cells to SisNa in water is at least 2.0-fold greater than
that of the FliA mutants due to the higher amount and/or
diversity of their adhesive surface molecules, leading to hig-
her surface heterogeneity.

The role of FliA-dependent surface macromolecules
in the roughness of the cell surface was also investigated
using the captured images by the AFM. Statistical compa-
rison indicated that surface roughness parameters (R and
Rq, respectively) obtained for the WT and FliA mutant cells
were different from each other (Figure 4D, p = 0.019 and p =
0.014, respectively). As presented in Table 1 and Figure 4D,
R and R values obtained for the W'T cells were on average
2-fold higher than those obtained for the FliA mutant cells.
The higher cell surface roughness observed for the WT cells
was in line with their higher surface heterogeneity which
indicated a more heterogeneous population of surface mac-
romolecules for the WT cells compared to the mutant cells.
Previous studies have shown that it is easier for bacterial
cells with a rougher surface to adhere firmly to a substratum
surface [36, 37] and that rougher bacterial surfaces promo-
te attractive van der Waals forces mediating the adhesion
between the bacteria and surfaces [36]. Therefore, it can
be concluded that the higher irreversible adhesion energy
obtained for the WT cells was probably due to their higher
surface heterogeneity resulting in higher surface roughness
for the WT cells.

Table 1. Results obtained after direct measurements by AFM and analysis of the measured data showing the mean, standard error (SE) of the mean,
median, range and the heterogeneity index (HI) of the energies presented in the frequency distributions, and the roughness parameters for the bac-

terial surfaces.

AFM Adhesion Energy (a])

Surface Roughness (nm)

Mean SE of Mean Median Range HI R, R,
Wild-type 514 6.5 31.0 156.7 1.00 31.3+£5.2 40.1 +6.6
FliA mutant 16.0 1.2 15.1 32.5 0.18 155+6.4 18.9+74
CONCLUSION

In comparison, the range quantified for the frequ-
ency distribution of adhesion energies of the WT cells was
4.8-fold wider than the range of that obtained for the FliA
mutant cells (Table 1). Similarly, the heterogeneity index
(HI) quantified for the WT cells was approximately 5.5-
fold higher than the HI quantified for the mutants (Table
1). These findings support the fundamental role for FliA in
the synthesis of E. coli surface macromolecules, all of which
contribute to E. coli surface heterogeneity. Furthermore, the
measured adhesion energies for the WT and mutant cells
were different from each other (Figure 4C, p < 0.001). In
comparison, the mean and the median values of the measu-

Understanding the effects of specific bacterial surface
macromolecules and the specific regulatory components
involved in their synthesis on biofilm development may
lead to the design of novel molecules, molecule inhibitors,
surface coatings and surface modifications that can re-
duce bacterial adhesion and biofilm development. In this
context, this study provides important insights into the
effect of FliA-dependent surface macromolecules on the
surface properties of E. coli and their impact on the initi-
al biofilm development steps consisting of reversible and
irreversible adhesion of E. coli to the surface of the model
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Figure 4. Frequency distributions of adhesion energies (a]) measured between SisNa AFM probes and (A) E. coli wild-type (WT) cells and (B) E.
coli FliA mutants in water. (C) Box plot of measured bacterial adhesion energies. Black points in the box plot indicate 5"/95" percentile outliers (*p <
0.001, Mann-Whitney Rank Sum Test). (D) Box plot of average (R ) and RMS (Rq) surface roughness parameters of the bacterial cells (*p < 0.05, t-test).

solid, inert SisNas, in water. The results obtained in this

study suggest a combined method, such as modifying the

surface of interest with a bacterial repellent layer capable

of reducing attractive van der Waals interactions and tar-
geting FliA-dependent surface macromolecules to reduce

reversible adhesion, auto-adhesion, and co-adhesion as

well as irreversible adhesion of E. coli. The methods used

and the results obtained in this study may also guide the

studies investigating the adhesion of E. coli WT and mu-
tant cells to other inert surfaces as well as the studies in-
vestigating the role of FliA in the surface properties and

initial biofilm development of other microorganisms.
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