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Cell adhesion and twitching motility influence strong biofilm formation in
Pseudomonas aeruginosa
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Gujarat, India

ABSTRACT
In the present study, biofilm formation was quantified in UTI isolates of Pseudomonas aeruginosa
(n¼ 22) using the crystal violet assay and was categorized into; strong (n¼ 16), weak (n¼ 4),
and moderate (n¼ 2) biofilm producers. Further experiments were done using strong (n¼ 4)
and weak (n¼ 4) biofilm producers. Biofilm formation was greater in Luria broth followed by
natural urine and artificial urine on silicone and silicone-coated latex. Cell adhesion and twitch-
ing motility were greater in strong biofilm producers. The presence of thick biofilm with an
increased number of dead and total number of cells of strong biofilm producers was observed
using CLSM. The concentrations of exopolymeric substances (eDNA, protein, and pel polysac-
charide) were high in strong biofilm producers. FEG-SEM visualization of biofilm produced by
strong biofilm producers showed more cells encased in thick biofilm matrix than weak ones.
Overall results provide evidence for increased cell adhesion and twitching motility in strong bio-
film producers.
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Introduction

Pseudomonas aeruginosa is an opportunistic pathogen
responsible for causing infections like cystic fibrosis,
endocarditis, pneumonia, bacteremia, and Urinary
Tract Infections (UTIs) (Shigemura et al. 2006;
Gomila et al. 2018). Catheter-Associated Urinary
Tract Infections (CAUTIs) contribute significantly to
hospital-associated infections (HAIs) (Lara-Isla et al.
2017), which are often persistent due to infections
caused by biofilm-forming bacteria. P. aeruginosa is
the third most common pathogen associated with
hospital-acquired CAUTIs (Jarvis and Martone 1992;
Djordjevic et al. 2013). In a study from India, P. aeru-
ginosa accounted for 15% of all bacterial isolates col-
lected from a tertiary care hospital over a period of
2012 to 2016 (Kumari et al. 2019). Infections caused
by P. aeruginosa are often difficult to treat since it is
resistant to a wide range of antibiotics due to multiple
modes of resistance and its ability to form biofilms
on medical devices (Lister et al. 2009; Langendonk
et al. 2021). UTIs caused by P. aeruginosa are associ-
ated with high mortality in hospitalized patients
(Lamas Ferreiro et al. 2017). P. aeruginosa biofilms
are difficult to eradicate as bacteria embedded in the

matrix are protected from phagocytosis, are resistant
to most drugs compared to their planktonic counter-
parts, and show long-term persistence (Thi et al.
2020). The biofilm-forming ability of P. aeruginosa is
highly associated with its virulence and
drug resistance.

The quantitative differences between biofilms
formed by clinical isolates are categorized as strong,
moderate, and weak biofilm producers (Stepanovi�c
et al. 2004). Owing to ease and relatively low cost, the
crystal violet (CV) assay has been the most popular
assay for the quantification of biofilms (O’Toole 2011;
Thibeaux et al. 2020). A strong biofilm producer
forms a thicker biofilm due to the presence of a high
number of bacteria (either dead or alive or both) and
the increased production of exopolymeric substances
(Luther et al. 2018; Suriyanarayanan et al. 2018; Desai
et al. 2019). Though several methods are available for
biofilm quantification (Corte et al. 2019; Kragh et al.
2019), the CV assay is preferred, as it stains both live
and dead cells, as well as the matrix and can be used
as a primary indicator of biofilm-forming ability. The
importance of distinguishing a strong biofilm produ-
cer from a weak biofilm producer can be linked to
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their ability to survive in harsh conditions. For
instance, increased amounts of matrix polymeric sub-
stances act as a shelter to protect the encased bacteria
and dead cells in strong biofilms provide the neces-
sary biomolecules for the remaining cells to survive
(Webb et al. 2003; Ryder et al. 2007).

The composition of P. aeruginosa biofilms is well
characterized in typed strains (PAO1 and PA14) and
has been reviewed extensively (Mulcahy et al. 2014;
Thi et al. 2020). The biofilm comprises an extracellu-
lar matrix having polysaccharides (alginate, pel, and
psl), proteinaceous components, and extracellular
DNA (eDNA). Studies on biofilm formation by P.
aeruginosa in a CAUTI –murine model has shown
biofilm formation can be mediated by eDNA even in
the absence of exopolysaccharide (Cole et al. 2014).
The biofilm matrix protein CdrA binds to pel and psl
exopolysaccharides which increases the stability of
biofilm (Reichhardt et al. 2018, 2020). The prevalence
of P. aeruginosa in biofilms formed by bacteria on
catheters has been documented (Xu et al. 2015; Tellis
et al. 2017; Almalki and Varghese 2020) but a com-
parative analysis of the differences in the matrix com-
ponents and biofilm-forming potential of these
isolates are lacking.

The present study aimed to quantitate the differen-
ces in the biofilm-forming potential of P. aeruginosa
isolates from UTIs. Further, biofilm formation on
various catheters, adhesion, twitching motility, and
arrangement of live-dead cells within the biofilm in
strong and weak biofilm-producing isolates was also
investigated.

Materials and methods

Bacterial cultures and growth conditions

All P. aeruginosa isolates were collected from the
Sterling and Toprani pathology lab from Vadodara,
Gujarat, India. P. aeruginosa isolates (n¼ 22) were
isolated from UTIs and maintained by subculturing
on Pseudomonas Isolation Agar (PIA). Identification
of isolates as P. aeruginosa was carried out using bio-
chemical tests and 16S rRNA gene sequencing (data
not shown)

Biofilm assay

Biofilm quantification of UTI-causing P aeruginosa
(n¼ 22) and PAO1 was done using the crystal violet
assay (Stepanovi�c et al. 2004). Briefly, in a 96-well
microtiter plate, 20 ml of overnight grown culture (0.2
OD at 600 nm) and 230ml LB (Luria Broth) were

mixed and further incubated at 37 �C for 24 h under
static conditions. The next day, planktonic cells were
removed and the biofilm was washed twice with nor-
mal saline, fixed with methanol for 15min, and
stained with 0.1% crystal violet (CV) for 15min. The
plates were air-dried for 15min after being washed.
The bound CV was dissolved in 33% glacial acetic
acid and quantified spectrophotometrically at 570 nm.
Based on cut-off O.D., isolates were classified as
strong, moderate, and weak biofilm producers
(Stepanovi�c et al. 2004). The cut-off OD (ODc) value
was determined as three standard deviations above
the mean OD of the negative control. Isolates were
classified as no biofilm producer (OD�ODc), weak
biofilm producers (ODc<OD < 2�ODc), moderate
biofilm producers (2�ODc<OD < 4�ODc), and
strong biofilm producers (4�ODc<OD). All the
experiments were carried out in triplicate.

Growth curve

The growth curve was done for strong (ST-20, TP-25,
TP-35, and TP-48) and weak (ST-22, TP-8, TP-10,
and TP-11) biofilm producers using HT microtiter
plate reader (Biotek Instruments, Winooski, VT,
USA). 100 mL of bacterial culture (OD at 600 nm �
0.05) was inoculated in a sterile 96-well flat-bottom
microtiter plate and incubated at 37 �C for 24 h. The
optical density (OD) measurement was continuously
measured at an interval of 15min for 12 h until the
culture reached to stationary phase. The growth curve
was plotted and the growth rate was determined for
each strain.

In vitro biofilm quantification on catheters

Experiments to examine biofilm quantification on
catheters (silicone-coated latex and silicone catheters)
were performed using four strong (ST-20, TP-25, TP-
35, and TP-48) and weak (ST-22, TP-8, TP-10, and
TP-11) biofilm producers. A 1 cm long piece of the
catheter was cut vertically into 2 pieces, sterilized in
methanol, and then air-dried. The catheter pieces
were kept in a 24 well plate with 2ml of 1:10 diluted
(0.2 OD at 600 nm) culture and incubated at 37 �C
for 24 h. The amount of biofilm formed was quanti-
fied using a modified CV assay. The catheter was
placed in a new plate, fixed with methanol for 15-
min, stained with 0.1% CV; unbound CV was washed
away twice with 0.85% NaCl, the plate was air-dried,
bound CV was dissolved in 33% glacial acetic acid
and CV was measured spectrophotometrically at
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570 nm. Biofilm formed in the presence of Luria
broth (LB), Natural Urine (NU) (obtained from a
healthy volunteer, filter sterilized through a 0.2 lm fil-
ter, and stored at �20 �C for further use) and
Artificial urine (AU) (composition:2.43% urea, 1%
NaCl, 0.6% KCl, 0.64% Na2HPO4, 0.05mg mL�1

albumin, pH 7) were quantified using the same assay.
For negative controls: LB, NU, and AU catheters
without bacterial culture were used respectively. The
experiment was performed in triplicate for
each strain.

Light microscopy

The adhesion ability of the above-mentioned strong
(n¼ 4) and weak (n¼ 4) biofilm producers was exam-
ined. Briefly, 5ml of 1:10 diluted bacterial culture (0.2
OD at 600 nm) in LB medium was inoculated in 6
well plates with coverslips and incubated at 37 �C for
4 h under static conditions. After incubation, the
unbound cells were washed off with 0.85% NaCl,
Gram-stained, and observed under a microscope (BX
51 Olympus microscope, Japan) at 100X magnifica-
tion. The number of cells adhered to the coverslip
was counted using Fiji software.

Twitching motility

Twitching motility for previously mentioned strong
(n¼ 4) and weak (n¼ 4) biofilm-producers was deter-
mined on 1% Luria agar (LA) plates by inoculating
and incubating them at 37 �C for 24 h followed by
measuring the twitching zone (Darzins 1993). Further
confirmation of twitching motility was done by
phase-contrast time-lapse microscopy. Briefly, twitch-
ing motility was observed by spotting 1 ul (0.2 OD at
600 nm) of bacterial culture on a 1% LA pad (we
ensured that the LA pad was air-dried). The twitching
motility was observed for 4 h and 24 h. The experi-
ment was done in biological triplicates.

Gene expression quantification of type 4 pili and
cdr A gene

The levels of expression of type 4 pili and biofilm
matrix protein Cdr A genes listed in the supplemen-
tary data (Table S1) were analyzed from 4 h to 24 h
old biofilms. RNA extraction was carried out using a
Nucleospin RNA kit (Macherey Nagel, Hoerdt,
France). RNA integrity was checked on 2% gel and
quantification was done using a Nanodrop (Thermo
Fisher Scientific, Waltham, MA, USA). First-strand

cDNA synthesis was performed using a prime 1st
Strand cDNA synthesis kit (Takara, Bio Inc, Japan).
The qPCR cycling conditions were as follows 95 �C
for 5min and 40 cycles of 30 s at 95 �C, 30 s at 57 �C.
Relative quantification was carried out from three
independent biological replicates. Data were normal-
ized to rpo D gene expression and fold changes were
calculated according to the 2–DDCt method. The fold
change of strong biofilm producers was normalized to
weak biofilm producers.

Confocal laser scanning microscopy (CLSM)

Using a Carl Zeiss CLSM 780 and 710 microscope,
24 h old biofilm formed on coverslips in LB medium
in 6 well culture plates was examined. Before staining,
biofilm was rinsed with 1ml of 0.85% NaCl to
remove planktonic cells. The remaining biofilm
attached to the coverslip was stained with Syto 9 and
PI dye from LIVE/DEADVR BacLightTM Bacterial
Viability Kit for 10min. The excess stain was gently
washed away with 0.85% NaCl. 3D structure of bio-
film was captured by CLSM using Z stack. Fiji soft-
ware was used to measure the live and dead cells
in images.

Field emission gun scanning electron microscopy
(FEG-SEM)

Strong (TP-25) and weak (TP-8) biofilm producers
were cultured in LB for 24 h at 37 �C on a silicone-
coated latex catheter, as stated above. After incuba-
tion, the biofilm was rinsed with sterile PBS
(Phosphate Buffer Saline), fixed with 2% glutaralde-
hyde in PBS at 4 �C overnight, then sequentially dehy-
drated with 30, 50, 70, 90, and 100% ethanol in order.
FEG-SEM (Nova Nano SEM 450, FEI Ltd., Hillsboro,
OR, USA) was performed in environmental mode.

Quantification of biofilm matrix components

With few modifications, eDNA and extracellular pro-
tein quantification were done as described by (Wu
and Xi 2009) and normalized with OD 600 nm. In 24
well plates, 2ml of 1:10 diluted (0.2 at OD 600 nm)
culture in LB medium was incubated at 37 �C for
24 h. The next day, biofilm was gently rinsed with
0.85% NaCl to remove planktonic cells before being
resuspended in 1ml of 0.85% NaCl. Biofilm was
homogenized by vortexing for 30 s and cells were
removed by passing it through a 0.22 mm filter. 500 ml
of filtered suspension was used for eDNA
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quantification and the remaining was used for protein
quantification.

eDNA quantification

The eDNA was extracted from 500 ml of filtered solu-
tion (above) using the phenol-chloroform method as
previously described (Wu and Xi 2009) and quantified
by measuring absorbance at 260 nm using nanodrop
(Thermo Fisher Scientific, Waltham, MA, USA). The
OD at 600 nm was used to normalize the eDNA
quantification.

Extracellular protein quantification

Extracellular protein was quantified using a Bradford
assay by measuring absorbance at 595 nm in a micro-
titer plate reader (Multiskan Go, Thermo Fisher
Scientific, Waltham, MA, USA). Briefly, 100 ml of fil-
tered solution was added to 1000 ml of Bradford
reagent and incubated at room temperature for
10min. Absorbance was measured at 595 nm.

Pel polysaccharide quantification

The amount of Congo red that binds to Pel-depend-
ent EPS was assayed as described by Madsen et al.
2015 (Madsen et al. 2015). Briefly,1:10 diluted (0.2
OD at 600 nm) overnight grown culture was inocu-
lated in 2mL LB and incubated at 37 �C for 24 h.
Bacterial content along with EPS was pelleted by cen-
trifugation, resuspended in 40mg mL�1 Congo red in
1% LB and incubated for 2 h at 37 �C at 250 rpm.
After 2 h, EPS was pelleted via centrifugation and the
absorbance of the supernatants of each suspension
was measured at 490 nm. 1% LB with 40mg mL�1

Congo red was used as a blank.

Alginate quantification

Alginate extraction was carried out following the
protocol by Jones et al., 2013 (Jones et al. 2013).
Briefly, a 24 h bacterial colony was scraped off the-
plate, resuspended in 0.85% NaCl, and collected by
centrifugation (12,000� g for 30min). The super-
natant was treated with 2% Cetyl Pyridium chloride
and alginate was collected by centrifugation. The pel-
let was resuspended in 1ml of 1M NaCl, precipitated
with cold isopropanol, and resuspended in normal
saline. Alginate quantification was determined by car-
bazole assay (Cesaretti et al. 2003) with 96 well for-
mat modifications (Knutson and Jeanes 1968). 50 ml

of resuspended alginate was treated with a 200ml bor-
ate-sulfuric acid reagent (10mM H3BO3 in concen-
trated H2SO4) at 100 �C for 15min. Further, 50 ml of
carbazole reagent (0.1%) was added and heated to
100 �C for 10min. Absorbance was measured at
550 nm (Multiskan Go, Thermo Fisher Scientific,
Waltham, MA, USA). Seaweed alginate was used as a
standard to determine the concentration of alginate.

Pyocyanin quantification

Pyocyanin production by strong (n¼ 4) and weak
(n¼ 4) biofilm producers were determined as
described by (Essar et al. 1990). Briefly, overnight
grown culture was 1:10 diluted (0.2 OD at 600 nm)
and inoculated in 2ml LB medium and kept shaking
at 37 �C for 24 h. The next day, the culture was cen-
trifuged, pyocyanin was extracted from the super-
natant with 3ml chloroform and then re-extracted
with 0.2N HCl. By measuring absorbance at 520 nm
and multiplying it by 17.072, the concentration can
be expressed as a microgram of pyocyanin produced
per ml of supernatant. The OD at 600 nm was used
to normalize the concentration. The experiment was
performed in triplicate using a blank of 0.2N HCl.

Rhamnolipid quantification

In LB, 1:10 diluted (0.2 OD culture at 600 nm) over-
night grown culture was inoculated and kept at 37 �C
for 24 h. Four ml of the supernatant pH was adjusted
to 2.3 ± 0.2 using 1N HCl and extracted with 5 vol-
umes of chloroform. To 4ml of chloroform extract,
200 ml of 1 g L�1 methylene blue solution (pH of
methylene blue was adjusted to 8.6 ± 0.2 by adding
50mM Borax buffer) and 4.9ml distilled water was
added. The sample was vigorously mixed and kept at
room temperature for 15min. The OD of the chloro-
form phase was measured at 638 nm and normalized
with the A600nm (Pinzon and Ju 2009). Chloroform
was used as blank.

Effect of exogenous treatments (enzymes, eDNA,
proteins) on biofilm formation

Enzymatic digestion of biofilm
Biofilm was grown in a 96 well microtiter plate for
24 h at 37 �C as described for the biofilm assay. The
next day, planktonic cells were washed off with 0.85%
NaCl and the biofilm was treated with 100mg ml�1 of
DNase, RNase, and proteinase K each in separate
wells and further incubated at 37 �C for 24 h (Tetz
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et al. 2009). Following 24 h, the biofilm was rinsed
with 0.85% NaCl and quantified using the crystal vio-
let assay. LB medium with culture was used as control
and sterile LB medium was used as the blank. The
experiment was performed in triplicate.

Addition of eDNA and extracellular protein
in biofilm
To substantiate the role of eDNA and extracellular
protein in biofilm, an addition assay was performed
(Harmsen et al. 2010). Biofilm was formed using the
above mention protocol with the addition of P. aeru-
ginosa extracted eDNA, genomic DNA, and extracel-
lular protein (concentration 100 ng mL�1 for DNA
and 3mg mL�1 for protein) and incubated at 37 �C
for 24 h (Harmsen et al. 2010). The next day,
unbound cells were washed off and a CV assay was
performed as stated previously. Bacterial culture with
LB was used as control and only LB as blank. The
experiment was performed in triplicate.

Statistical analysis

Statistical analysis for biofilm formation on catheters
was done using the GraphPad Prism 9.0 software
with two-way ANOVA. For other experiments

represented by bar graphs and line graphs, student’s
t-test and one-way ANOVA or 2-way ANOVA was
applied. Non-parametric data represent the mean-
± standard deviation.

Results

Biofilm categorization of UTI isolates of
P aeruginosa

The crystal violet (CV) assay was used to categorize
UTI-causing P. aeruginosa (n¼ 22) isolates into
strong, moderate, and weak biofilm producers based
on cut-off OD value. The majority of the isolates
were found to be strong (n¼ 16), while few were
moderate (n¼ 2) or weak (n¼ 4) biofilm producers
(Figure 1a). Strong (ST-20, TP-25, TP-35and TP-48)
and weak (ST-22, TP-8, TP-10, TP-11) biofilm pro-
ducers were randomly selected for all further experi-
ments. The mean growth rate of strong (n¼ 4) and
weak (n¼ 4) biofilm producers was 0.24 ± 0.02 per
hour (Figure 1b). One isolate of each strong (ST-20)
and weak (TP-11) biofilm producer appeared as slow
growers and showed a lower plateau but did not
attain statistical significance (Figure1b).

Figure 1. Biofilm Quantification: Biofilm quantification and categorization of UTI isolates of P. aeruginosa (n¼ 22) into strong,
moderate and weak (a). Growth curve of strong (ST-20, TP-25, TP- 35, TP-48) and weak biofilm producers (ST-22, TP-8, TP- 10, TP-
11) (b). Biofilm quantification on silicone-coated latex catheter in presence of LB, NU, AU (c) and silicone catheter in presence of
LB, NU, AU (d). The experiment was conducted in three biological replicates for each strain. Error bars indicate standard deviation.
Two-way ANOVA was performed for statistical significance were ns p> 0.05, � p< 0.05, �� p< 0.005, ��� p< 0.0005.
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Biofilm quantification on catheters

In vitro biofilm quantification was studied on sili-
cone-coated latex and silicone catheters in presence of
LB, NA, and AU of strong (ST-20, TP-25, TP-35and
TP-48) and weak (ST-22, TP-8, TP-10, TP-11) biofilm
producers. On both catheters, the maximum amount
of biofilm formation was observed on LB followed by
NU and AU by strong and weak biofilm producers
(Figure 1c-d). There was no difference in biofilm for-
mation by strong biofilm producers on silicone-coated
latex compared to silicone catheters irrespective of the
medium used (Figure S1a). Within weak biofilm pro-
ducers, the highest biofilm formation was observed
on silicone-coated latex catheters compared to silicone
in the presence of LB (Figure S1a). Negligible differ-
ences were observed in NU and AU (Figure S1a).
Further, the maximum amount of biofilm formation
was observed by strong biofilm producers compared
to weak biofilm producers on silicone catheters in LB
(Figure S1b). Whereas no difference was observed in
biofilm formation by strong and weak biofilm pro-
ducers on both catheters irrespective of the medium
used (Figure S1b).

Adhesion assay and twitching motility

The cell adhesion ability of strong and weak biofilm
producers was examined on coverslips after 4 h of
incubation. Adhesion by strong biofilm producers
showed a greater number of cells adhered to the
coverslip compared to weak biofilm producers in light
microscopy images (Figure 2a). The number of cells
adhered to the coverslip was significantly high in
strong (n¼ 727 ± 100) biofilm producers when com-
pared with weak (n¼ 127 ± 29) biofilm producers
(Figure 2b). Type 4 pili (T4P) mediated twitching
motility is essential for surface attachment and the
initial stage of microcolony formation.

The twitching motility of PAO1 and strong and
weak biofilm producers on 1% LA plates was exam-
ined (Figure 2c). A significant difference was observed
between the twitching zone of strong (1.1 ± 0.40mm)
and weak (0.6 ± 0.21mm) biofilm producers (Figure
2d). Further, in phase-contrast time-lapse microscopy,
a greater number of twitching cells were observed at
4 h in strong biofilm producers (Video S1- upper
panel). In contrast, the twitching of cells was less in
weak biofilm producers (Video S1 – lower panel).
One isolate namely TP10 (weak biofilm producer)
completely lacked twitching motility (Video S1—lower
panel TP10). As a consequence of greater twitching in
strong biofilm producers, the wrinkly edge formation

was observed at 24 h (Figure 2e, upper panel). The
fully wrinkly colony edge formation was absent in
weak biofilm producers (Figure 2e, lower panel). The
quantification of gene expression for the T4P gene
was done at 4 h and 24 h biofilms. The type 4 pili
expression was 5-fold more compared to weak biofilm
producers at 4 h (Figure 2f), and 3-fold high at 24 h
(Figure 2f).

Microscopy of biofilm

The biofilm formed on the coverslips by strong and
weak biofilm producers was visualized by CLSM using
Syto and PI dyes. The arrangements of live and dead
cells within the biofilms formed by strong and weak
biofilm producers can be viewed in the orthogonal
plane (Figure 3 a and c). The biofilm formed by
strong biofilm producers had less live cells and a
greater number of dead cells as observed in the
orthogonal plane (Figure 3a). While biofilm formed
by weak biofilm producers had more live cells except
for one isolate (TP-11) (Figure 3c) in which excess
cell death was observed. This could be because of
more pyocyanin production (in TP11), as pyocyanin-
mediated cell death is reported in P. aeruginosa (Das
and Manefield 2012). Further, the YZ and XZ planes
of Figure 3a and c showed the variation across the
thickness in biofilms formed by strong (31.25 mm ±
14.3) and weak (19.05 mm ± 9) biofilm producers
(Figure 3 a and c). The tiled images of strong biofilm
producers show tightly packed cells (Figure 3 b)
whereas in weak biofilm producers, cells are loosely
distributed across the substratum (Figure 3 d).
Representative supplementary video S2 shows a clear
arrangement of live and dead cells within the biofilm.
Biofilms formed by strong biofilm producers are
densely packed with dead bacteria confined near the
substratum, whereas live cells are scarce and posi-
tioned above dead cells (Supplementary Video S2-
upper panel). However, the biofilm formed by weak
biofilm producers differs in arrangements of live and
dead cells. The biofilm formed by weak biofilm pro-
ducers (ST-22 and TP-10) had more live cells near
the substratum than dead cells (Supplementary Video
S2-lower panel). Additionally, the number of dead
and live cells in each slice of Z stack from strong
(n¼ 4) and weak (n¼ 4) biofilm producers were
determined. Cell counts (total and dead) show signifi-
cant differences between strong (n¼ 4) and weak
(n¼ 4) biofilm producers (Figure 3e).

FEG-SEM at 3000X resolution of biofilm formed
on silicone-coated latex catheter in the presence of LB
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medium shows that strong (TP-25) produced thick
biofilm (Figure 4a upper left panel). Due to the EPS,
bacteria were not visible at 3000X in the biofilm
formed by a strong biofilm producer. On the other
hand, biofilm formed by weak biofilm producers had
a thin layer of bacteria adhered to the catheter and
less EPS (Figure 4b upper right panel). Increased
magnification to 6000X showed rod-shaped cells
encased within the EPS matrix of biofilm formed by
strong biofilm producer (Figure 4a; middle left panel);
whereas in biofilm formed by weak biofilm producers,
cells are adhered to the catheter as well as to each
other and EPS production is hardly observed (Figure
4b; middle right panel). Further magnification to
12000 X, also confirmed that cells are encased in EPS

of strong biofilm producer (Figure 4a lower left
panel) and the EPS looked like a dense mass with an
irregular surface. While in weak biofilm producers,
cells aggregated and microcolony formation was
barely observed (Figure 4b; lower right panel).

Components of biofilm

The difference in biofilm components: eDNA, an
extracellular protein, pyocyanin, rhamnolipid, pel, and
alginate exopolysaccharide was measured for biofilms
formed by strong (n¼ 4) and weak biofilm producers
(n¼ 4). The amount of eDNA was 265 ± 130 mg at
OD600 in strong biofilm producers and it was
44.96 ± 11.45 mg at OD600 weak biofilm producers

Figure 2. Cell adhesion and twitching motility: Representative images of light microscopy of strong (ST-20, TP-25, TP- 35, TP-48)
and weak (ST-22, TP-8, TP- 10, TP-11) biofilm producers adhered to coverslip at 4 h incubation (a). Cell count of adhesion assay
(b). Twitching motility zone of PAO1, strong (TP-25) and weak (TP-8) biofilm producers on 1% LA pad (c). Twitching zone diam-
eter of strong and weak biofilm producers (d). Phase-contrast microscopy of colony edge formation at 24 h of strong (n¼ 4) and
weak (n¼ 4) biofilm producers (e). Pil A gene expression of strong and weak biofilm producers at 4 h and 24 h. All experiments
were performed in triplicate for each isolate (f). Statistical significance from student t-test were � p< 0.5, �� p< 0.05, ���
p< 0.005. Scale bar indicates 10mm.
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Figure 3. Confocal laser scanning microscopy (CLSM) of biofilms formed by strong and weak biofilm producers: Biofilm formed
by strong (ST-20, TP-25, TP- 35, TP-48) and weak (ST-22, TP-8, TP- 10, TP-11) biofilm producers on coverslip after 24 h were sub-
jected to CLSM after staining with Syto9 (green – live cells) and PI (red – dead cells) (a, b, c, and d). Representative images of
orthogonal view of Z-stack strong (a-) and weak (c-) biofilm producers, tiled images of strong (b) and weak (d) biofilm producers.
Cell counts of living, dead, and total cells (dead and live) within the Z-stack of strong and weak biofilm producers (e). One-way
ANOVA was carried out for statistical significance were ns p> 0.05, � p< 0.05, �� p< 0.005. Scale bar indicates 21mm.
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Figure 4. FEG-SEM of biofilm: Representative images of biofilm formed by strong (TP-25) (a) and weak (TP-8) (b) biofilm pro-
ducers on silicone-coated latex catheter at 3000X (upper panel), 6000X (middle panel), and 12000X (lower panel) magnifications.
Scale bar indicates 30mm, 10mm, 5mm.
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(Figure 5a). The extracellular protein quantified in
biofilm formed by strong biofilm producers
(17.45 ± 5.30 mg at OD600) was also significantly
higher than weak biofilm producers (3.04 ± 1.20 mg at
OD600) (Figure 5b). The concentration of pel exopo-
lysaccharides was significantly higher in strong bio-
film producers (120.10 ± 26.79 mg at OD600) than
weak biofilm producers (52.83 ± 23.38 mg at OD600)
(Figure 5c). There was no significant difference
between strong and weak biofilm producers in the
case of alginate exopolysaccharide, pyocyanin, and
rhamnolipid (Figure 5c-d).

Effect of exogenous treatments (enzymes, eDNA,
proteins) on biofilm formation

The effect of enzymatic treatments (DNase I, protein-
ase K, and RNase) on biofilm formation by strong
biofilm producers showed the greatest inhibition by
proteinase K treatment, followed by RNase and
DNase treatment that reduced biofilm by 76.35%,
63.43%, and 43.35%, respectively (Figure 6a). Out of
the three treatments, only the DNase treatment
resulted in a significant reduction of biofilm (58.27%)
in weak biofilm producers (Figure 6a). Further, the

addition of exogenous DNA and extracellular protein
may increase the amount of biofilm. A decrease in
biofilm was observed in both strong and weak biofilm
producers upon the addition of eDNA when com-
pared to control (no eDNA is added) (Figure 6b). No
significant difference was observed with the addition
of extracellular protein in comparison to the control
(no extracellular protein added) (Figure 6c)

Discussion

The first objective in the present study was to deter-
mine whether the UTI isolates of P. aeruginosa had
any differences in their biofilm-forming abilities. The
majority of isolates were strong biofilm producers
with negligible differences in biofilm formation
between silicone and silicone coated catheters; all iso-
lates showed levels of biofilm production on catheters
in order of LB>NU>AU medium. Similar results
were observed by Vipin et al., 2019 who showed that
weak biofilm producers form strong biofilms on sili-
cone-coated latex catheters in tryptone soya broth
(Vipin et al. 2019). The porous surface of silicone-
coated latex catheters was shown to enhance biofilm
formation due to the high adhesion of bacteria (Lee

Figure 5. Quantification of biofilm matrix components: eDNA (a), extracellular protein (b) pel and alginate exopolysaccharide (c),
rhamnolipid and pyocyanin (d). Error bar indicates standard deviation. Student t -test carried out for statistical significance were
ns p> 0.05, � p< 0.05, �� p< 0.005.
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et al. 2017), while silicone catheters have a smooth
surface and are known to reduce cell adhesion
(Feneley et al. 2015). In a recent study, P. aeruginosa
exhibited significantly high biofilm when cultured on
a 96-well polystyrene plate (hydrophobic surface) and
glass surface in the presence of LB medium (Asghari
et al. 2021). A limitation of the study is that the entire
study is based on the initial categorization of biofilm
formation into strong and weak biofilm producers
using the CV assay in 96 well polystyrene plates. CV
staining probes all components of the biofilm (i.e.
live-dead cells, proteins, RNA, eDNA, polysaccharides,
etc.) and so it was used as a preliminary indicator.
Later, microscopy (light, CLSM, and SEM) and bio-
chemical assays were done to find the differences
between biofilms formed by strong and weak biofilm
producers. Hence, glass coverslips were used for adhe-
sion assays and CLSM imaging, while silicone-coated
latex catheters were used for SEM. Many variables
like surface properties, cell surface hydrophobicity,
medium, cell appendages (flagella and T4P) (Zheng
et al. 2021) could contribute to the diverse behaviour
of clinical isolates. Diverse behaviour is also reported
for isolates causing cystic fibrosis (Deligianni et al.
2010). Only 54% of keratitis causing P. aeruginosa

isolates showed biofilm formation (Heidari et al.
2018). Most studies on P. aeruginosa from UTI have
focused on antibiotic resistance (Saxena et al. 2014;
Kamali et al. 2020; Mirzahosseini et al. 2020) and
reports on the quantification of biofilm formation by
clinical isolates of P. aeruginosa causing UTIs
are scanty.

The differences in biofilms formed by clinical iso-
lates could be due to their differences in twitching
motility, adhesion and/or components of the biofilm
matrix. Cell adhesion, twitching motility, and expres-
sion of pilA gene were higher in strong biofilm pro-
ducers. The importance of type 4 pili (T4P) mediated
twitching motility as a means of initiating contact on
abiotic surfaces and biofilm formation is well docu-
mented (O’Toole and Kolter 1998; Pratt and Kolter
1998; Mattick 2002). In a study on clinical and envir-
onmental isolates, it was found that when the motility
phenotype was present, there was a notable increase
in biofilm (Head and Yu 2004; Inclan et al. 2011).
Differences in biofilm formation and variations in
biofilm morphology amongst clinical isolates (n¼ 5)
from cystic fibrosis patients were correlated with
motility and it was concluded that though motility is
not an absolute requirement for biofilm formation it

Figure 6. Effect of exogenous treatments (enzymes, eDNA, proteins) on biofilm formation: Effect of DNase I, RNase and proteinase
K (a); Addition of eDNA and genomic DNA (b); addition of extracellular protein (c). Statistical significance carried out using student
t-test were ns p> 0.05, � p< 0.05, �� p< 0.005, ��� p< 0.0005.
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does contribute to the formation of thick biofilms
(Deligianni et al. 2010). In a recent study of 190 clin-
ical isolates of P. aeruginosa, twitching motility was
strongly associated with high biofilm formation while
isolates with high swimming and swarming motility
failed to produce a strong biofilm (Horna et al. 2019).
The biogenesis, functioning, and regulation of T4P
mediated twitching motility is well characterized and
several complex systems control the T4P responses.
Hence, prediction of T4P behavior in response to
diverse cues is difficult. The two major determinants
of the motility–sessility switch in P. aeruginosa are
the cellular levels of c-di-GMP or cAMP, and levels
of both have shown to increase during growth on
solid media (Hengge 2009; R€omling et al. 2013;
Valentini and Filloux 2016). Levels of c-di-GMP and
cAMP are adjusted in response to extracellular signals
received by several sensing systems (WspA, WspR,
Gac-Rsm, RocS1) and chemotactic cluster (PilGHIJK
-ChpABC) respectively (Chang 2017). In a recent
study, T4P mediated motility was shown to cause bio-
film expansion in response to host-derived signals,
serum albumin (known to be present in urine) and
mucin (elevated in lungs of cystic fibrosis patients).
BSA, mucin, and tryptone were shown to elevate lev-
els of T4P and cAMP via ChpC (Nolan et al. 2020).
The same study also showed that secreted protease
activity may be required for liberating components
from mucin, BSA, and tryptone that stimulate twitch-
ing motility and that a small quantity of this compo-
nent is present in tryptone that does not require
protease activity to get liberated. High biofilm forma-
tion in LB was observed (tryptone: 10 g L�1); hence it
is hypothesized that the presence of tryptone could
increase the amount of cAMP thereby causing strong
biofilm formation. On the other hand, the presence of
urea in natural and artificial urine may inhibit quo-
rum sensing due to which biofilm formation was less
in presence of urine (Cole et al. 2018). Overall, a vast
range of environmental and host signals have been
shown to stimulate twitching and these signals along
with the genomic diversity of clinical isolates lead to
differences in biofilm formation among clinical iso-
lates of P. aeruginosa.

Increased cell death, eDNA, an extracellular pro-
tein, and pel polysaccharide in biofilms formed by
strong biofilm producers was observed. Association of
cell death with eDNA in P. aeruginosa biofilms is
very well established and cell death in P. aeruginosa
biofilms is considered analogous to programmed cell
death in eukaryotes. The considerable amount of
DNA in the biofilm matrix is mediated due to cell

autolysis in microcolonies (Webb et al. 2003). Pel is a
cationic exopolysaccharide produced by P aeruginosa,
and it has been shown to cross-link extracellular
DNA in the biofilm matrix to provide stability and
structural integrity to the biofilm (Jennings et al.
2015). Mechanisms of cell death and eDNA release
have been reviewed recently (Sarkar 2020). These
include; membrane damage (caused due to quorum
sensing molecules and pyocyanin production), lambda
prophage induction and reinfection, ROS production
and PQS mediated Phz A-G expression. One of many
of the above mechanisms could contribute to cell
death and eDNA in biofilms. Hence, further studies
to clarify the possible involvement of the above path-
ways for cell death are warranted using the clinical
isolates. Increased production of pyocyanin in TP-
11(weak biofilm producer) may be responsible for
increased cell death. It appears that cell death alone
may not contribute to strong biofilm formation. One
limitation of this study is that exopolysaccharide Psl
was not measured. The exopolysaccharide Psl is cell-
surface associated and functions as an adhesin in the
initial phase of biofilm formation, but relocates as a
peripheral exopolysaccharide at later stages of biofilm
formation (Ma et al. 2009). P. aeruginosa isolates with
the pel and psl genes had more robust biofilms than
strains deficient in these genes; in a murine model,
cell lysis is mediated by urea, and biofilm formation
is independent of exopolysaccharides (Cole
et al. 2014).

The cdr A is the only well-characterized extracellu-
lar protein (Reichhardt et al. 2020) and in the present
study, no difference was found in the expression of
cdr A when compared between strong and weak bio-
film producers (data not shown). It is possible that
the protein content in the matrix is highly dynamic
and consists of many proteins. A study using iTRAQ-
based quantitative proteomics to evaluate matrix-asso-
ciated proteins isolated from different phases of P.
aeruginosa ATCC27853 biofilms showed that 54 dif-
ferent proteins varied from time to time during bio-
film formation (Zhang et al. 2015). This warrants
further studies on extracellular proteins in biofilms
caused by P. aeruginosa in CAUTIs.

Based on these results, high adhesion ability and
twitching motility contribute to strong biofilm forma-
tion. Weak biofilm-producing isolates showed good
diversity. Since biofilms are difficult to eliminate,
twitching motility and high adhesion ability found in
the early stages of biofilm formation can be exploited
as therapeutic targets for biofilm formation.
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Appendices

AU Artificial Urine
CAUTI Catheter Associated Urinary Tract infections
CLSM Confocal Laser Scanning Electron Microscope
CV Crystal Violet
E-SEM Environmental- Scanning Electron Microscope
eDNA extracellular DNA
LB Luria Broth
NA Natural Urine
TSB Tryptone Soya Broth
T4P Type 4 pili
OD Optical density
ODc Cutt-off OD value
UTI Urinary Tract Infection
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