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Abstract

Twitching motility is a form of bacterial surface translocation powered by the type IV pilus
(T4P). It is frequently analyzed by interstitial colony expansion between agar and the polystyrene
surfaces of Petri dishes. In such assays, the twitching motility of Acinetobacter nosocomialis was
observed with MacConkey but not Luria-Bertani (LB) agar media. One difference between these
two media is the presence of bile salts as a selective agent in MacConkey but not in LB. Here,
we demonstrate that the addition of bile salts to LB allowed 4. nosocomialis to display twitching.
Similarly, bile salts enhanced the twitching of Acinetobacter baumannii and Pseudomonas
aeruginosa in LB. These observations suggest that there is a common mechanism whereby bile
salts enhance bacterial twitching and promote interstitial colony expansion. Bile salts disrupt
lipid membranes and apply envelope stress as detergents. Surprisingly, their stimulatory effect on
twitching appears not to be related to a bacterial physiological response to stressors. Rather it is
due to their ability to alter the physicochemical properties of a twitching surface. We observed
that while other detergents promoted twitching like bile salts, stresses applied by antibiotics,
including membrane-targeting polymyxin B, did not enhanced twitching motility. More
importantly, bacteria displayed increased twitching on hydrophilic surfaces such as those of glass
and plasma-treated polystyrene plastics without the addition of bile salts, and bile salts no longer
stimulated twitching on these surfaces. Together, our results show that altering the hydrophilicity

of a twitching surface significantly impacts T4P functionality.
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Importance

The bacterial type IV pilus (T4P) is a critical virulence factor for many medically important
pathogens, some of which are prioritized by the World Health Organization for their high levels
of antibiotic resistance. The T4P is known to propel bacterial twitching motility, providing a
convenient assay for T4P functionality. Here, we show that bile salts and other detergents
augment the twitching of multiple bacterial pathogens. We identified the underlying mechanism
as the alteration of surface hydrophilicity by detergents. Consequently, hydrophilic surfaces such
as those of glass or plasma-treated polystyrene promote bacterial twitching, bypassing the
requirement for detergents. The implication is that surface properties, such as those of tissues and
medical implants, significantly impact the functionality of bacterial T4P as a virulence
determinant. This offers valuable insights for developing countermeasures against the
colonization and infection by bacterial pathogens of critical importance to human health on a

global scale.
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Introduction

Twitching motility is a form of non-flagellated bacterial locomotion that allows bacteria
to move on or between solid surfaces (1-4). It is powered by the bacterial type IV pilus (T4P)
which can be assembled and disassembled by the supramolecular T4P machinery (T4PM) (1, 5-
7). The current model proposes that it is the recurrent cycles of T4P assembly and disassembly,
or extension and retraction, that powers this form of bacterial surface motility (8, 9). The T4PM
assembles the long T4P filament that protrudes from a cell into its surroundings. When the tip of
an extended T4P attaches to a solid substratum, the retraction of the T4P by the T4PM moves a
bacterium toward the point of attachment. This translocation of bacterial cells on or between
solid surfaces, results in bacterial twitching motility.

Of relevance to human health, the T4P plays a crucial role in the pathogenesis of many
important bacterial pathogens (10-15). These include Pseudomonas aeruginosa and
Acinetobacter baumannii, both on the list of priority pathogens per the World Health
Organization (WHO) (16). One of the primary functions of the T4P as a virulence factor is for
adherence to human cells or tissues to initiate colonization and invasion (4, 17, 18).
Acinetobacter nosocomialis, a close relative of A. baumannii, is an opportunistic pathogen
primarily causing nosocomial or hospital-acquired infections (19). The 4. nosocomialis M2
strain has been used as a model for studies of Acinetobacter pathogenesis and T4P functionality
(18, 20-22). The lack of flagellated motility led to the acineto- or non-motile designation for this
genus, however many Acinetobacter species, in fact, possess T4P and exhibit T4P-dependent
twitching motility (23-26). As such, twitching motility provides a convenient assay for

investigating the functionality of the bacterial T4P in these medically important pathogens.
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Twitching motility is routinely analyzed by observing interstitial colony expansion
between the lower surface of solidified nutrient agar and that of plastic Petri dishes made of
polystyrene (25, 27). Such stab assays involve the inoculation of the interstitial space by stabbing
through the agar, and this method has been used for the identification of T4P or pi/ genes by the
isolation of P. aeruginosa mutants that were defective in twitching motility (3). T4P genes
encode the core components of the T4PM and their functions in twitching motility are conserved
among P. aeruginosa and many Gram-negative and Gram-positive bacteria (2, 10, 28-31). These
include PilA, the major pilin, as well as PilB, the T4P extension ATPase, and PilT, the T4P
retraction ATPase. Along with other T4P proteins, the PilB and PilT ATPases polymerize and
depolymerize pilins into or from the T4P filament, respectively. Bacterial translocation by
twitching motility over distances longer than the length of an extended pilus depends on the
dynamic nature of T4P assembly and disassembly coordinated by the T4PM (8, 9).

The regulation of bacterial motility by environmental cues has been studied most
extensively in flagellated bacteria (32-35). Besides chemotactic responses (36), the biogenesis of
bacterial flagella is modulated through gene expression and flagellar assembly by signals such as
nutrient and surface availability (32-35). In addition, an alternative sigma factor, which is
responsive to envelope and other environmental stressors, transcriptionally regulates the
expression of flagellar genes in many bacteria (37-39). Although the T4P has been investigated
to a lesser extent, there is clear evidence that its biogenesis and function are influenced by
regulatory mechanisms and environmental factors. In many T4P or pil gene clusters, there are
conserved two-component systems including PilS and PilR (2, 31). In selected organisms, these
regulators have been demonstrated to affect the expression of T4P genes (40-43). Signals of both

chemical and physical nature are known to influence T4P-mediated motility (44-46). For
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example, lactate can induce PilT-dependent T4P retraction in Neisseria meningitidis whereas
both temperature and blue light were shown to influence bacterial twitching motility (47, 48).

It was observed previously that A. nosocomialis exhibited twitching motility only with
MacConkey but not with Luria-Bertani (LB) agar media on polystyrene Petri dishes (22, 49). In
our current study, we investigated the underlying reasons for the observed differences in
bacterial twitching between these two media. We determined that bile salts are the key
component that allows 4. nosocomialis to twitch in MacConkey media. This is because the
addition of bile salts to LB allowed 4. nosocomialis to twitch to a similar extent as with
MacConkey. We also observed similar stimulatory effects of bile salts on the twitching of P.
aeruginosa and A. baumannii. Bile salts are anionic detergents, that can apply membrane stress
to bacteria (50-53). Our results further demonstrate that other detergents likewise can enhance
bacterial twitching on polystyrene surfaces. Antibiotics, including the outer membrane-targeting
polymyxin B, do not increase P. aeruginosa twitching motility. This suggests that the
mechanism for the stimulatory effect of bile salts is unlikely related to a bacterial response to the
presence of a general or envelope stressor. Instead, we hypothesized that bile salts and other
detergents increased the hydrophilicity of polystyrene surfaces, and it is this increase in
hydrophilicity that promotes bacterial twitching. Indeed, we observed that glass surfaces, which
are more hydrophilic than polystyrene, significantly promoted twitching motility. In contrast,
increasing the hydrophobicity of glass surfaces by coating it in a hydrophobic solution,
attenuated twitching. Like glass, plasma-treatment of polystyrene surfaces has been known to
increase their hydrophilicity for culturing tissues or cells. We observed that tissue culture-treated
polystyrene surfaces significantly increased bacterial twitching. Moreover, the addition of bile

salts no longer stimulated twitching on glass or plasma-treated polystyrene surfaces. Our results
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here suggest that bacterial pathogens may have evolved mechanisms to differentially interact

with surfaces that have varying physicochemical properties to optimize host recognition,

colonization, and infections.
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Results

Bile salts enable A. nosocomialis twitching motility in stab assays. It has been reported in the
literature that A. nosocomialis displays twitching motility with MacConkey, but not LB agar, in stab
assays (22, 49). In these assays, bacterial cells are stab-inoculated through the agar to form an interstitial
colony between the Petri dish and the agar media (27). After a period of incubation, the size of an
interstitial colony can be measured to quantify twitching motility. As shown in Figure 1A, the 4.
nosocomialis M2 strain shows clear twitching with MacConkey, but not with LB agar. These results
confirmed that MacConkey but not LB media allows A. nosocomialis to display twitching motility as
observed previously (22, 49).

We compared the composition of these two commonly used bacterial growth media (Table
S1). Notwithstanding their commonalities, LB lacks peptone, lactose, and bile salts that are
present in MacConkey. Peptone is a proteinous nutrient source and lactose is a carbon and
energy source. Bile salts are cholesterol derivatives with aliphatic side chains (51, 54) that
regulate various biological processes in vertebrates and their microbiomes (50, 54-57). The
amphipathic nature of bile salts allows them to interact with hydrophilic as well as hydrophobic
molecules and this enables them to disrupt membranes and result in envelope stress in bacteria as
detergents (51, 52). Both Gram-positive and Gram-negative bacteria can respond to the presence
of bile salts, leading to changes in gene expression and cellular physiology (52, 58, 59).
Generally, bile salts are more inhibitory of Gram-positive bacteria because of the lack of an outer
membrane. Thus, they are included in MacConkey as a selective agent against Gram-positive
bacteria in favor of enteric bacteria.

We supplemented LB agar with peptone, lactose, or bile salts at the same concentration

present in MacConkey agar to determine if one of these could enable A. nosocomialis to twitch



148  in LB. As shown in Figure 1A, the addition of neither lactose nor peptone led to any discernible

149  twitching motility in A. nosocomialis. In contrast, the supplementation of bile salts resulted in 4.

150  nosocomialis twitching motility in LB comparable to what was observed with MacConkey agar.

151  These results indicated that bile salts are the component that specifically stimulates twitching

152  motility of 4. nosocomialis as analyzed by stab assays with polystyrene Petri dishes.

153 Twitching motility has been observed in A. baumannii (24, 60), a closely related

154 Acinetobacter species and a WHO priority pathogen (16). The twitching motility of this

155  bacterium is similarly noted in MacConkey agar as analyzed by a similar assay (22, 49).

156  However, variable motility phenotypes were observed with LB media for different clinical

157  isolates (60), suggesting an effect of media composition on 4. baumannii twitching. We tested

158  two A. baumannii strains, AYE and AB0057 (61, 62), in LB supplemented with bile salts in

159  comparison with 4. nosocomialis M2. As shown in Figure 1B, while none of these strains

160  displayed twitching motility with the LB agar, supplementation of bile salts elicited twitching

161  motility of both A. baumannii strains similarly to A. nosocomialis. These results suggest that the

162  stimulatory effects of bile salts on twitching motility is a more general phenomenon in the

163  Acinetobacter genus.

164 Bile salts stimulated P. aeruginosa twitching motility. The above observations prompted us to
165  investigate if bile salts enhanced bacterial twitching in other bacteria. P. aeruginosa, another WHO
166  priority pathogen (16), has been used as a model for studies of bacterial twitching (8, 63, 64). Its

167  twitching motility has been routinely analyzed using stab assays with LB instead of MacConkey agar
168  plates (65-68). P. aeruginosa PAOI, a frequently used laboratory strain, exhibits twitching motility in
169 LB agar (69, 70). However, the addition of bile salts to LB significantly increased its twitching motility

170  (Figure 2A). Further, we examined the dose response of PAO1 twitching to bile salts. As shown in
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Figure 2B, the stimulation of twitching motility shows concentration dependence, with a plateau
between 0.1% and 0.4% bile salts. At higher concentrations, bile salts start to inhibit P. aeruginosa
growth and reduce its twitching motility in this assay (data not shown). We additionally examined the
twitching motility of PA14, another commonly used P. aeruginosa strain in the literature (71-73). It was
observed that the twitching motility of PA14 was stimulated by bile salts in LB media like that of PAO1
(Figure S1). These results demonstrate that the stimulatory effect of bile salts on twitching is applicable
to both Acinetobacter species and P. aeruginosa isolates. For the remainder of this study, we mostly
used P. aeruginosa PAO1 as the model organism to investigate the mechanisms by which bile salts
stimulate bacterial twitching motility.

Detergents stimulate bacterial twitching. Bile salts, produced from cholesterol metabolism, are
anionic detergents (50-52, 55). They are known to apply membrane or envelope stress in bacteria (51,
52, 74). It is possible that bile salts function as a detergent to apply envelope or general stress to cells
and thus it was the cellular stress response that underlies the stimulatory effects of bile salts on bacterial
twitching motility. To examine this possibility, we investigated the effect of other detergents on the
twitching motility of P. aeruginosa. To avoid the complications between growth inhibition and
twitching motility, we determined the maximum non-inhibitory concentrations of detergents
experimentally (Table S2) to guide their use in the twitching motility assays. For this experiment, we
supplemented the LB media with the anionic detergent, sodium dodecyl sulfate (SDS), or the non-ionic
detergents, Triton X-100 and Triton X-114 (Table S2). As shown in Figure 3A, all the detergents
examined, whether anionic or non-ionic, significantly stimulated the twitching motility of P. aeruginosa
much like bile salts. These results support the notion that the promotional effects of bile salts on

twitching are related to their amphipathic properties as detergents.
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The stimulatory effects of bile salts and other detergents on twitching motility could be explained by
a physiological response of a bacterium to envelope stress applied by these amphipathic molecules (51,
52,74, 75) or a general stress response to various environmental stressors (76). To investigate this, we
tested antibiotics with different modes of action at their maximum non-inhibitory concentrations as
stressors. These included ampicillin, gentamicin, and ciprofloxacin, which target cell wall biosynthesis,
ribosome function and DNA topology, respectively. We first determined the maximum non-inhibitory
concentrations of these antibiotics by testing their effect at different concentrations on P. aeruginosa
growth (Table S3). Antibiotics at their respective maximum non-inhibitory concentrations were tested
for their effect on P. aeruginosa twitching. As shown in Figure 3B, none of these antibiotics affected P.
aeruginosa twitching motility significantly. This suggested that the stimulation of twitching by
detergents was unlikely the result of a physiological response to general stressors. In addition, we tested
the effect of polymyxin B, which applies envelope stress by targeting the outer membrane of Gram-
negative bacteria (53). Somewhat unexpectedly, this antibiotic showed no stimulatory effect on P.
aeruginosa twitching (Figure 3B). These results suggested that the observed stimulation of twitching
motility by bile salts and other detergents (Figures 2 and 3A) might not be related to a response to
general or envelope stress.

Glass enhances P. aeruginosa twitching in comparison to polystyrene. Detergents such as bile
salts are amphipathic molecules with both polar and non-polar moieties (50, 54, 56, 57, 77). As such,
they can change the physiochemical properties of a surface (50, 78-80). In stab assays for twitching
motility, bacteria cells translocate in the interstitial space between the solidified agar media and the
hydrophobic surface of a polystyrene Petri dish. We considered the possibility that bile salts in a growth
media may interact with the hydrophobic surface of the polystyrene Petri dishes to alter its

physiochemical properties. Such interactions may allow bile salts to make the polystyrene surface more
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hydrophilic to possibly facilitate twitching motility. In comparison with polystyrene, glass Petri dishes
present a more hydrophilic surface. We therefore examined P. aeruginosa twitching with LB media
using glass in comparison with polystyrene Petri plates. As shown in Figure S2, P. aeruginosa was
observed to twitch significantly more on glass than on polystyrene surfaces in LB without the addition
of bile salts. These results are consistent with the proposition that surface hydrophobicity or
hydrophilicity plays crucial roles in bacterial twitching.

Bile salts do not enhance P. aeruginosa twitching on glass surfaces. We reproduced the above
observation on glass (Figure S2) with a modified twitching assay where a glass or a polystyrene
microscope slide was used as the twitching surface (see Materials and Methods). In this assay, the slides
were cleaned and sterilized before they were placed in a polystyrene Petri dish. Molten LB agar media
was then poured into the Petri dish. Twitching motility was analyzed as before, except that the
incubation time was shortened to limit the twitching zone to be within the boundaries of the width of the
microscope slide. As shown in Figure 4A, PAOI1 twitched significantly more on glass slides than on
polystyrene ones as was observed with Petri dishes (Figure S2). As expected, the addition of bile salts
significantly stimulated twitching on the polystyrene slide (Figure 4A). In contrast, the supplementation
of bile salts showed no promotional effect on twitching with the glass slide (Figure 4A). A pil4 mutant,
which is non-piliated, was used as the non-twitching control, and it showed no twitching motility on all
surfaces with or without bile salts (Figure 4). It is also noteworthy that the twitching motility on the
polystyrene slide in the presence of bile salts showed no statistical difference from that on the glass
slides with or without bile salts. These results indicate that surface hydrophilicity likely enhances
twitching motility, and the effects of bile salts on twitching could be attributed to their ability to change

a hydrophobic surface to a more hydrophilic one. This is consistent with the observation that the
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stimulatory effect of bile salts is no longer observed on the more hydrophilic glass surface in contrast
with polystyrene ones.

Increase in hydrophobicity of glass surfaces reduces P. aeruginosa twitching. Next, we modified
the surface of the glass slides to be more hydrophobic using a chemical treatment. For this, we
pretreated the glass slides with a polydimethylsiloxane (PDMS) solution before the analysis of twitching
motility. PDMS is known to coat glass surfaces to make them more hydrophobic (81). As shown in
Figure 4B, the treatment of the glass surface with PDMS significantly reduced P. aeruginosa twitching
to a level that is not significantly different from that on a polystyrene slide. In comparison, PDMS
treatment did not impact twitching motility of P. aeruginosa on polystyrene slides (Figure 4B), ruling
out any inhibitory effects by PDMS. The P. aeruginosa pilA mutant showed no twitching under all
experimental conditions as expected (Figure 4). These results are consistent with the idea that
hydrophilicity of surfaces enhance P. aeruginosa twitching, and that bile salts and other detergents
stimulate twitching motility on hydrophobic polystyrene surfaces by making them more hydrophilic.

Increase in hydrophilicity of polystyrene surfaces drastically enhances bacterial twitching
motility. While natural polystyrene surfaces are hydrophobic, they can be treated with plasma gas to
increase their hydrophilicity for tissue culture (TC) purposes (82). The surfaces of plasma- or TC-treated
plates are therefore more hydrophilic than non-treated ones. We compared P. aeruginosa twitching
motility with 6-well polystyrene plates either TC-treated or non-treated. The P. aeruginosa PAOL1 strain
exhibited significantly increased twitching motility on plasma-treated surfaces over the non-treated ones
in LB media (Figure 5A). The magnitude of increase in this case is about 2- to 3-fold. This increase is
more pronounced than on glass surfaces which led to an increase of 1-fold or less (Figures 4A). While
the addition of bile salts significantly enhanced P. aeruginosa twitching on untreated plates, it had no

stimulatory effect on twitching with the TC-treated surfaces.

13



261 We examined whether the drastic increase in twitching motility with TC-treated polystyrene surfaces
262  with P. aeruginosa could be extended to A. nosocomialis. As shown in Figure 5B, A. nosocomialis M2
263  displayed no twitching motility in LB media with the non-treated plates. This is expected because these
264  plates are made of polystyrene like the Petri dishes routinely used for twitching motility assays. TC-

265  treated plates drastically increased M2 twitching with LB media without the addition of bile salts or

266  detergents. This increase is over 48-fold. An isogenic pi/4 mutant was used as a control, and it displayed
267  no twitching under all experimental treatments (Figure 5B). The results here indicate the enhancement
268  of twitching motility by hydrophilic surfaces is not confined to P. aeruginosa. Similar enhancement in
F69 A. nosocomialis suggests a more general phenomenon where hydrophilic surfaces promote interactions

270 that are more favorable for bacterial twitching as mediated by the T4P as a motility apparatus.

271
272  Discussion
273 The interaction with surfaces is essential for the survival and proliferation of bacteria in

274  their natural environment as well as in health and disease. In their natural habitats, most bacteria
275  exist in multicellular ensembles known as biofilms, the establishment of which depends on

276  bacterial attachment to surfaces (83-86). During bacterial infection of a host, one of the earliest
277  steps in the process is the adhesion of a pathogen to the surfaces of host cells, tissues, and

278  medical implants. From a bacterial perspective, such interactions rely on the timely biogenesis
279  and proper functioning of adhesins on their surfaces. One of the structures critical for bacterial
280 adhesion to both biotic and abiotic surfaces is the bacterial T4P which is prevalent in both Gram-
281  positive and Gram-negative bacteria (2, 13, 28, 29, 31). It is an important virulence factor in

282  many pathogens including P. aeruginosa and A. baumannii which are both on the WHO priority

283  pathogens list (16). In these bacteria, as well as A. nosocomialis and others, the T4P is known to
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power bacterial twitching motility, which provides a convenient assay for the investigation of
T4P biogenesis and function.

Here we described an unexpected mechanism by which bile salts and other detergents can
stimulate bacterial twitching motility. It was previously observed that A. nosocomialis exhibits
twitching motility with MacConkey but not Luria-Bertani (LB) agar media (16). This
phenomenon was observed using stab assays to visualize interstitial colony expansion with
polystyrene Petri dishes. After confirming this observation, we identified bile salts as the
component in MacConkey responsible for eliciting 4. nosocomialis twitching motility (Figure
1A). The stimulatory effects of bile salts on twitching are not limited to 4. nosocomialis as we
made similar observations with multiple strains of A. baumannii (Figure 1B) and P. aeruginosa
(Figures 2A and S1). Additionally, our results indicated that other detergents, whether anionic or
non-ionic, likewise promoted P. aeruginosa twitching motility (Figure 3A). Surprisingly, this
stimulation of twitching is likely not due to a physiological change in response to the presence of
bile salts and other detergents in the growth medium. Instead, it is the ability of detergents to
alter the physicochemical properties of a surface that enhances twitching motility in multiple
bacterial species.

The above conclusion is based on a few lines of experimental evidence from this study.
First, antibiotics with various modes of actions failed to enhance P. aeruginosa twitching
motility (Figure 3B). These included polymyxin B, which mimics the effects of bile salts and
other detergents in applying envelope stress. These results suggested that the enhancement of
twitching motility by detergents is likely not a bacterial response to a general or envelope
stressor in a growth media. Second, we observed that surfaces of glass, which are more

hydrophilic than that of polystyrene, significantly enhanced twitching motility (Figures S2 and

15
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4A). We further demonstrated that the use of glass surfaces abrogated the stimulatory effect of
bile salts such that the addition of bile salts no longer promoted P. aeruginosa twitching motility
on these surfaces (Figure 4A). When the surface properties of glass were changed by the
application of a hydrophobic coating, the enhancement of bacterial twitching by glass was
reversed (Figure 4B). These results show that hydrophilic surfaces promote twitching, whereas
hydrophobic ones suppress it. Because bile salts in the growth media only enhance twitching
motility on polystyrene but not on glass surfaces, we conclude that bile salts likely function to
modify natural polystyrene surfaces to be more hydrophilic, which promote bacterial motility.
Lastly, we performed experiments with polystyrene surfaces untreated and treated by plasma gas
(Figure 5). The TC-treated surfaces, which are more hydrophilic, significantly enhanced bacterial
twitching motility. As similarly observed on glass surfaces, the addition of bile salts no longer
displayed a stimulatory effect on P. aeruginosa twitching on TC-treated plates. These results
support our conclusion that the physicochemical properties of a surface significantly impact the
effectiveness of T4P-powered twitching motility in bacteria. On hydrophilic surfaces, bacteria
twitch more, and on hydrophobic surfaces, they twitch less. We further conclude that the
promotional effects of bile salts and other detergents on bacterial twitching are largely due to
their ability to change the properties of a surface over which bacteria translocate by twitching
motility.

Categorically, there are two possible mechanistic explanations for the observed effects of
the physiochemical properties of a surface on bacterial twitching. There have been reports that
bacteria attach better to hydrophobic surfaces in the context of biofilm formation or otherwise
(87-90). It follows that reducing hydrophobicity may lead to alteration of the interactions of a

bacterial cell or its pilus with a subsurface over which a bacterium translocates by twitching
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motility. Sustained twitching movement relies on the recurrence of a multi-step process. These
steps include the unobstructed extension of a T4P, the subsequent attachment of the pilus
through its distal end for anchoring, followed by a successful T4P retraction event. It is
conceivable that tampering with any of these steps through physiochemical interactions with a
surface can lead to changes in bacterial twitching behaviors. Alternatively, surface sensing has
been demonstrated to mediate changes in cell physiology and behavior (6, 91-96). It is possible
that the physicochemical properties of a surface may be detected by a bacterium through surface
sensing to modulate T4P biogenesis and its functions, leading to alterations in twitching motility.
Further investigation is necessary to determine if the above scenarios or others, either alone or in
combination, are the underlying reasons for the observed enhancement of T4P-powered bacterial

twitching by surface hydrophilicity.

Materials and Methods

Strains and culture conditions. The bacterial strains used in this study are listed in Table 1. These
include 4. nosocomialis M2, A. baumannii strains Ab0057 and AYE, and P. aeruginosa PAO1 and
PA14. When appropriate, isogenic pil4 mutants were used as controls. P. aeruginosa strains were grown
at 37°C on 1.5% Luria-Bertani agar (LBA) while A. nosocomialis and A. baumannii strains were grown

at 37°C on 1.5% MacConkey agar (Oxoid). Oxoid bile acids were used in this study when indicated.

Twitching motility assays. Twitching motility was analyzed by three different protocols using the agar

stab methods (27) (97) with 1.2% agar media. For all stab assays, the inoculum was prepared by

spreading a loopful of bacteria from the outside edge of an overnight plate culture onto a fresh 1.5%
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LBA plate to create a thin layer of cells. Using a toothpick, an inoculum was picked up to inoculate a
plate by stabbing through the agar to touch either the polystyrene or glass surface below.

The first protocol uses a standard 100 mm x 15 mm polystyrene or glass Petri dish (Fisher
Scientific) as previously described (27, 97). In brief, plates with 25 ml agar media were prepared a day
before the assays. These plates were then dried in a biosafety cabinet for 20 minutes before stab
inoculation. After 48 hours of incubation at 37°C in a humidity chamber, the agar media was removed,
and the twitching zone was visualized by staining with 1% crystal violet. Twitching areas were
determined using the NIH ImagelJ software (98).

The second protocol uses either a glass (Opto-Edu) or a polystyrene (VWR International)
microscope slide (1” x 3”) inside a standard polystyrene Petri dish for analyzing twitching motility. The
microscope slides were first submerged in a filter-sterilized polydimethylsiloxane (PDMS) solution
(RainX) (99) or in 70% ethanol as a control. These slides were air dried on a rack at 40°C before being
placed at the bottom of a polystyrene Petri dish. 25 ml of molten agar media was poured over the
microscope slides into the Petri dish a day before. A twitching assay is initiated by stab-inoculation as
described above except that the incubation is shortened to 18 hours to limit the twitching zone within the
boundaries of the microscope slide. One additional modification is that the twitching zone in this case
was visualized by incident light and traced with a permanent marker without removing the agar from the
Petri dish. Twitching area was determined using ImagelJ as above.

The third protocol uses 6-well polystyrene plates with or without TC-treatment (Falcon). Each
well of a plate contains 2 ml agar media and twitching motility assays were initiated by stab inoculation
as described above. The twitching area was analyzed as described for the microscope slide-based assay

except that the incubation time was extended to 24 hours.

18



375
376
377
378
379
380
381
382
383
384
385
386
387
388
389

Fgo

391

Acknowledgements

The research in the Yang laboratory is partially supported by the National Science
Foundation grants MCB-1919455 and EFMA-2318093, as well as the CHRB award 208-07-23
to Z.Y. The Yang laboratory additionally received a pilot grant from the Center for Emerging,
Zoonotic and Arthropod-borne Pathogens. M. T.O. was the recipient of the Presidential
Scholarship Initiative from Virginia Tech and the David Lyerly Undergraduate Microbiology
Research Fellowship from the Department of Biological Sciences at Virginia Tech. K.J.D was
the recipient of a GSDA and the Lewis Edward Goyette Fellowships as well as the Liberati
Scholarship from Virginia Tech.

M.T.O., K.J.D., and Z.Y. designed research and analyzed data. M.T.O. and Z.Y wrote the
manuscript. M.T.O., T.M.S., and D.H. performed experiments. T.M.S. aided in figure
preparation and protocol development.

We thank Dr. Kurt Piepenbrink, Dr. Robert Bonomo, Dr. Helen Zgurskara, and Dr.
George O’Toole for providing bacterial strains. We additionally thank Ghazal Soleymani for

proof-reading the manuscript.

There is no conflict of interest to declare.

19



392

393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435

References

1.

(98]

10.

11.

12.

13.

14.

15.

16.

17.

18.

Craig L, Forest KT, Maier B. 2019. Type IV pili: dynamics, biophysics and functional
consequences. Nat Rev Microbiol 17:429-440.

Wall D, Kaiser D. 1999. Type IV pili and cell motility. Mol Microbiol 32:1-10.

Mattick JS. 2002. Type IV pili and twitching motility. Annu Rev Microbiol 56:289-314.
Shi W, Sun H. 2002. Type IV pilus-dependent motility and its possible role in bacterial
pathogenesis. Infect Immun 70:1-4.

Chang YW, Rettberg LA, Treuner-Lange A, Iwasa J, Sogaard-Andersen L, Jensen GJ.
2016. Architecture of the type IVa pilus machine. Science 351:aad2001.

Chang CY. 2017. Surface sensing for biofilm formation in Pseudomonas aeruginosa.
Front Microbiol 8:2671.

Ligthart K, Belzer C, de Vos WM, Tytgat HLP. 2020. Bridging bacteria and the gut:
functional aspects of type IV pili. Trends Microbiol 28:340-348.

Tala L, Fineberg A, Kukura P, Persat A. 2019. Pseudomonas aeruginosa orchestrates
twitching motility by sequential control of type IV pili movements. Nat Microbiol 4:774-
780.

Wadhwa N, Berg HC. 2022. Bacterial motility: machinery and mechanisms. Nat Rev
Microbiol 20:161-173.

Craig L, Pique ME, Tainer JA. 2004. Type IV pilus structure and bacterial pathogenicity.
Nat Rev Microbiol 2:363-78.

McKee RW, Aleksanyan N, Garrett EM, Tamayo R. 2018. Type IV pili promote
Clostridium difficile adherence and persistence in a mouse model of infection. Infect
Immun 86.

Dos Santos Souza I, Maissa N, Ziveri J, Morand PC, Coureuil M, Nassif X, Bourdoulous
S. 2020. Meningococcal disease: A paradigm of type-IV pilus dependent pathogenesis.
Cell Microbiol 22:e13185.

Martini AM, Moricz BS, Woods LJ, Jones BD. 2021. Type IV pili of Streptococcus
sanguinis contribute to pathogenesis in experimental infective endocarditis. Microbiol
Spectr 9:e0175221.

Persat A, Inclan YF, Engel JN, Stone HA, Gitai Z. 2015. Type IV pili
mechanochemically regulate virulence factors in Pseudomonas aeruginosa. Proc Natl
Acad Sci U S A 112:7563-8.

Inclan YF, Persat A, Greninger A, Von Dollen J, Johnson J, Krogan N, Gitai Z, Engel JN.
2016. A scaffold protein connects type IV pili with the Chp chemosensory system to
mediate activation of virulence signaling in Pseudomonas aeruginosa. Mol Microbiol
101:590-605.

WHO. 2017. WHO publishes list of bacteria for which new antibiotics are urgently
needed. on WHO.

Colquhoun JM, Rather PN. 2020. Insights into mechanisms of biofilm formation in
Acinetobacter baumannii and implications for uropathogenesis. Front Cell Infect
Microbiol 10:253.

Piepenbrink KH, Lillehoj E, Harding CM, Labonte JW, Zuo X, Rapp CA, Munson RS,
Jr., Goldblum SE, Feldman MF, Gray JJ, Sundberg EJ. 2016. Structural diversity in the
type IV pili of multidrug-resistant Acinetobacter. J Biol Chem 291:22924-22935.

20



436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Chusri S, Chongsuvivatwong V, Rivera JI, Silpapojakul K, Singkhamanan K, McNeil E,
Doi Y. 2014. Clinical outcomes of hospital-acquired infection with Acinetobacter
nosocomialis and Acinetobacter pittii. Antimicrob Agents Chemother 58:4172-9.
Harding CM, Kinsella RL, Palmer LD, Skaar EP, Feldman MF. 2016. Medically relevant
Acinetobacter species require a type Il secretion system and specific membrane-
associated chaperones for the export of multiple substrates and full virulence. PLoS
Pathog 12:¢1005391.

Harding CM, Nasr MA, Kinsella RL, Scott NE, Foster LJ, Weber BS, Fiester SE, Actis
LA, Tracy EN, Munson RS, Jr., Feldman MF. 2015. Acinetobacter strains carry two
functional oligosaccharyltransferases, one devoted exclusively to type IV pilin, and the
other one dedicated to O-glycosylation of multiple proteins. Mol Microbiol 96:1023-41.
Vo N, Sidner BS, Yu Y, Piepenbrink KH. 2023. Type IV pilus-mediated inhibition of
Acinetobacter baumannii biofilm formation by phenothiazine compounds. Microbiol
Spectr 11:¢0102323.

Harding CM, Tracy EN, Carruthers MD, Rather PN, Actis LA, Munson RS, Jr. 2013.
Acinetobacter baumannii strain M2 produces type IV pili which play a role in natural
transformation and twitching motility but not surface-associated motility. mBio 4.

Corral J, Perez-Varela M, Sanchez-Osuna M, Cortes P, Barbe J, Aranda J. 2021.
Importance of twitching and surface-associated motility in the virulence of Acinetobacter
baumannii. Virulence 12:2201-2213.

Biswas I, Machen A, Mettlach J. 2019. In vitro motility assays for Acinetobacter species.
Methods Mol Biol 1946:177-187.

Leong CG, Bloomfield RA, Boyd CA, Dornbusch AJ, Lieber L, Liu F, Owen A, Slay E,
Lang KM, Lostroh CP. 2017. The role of core and accessory type IV pilus genes in
natural transformation and twitching motility in the bacterium Acinetobacter baylyi.
PLoS One 12:¢0182139.

Turnbull L, Whitchurch CB. 2014. Motility assay: twitching motility. Methods Mol Biol
1149:73-86.

Melville S, Craig L. 2013. Type IV pili in Gram-positive bacteria. Microbiol Mol Biol
Rev 77:323-41.

Piepenbrink KH, Sundberg EJ. 2016. Motility and adhesion through type IV pili in Gram-
positive bacteria. Biochem Soc Trans 44:1659-1666.

Henrichsen J. 1975. The occurrence of twitching motility among Gram-negative bacteria.
Acta Pathol Microbiol Scand B 83:171-8.

Pelicic V. 2008. Type IV pili: e pluribus unum? Mol Microbiol 68:827-37.

Chilcott GS, Hughes KT. 2000. Coupling of flagellar gene expression to flagellar
assembly in Salmonella enterica serovar typhimurium and Escherichia coli. Microbiol
Mol Biol Rev 64:694-708.

Kalir S, McClure J, Pabbaraju K, Southward C, Ronen M, Leibler S, Surette MG, Alon
U. 2001. Ordering genes in a flagella pathway by analysis of expression kinetics from
living bacteria. Science 292:2080-3.

Utsey K, Keener JP. 2020. A mathematical model of flagellar gene regulation and
construction in Salmonella enterica. PLoS Comput Biol 16:¢1007689.

Zhu S, Kojima S, Homma M. 2013. Structure, gene regulation and environmental
response of flagella in Vibrio. Front Microbiol 4:410.

21



481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Wadhams GH, Armitage JP. 2004. Making sense of it all: bacterial chemotaxis. Nat Rev
Mol Cell Biol 5:1024-37.

Ancona V, Li W, Zhao Y. 2014. Alternative sigma factor RpoN and its modulation
protein YhbH are indispensable for Erwinia amylovora virulence. Mol Plant Pathol
15:58-66.

Sporing I, Felgner S, Preusse M, Eckweiler D, Rohde M, Haussler S, Weiss S, Erhardt
M. 2018. Regulation of flagellum biosynthesis in response to cell envelope stress in
Salmonella enterica serovar Typhimurium. mBio 9.

Tague JG, Hong J, Kalburge SS, Boyd EF. 2022. Regulatory small RNA Qrr2 is
expressed independently of sigma factor-54 and can function as the sole Qrr small RNA
to control quorum sensing in Vibrio parahaemolyticus. J Bacteriol 204:¢0035021.

Zhou Y, Lepp D, Carere J, Yu H, Yang C, Gong J. 2021. A novel PilR/PilS two-
component system regulates necrotic enteritis pilus production in Clostridium
perfringens. J Bacteriol 203:¢0009621.

Xu K, Shen D, Yang N, Chou SH, Gomelsky M, Qian G. 2021. Coordinated control of
the type IV pili and c-di-GMP-dependent antifungal antibiotic production in Lysobacter
by the response regulator PilR. Mol Plant Pathol 22:602-617.

Hobbs M, Collie ES, Free PD, Livingston SP, Mattick JS. 1993. PilS and PilR, a two-
component transcriptional regulatory system controlling expression of type 4 fimbriae in
Pseudomonas aeruginosa. Mol Microbiol 7:669-82.

Wu SS, Kaiser D. 1995. Genetic and functional evidence that type IV pili are required for
social gliding motility in Myxococcus xanthus. Mol Microbiol 18:547-58.

Vesel N, Blokesch M. 2021. Pilus production in Acinetobacter baumannii is growth
phase dependent and essential for natural transformation. J Bacteriol 203.

Mattingly AE, Weaver AA, Dimkovikj A, Shrout JD. 2018. Assessing travel conditions:
environmental and host influences on bacterial surface motility. J Bacteriol 200:¢00014-
18.

Huang B, Whitchurch CB, Mattick JS. 2003. FimX, a multidomain protein connecting
environmental signals to twitching motility in Pseudomonas aeruginosa. J Bacteriol
185:7068-76.

Sigurlasdottir S, Lidberg K, Zuo F, Newcombe J, McFadden J, Jonsson AB. 2021.
Lactate-induced dispersal of Neisseria meningitidis microcolonies is mediated by
changes in cell density and pilus retraction and is influenced by temperature change.
Infect Immun 89:¢0029621.

Bitrian M, Gonzalez RH, Paris G, Hellingwerf KJ, Nudel CB. 2013. Blue-light-
dependent inhibition of twitching motility in Acinetobacter baylyi ADP1: additive
involvement of three BLUF-domain-containing proteins. Microbiology (Reading)
159:1828-1841.

Ronish LA, Lillehoj E, Fields JK, Sundberg EJ, Piepenbrink KH. 2019. The structure of
PilA from Acinetobacter baumannii AB5075 suggests a mechanism for functional
specialization in Acinetobacter type IV pili. J Biol Chem 294:218-230.

Monte MJ, Marin JJ, Antelo A, Vazquez-Tato J. 2009. Bile acids: chemistry, physiology,
and pathophysiology. World J Gastroenterol 15:804-16.

Urdaneta V, Casadesus J. 2017. Interactions between bacteria and bile salts in the
gastrointestinal and hepatobiliary tracts. Front Med (Lausanne) 4:163.

22



526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Begley M, Gahan CG, Hill C. 2005. The interaction between bacteria and bile. FEMS
Microbiol Rev 29:625-51.

Velkov T, Roberts KD, Nation RL, Thompson PE, Li J. 2013. Pharmacology of
polymyxins: new insights into an 'old' class of antibiotics. Future Microbiol 8:711-24.
Hofmann AF, Hagey LR, Krasowski MD. 2010. Bile salts of vertebrates: structural
variation and possible evolutionary significance. J Lipid Res 51:226-46.

Winston JA, Theriot CM. 2020. Diversification of host bile acids by members of the gut
microbiota. Gut Microbes 11:158-171.

Fleishman JS, Kumar S. 2024. Bile acid metabolism and signaling in health and disease:
molecular mechanisms and therapeutic targets. Signal Transduct Target Ther 9:97.

de Buy Wenniger LM, Tusl T, Beuers U. 2013. Bile salts, p 159-163. In Lennarz W/J,
Lane MD (ed), Encyclopedia of Biological Chemistry II, 2nd ed. Academic Press.
Ridlon JM, Gaskins HR. 2024. Another renaissance for bile acid gastrointestinal
microbiology. Nat Rev Gastroenterol Hepatol 21:348-364.

Larabi AB, Masson HLP, Baumler AJ. 2023. Bile acids as modulators of gut microbiota
composition and function. Gut Microbes 15:2172671.

Vijayakumar S, Rajenderan S, Laishram S, Anandan S, Balaji V, Biswas . 2016. Biofilm
formation and motility depend on the nature of the Acinetobacter baumannii clinical
isolates. Front Public Health 4:105.

Hamidian M, Venepally P, Hall RM, Adams MD. 2017. Corrected genome sequence of
Acinetobacter baumannii strain AB0057, an antibiotic-resistant isolate from lineage 1 of
global clone 1. Genome Announc 5.

Adams MD, Goglin K, Molyneaux N, Hujer KM, Lavender H, Jamison JJ, MacDonald
1J, Martin KM, Russo T, Campagnari AA, Hujer AM, Bonomo RA, Gill SR. 2008.
Comparative genome sequence analysis of multidrug-resistant Acinetobacter baumannii.
J Bacteriol 190:8053-64.

Kuhn MJ, Tala L, Inclan YF, Patino R, Pierrat X, Vos I, Al-Mayyah Z, Macmillan H,
Negrete J, Jr., Engel JN, Persat A. 2021. Mechanotaxis directs Pseudomonas aeruginosa
twitching motility. Proc Natl Acad Sci U S A 118.

Burrows LL. 2012. Pseudomonas aeruginosa twitching motility: type IV pili in action.
Annu Rev Microbiol 66:493-520.

Wen F, Wu'Y, Yuan Y, Yang X, Ran Q, Gan X, Guo Y, Wang X, Chu Y, Zhao K. 2024.
Discovery of psoralen as a quorum sensing inhibitor suppresses Pseudomonas aeruginosa
virulence. Appl Microbiol Biotechnol 108:222.

Pei TT, Luo H, Wang Y, Li H, Wang XY, Zhang YQ, An'Y, Wu LL, Ma J, Liang X, Yan
A, Yang L, Chen C, Dong T. 2024. Filamentous prophage Pf4 promotes genetic
exchange in Pseudomonas aeruginosa. ISME J 18.

Schroven K, Putzeys L, Kerremans A, Ceyssens PJ, Vallino M, Paeshuyse J, Haque F,
Yusuf A, Koch MD, Lavigne R. 2023. The phage-encoded PIT4 protein affects multiple
two-component systems of Pseudomonas aeruginosa. Microbiol Spectr 11:€0237223.
Gur M, Erdmann J, Will A, Liang Z, Andersen JB, Tolker-Nielsen T, Haussler S. 2023.
Challenges in using transcriptome data to study the c-di-GMP signaling network in
Pseudomonas aeruginosa clinical isolates. FEMS Microbes 4:xtad012.

Kearns DB, Robinson J, Shimkets LJ. 2001. Pseudomonas aeruginosa exhibits directed
twitching motility up phosphatidylethanolamine gradients. J Bacteriol 183:763-7.

23



571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

85.

86.

LiJ, Wan SJ, Metruccio MME, Ma S, Nazmi K, Bikker FJ, Evans DJ, Fleiszig SMJ.
2019. DMBTT inhibition of Pseudomonas aeruginosa twitching motility involves its N-
glycosylation and cannot be conferred by the scavenger receptor cysteine-rich bacteria-
binding peptide domain. Sci Rep 9:13146.

He J, Baldini RL, Deziel E, Saucier M, Zhang Q, Liberati NT, Lee D, Urbach J,
Goodman HM, Rahme LG. 2004. The broad host range pathogen Pseudomonas
aeruginosa strain PA14 carries two pathogenicity islands harboring plant and animal
virulence genes. Proc Natl Acad Sci U S A 101:2530-5.

O'Toole GA, Kolter R. 1998. Flagellar and twitching motility are necessary for
Pseudomonas aeruginosa biofilm development. Mol Microbiol 30:295-304.

Nolan LM, McCaughey LC, Merjane J, Turnbull L, Whitchurch CB. 2020. ChpC
controls twitching motility-mediated expansion of Pseudomonas aeruginosa biofilms in
response to serum albumin, mucin and oligopeptides. Microbiology (Reading) 166:669-
678.

Heuman DM. 1995. Bile salt-membrane interactions and the physico-chemical
mechanisms of bile salt toxicity. Ital J Gastroenterol 27:372-5.

Henriksen JR, Andresen TL, Feldborg LN, Duelund L, Ipsen JH. 2010. Understanding
detergent effects on lipid membranes: a model study of lysolipids. Biophys J 98:2199-
205.

Gipson KS, Nickerson KP, Drenkard E, Llanos-Chea A, Dogiparthi SK, Lanter BB,
Hibbler RM, Yonker LM, Hurley BP, Faherty CS. 2020. The great ESKAPE: exploring
the crossroads of bile and antibiotic resistance in bacterial pathogens. Infect Immun 88.
Camilleri M. 2022. Bile acid detergency: permeability, inflammation, and effects of
sulfation. Am J Physiol Gastrointest Liver Physiol 322:G480-G488.

Forooqi Motlaq V, Ortega-Holmberg M, Edwards K, Gedda L, Lyngso J, Pedersen JS,
Bergstrom LM. 2021. Investigation of the enhanced ability of bile salt surfactants to
solubilize phospholipid bilayers and form mixed micelles. Soft Matter 17:7769-7780.

di Gregorio MC, Travaglini L, Del Giudice A, Cautela J, Pavel NV, Galantini L. 2019.
Bile salts: natural surfactants and precursors of a broad family of complex amphiphiles.
Langmuir 35:6803-6821.

Pigliacelli C, Belton P, Wilde P, Qi S. 2019. Probing the molecular interactions between
pharmaceutical polymeric carriers and bile salts in simulated gastrointestinal fluids using
NMR spectroscopy. J Colloid Interface Sci 551:147-154.

Kaneda S, Ono K, Fukuba T, Nojima T, Yamamoto T, Fujii T. 2012. Modification of the
glass surface property in PDMS-glass hybrid microfluidic devices. Anal Sci 28:39-44.
Lerman MJ, Lembong J, Muramoto S, Gillen G, Fisher JP. 2018. The evolution of
polystyrene as a cell culture material. Tissue Eng Part B Rev 24:359-372.

Kreve S, Reis ACD. 2021. Bacterial adhesion to biomaterials: What regulates this
attachment? A review. Jpn Dent Sci Rev 57:85-96.

Muhammad MH, Idris AL, Fan X, Guo Y, Yu Y, Jin X, Qiu J, Guan X, Huang T. 2020.
Beyond risk: bacterial biofilms and their regulating approaches. Front Microbiol 11:928.
Ciolacu L, Zand E, Negrau C, Jaeger H. 2022. Bacterial attachment and biofilm
formation on antimicrobial sealants and stainless steel surfaces. Foods 11.

Palmer J, Flint S, Brooks J. 2007. Bacterial cell attachment, the beginning of a biofilm. J
Ind Microbiol Biotechnol 34:577-88.

24



616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659

87.
88.
9.
90.

91.

92.
93.
94.

95.
96.

97.

98.

99.
100.

101.

102.

De-la-Pinta I, Cobos M, Ibarretxe J, Montoya E, Eraso E, Guraya T, Quindos G. 2019.
Effect of biomaterials hydrophobicity and roughness on biofilm development. J Mater Sci
Mater Med 30:77.

Krasowska A, Sigler K. 2014. How microorganisms use hydrophobicity and what does
this mean for human needs? Front Cell Infect Microbiol 4:112.

Mirani ZA, Fatima A, Urooj S, Aziz M, Khan MN, Abbas T. 2018. Relationship of cell
surface hydrophobicity with biofilm formation and growth rate: A study on Pseudomonas
aeruginosa, Staphylococcus aureus, and Escherichia coli. Iran J Basic Med Sci 21:760-
769.

Khatoon Z, McTiernan CD, Suuronen EJ, Mah TF, Alarcon EI. 2018. Bacterial biofilm
formation on implantable devices and approaches to its treatment and prevention.
Heliyon 4:¢01067.

Chuang SK, Vrla GD, Frohlich KS, Gitai Z. 2019. Surface association sensitizes
Pseudomonas aeruginosa to quorum sensing. Nat Commun 10:4118.

Ellison CK, Kan J, Dillard RS, Kysela DT, Ducret A, Berne C, Hampton CM, Ke Z,
Wright ER, Biais N, Dalia AB, Brun YV. 2017. Obstruction of pilus retraction stimulates
bacterial surface sensing. Science 358:535-538.

Snyder RA, Ellison CK, Severin GB, Whitfield GB, Waters CM, Brun YV. 2020. Surface
sensing stimulates cellular differentiation in Caulobacter crescentus. Proc Natl Acad Sci
US A 117:17984-17991.

Zheng S, Bawazir M, Dhall A, Kim HE, He L, Heo J, Hwang G. 2021. Implication of
surface properties, bacterial motility, and hydrodynamic conditions on bacterial surface
sensing and their initial adhesion. Front Bioeng Biotechnol 9:643722.

Laventie BJ, Jenal U. 2020. Surface sensing and adaptation in bacteria. Annu Rev
Microbiol 74:735-760.

Hofer U. 2018. Bacterial physiology: Touching base on bacterial surface sensing. Nat
Rev Microbiol 16:3.

Dye KJ, Vogelaar NJ, O'Hara M, Sobrado P, Santos W, Carlier PR, Yang Z. 2022.
Discovery of two inhibitors of the type IV pilus assembly ATPase PilB as potential
antivirulence compounds. Microbiol Spectr 10:¢0387722.

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImagelJ: 25 years of
image analysis. Nat Methods 9:671-5.

Shea TM. 2008. Durable hydrophobic surface coatings using silicone resins. USA.

Niu C, Clemmer KM, Bonomo RA, Rather PN. 2008. Isolation and characterization of an
autoinducer synthase from Acinetobacter baumannii. J Bacteriol 190:3386-92.

Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P, Hickey MJ, Brinkman FS,
Hufnagle WO, Kowalik DJ, Lagrou M, Garber RL, Goltry L, Tolentino E, Westbrock-
Wadman S, Yuan Y, Brody LL, Coulter SN, Folger KR, Kas A, Larbig K, Lim R, Smith
K, Spencer D, Wong GK, Wu Z, Paulsen IT, Reizer J, Saier MH, Hancock RE, Lory S,
Olson MV. 2000. Complete genome sequence of Pseudomonas aeruginosa PAO1, an
opportunistic pathogen. Nature 406:959-64.

Held K, Ramage E, Jacobs M, Gallagher L, Manoil C. 2012. Sequence-verified two-allele
transposon mutant library for Pseudomonas aeruginosa PAO1. J Bacteriol 194:6387-9.

25



660 Table 1. Bacterial strains used in this study.

Strain Description Reference
Acinetobacter | M2 Clinical isolate (100)
nosocomialis

M2 ApilA | pil4 deletion and insertion of kanamycin (23)

resistant cassette (ApilA::kan)

Acinetobacter | Ab0057 Clinical isolate (61)
baumannii

AYE Clinical isolate (62)
Pseudomonas | PAO1 Wildtype (101)
aeruginosa

PW8622 | PAOL pilA-H02::ISphoA/hah (102)
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Figure Legends

Figure 1. Bile salts enable Acinetobacter to twitch. A. Bile salts allow A. nosocomialis M2 to
twitch in LB media. The twitching motility of A. nosocomialis M2 was analyzed with
MacConkey (MC) or Luria-Bertani (LB) media without or with (+BSs) 0.5% bile salts, 1%
lactose (+Lac), or 2% peptone (+Pep) with standard polystyrene Petri dishes as described in
Materials and Methods. Data shown are the averages from three biological experiments each
performed in triplicate. B. Bile salts provoke A. baumannii twitching in LB media. 4. baumannii
strains AB0057 and AYE were analyzed for twitching motility in LB agar without (-) or with (+)
0.5% bile salts on standard polystyrene Petri dishes with A. nosocomialis (M2) as a control. Data
shown are from three biological experiments, represented by different symbols, each performed
in triplicate. Single (*), double (**), and quadruple (****) asterisks indicate two values are

statistically different with P<0.05, P<0.01, and P<0.0001 by the Student’s T-test, respectively.

Figure 2. Bile salts enhance P. aeruginosa twitching motility. A. Bile salts increase P.
aeruginosa twitching. Twitching motility of PAO1 was analyzed without (-) or with (+) 0.5%
bile salts as in Figure 1B with data similarly presented. Quadruple asterisks (****) indicates
values that are statistically different with P<0.0001 by the Student’s T-test. B. Dose effect of bile
salts on PAO1 twitching. PAOI twitching was analyzed with the standard polystyrene Petri dish
protocol as in (A) with varying concentrations (w/v %) of bile salts as indicated. Data presented
in both panels are from three biological experiments each performed in triplicate. Data points

from the same experiment are represented by the same symbols in color and shape.
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Figure 3. Detergents, but not antibiotics, promote P. aeruginosa twitching. A. Effects of
detergents. PAOI1 twitching was analyzed with the standard Petri dish protocol as in Figure 2A
with LB agar without modification (-) or with bile salts (BSs) (5 mg/ml), Triton X-100 (TX100)
(75 pg/ml), Triton X-114 (TX114) (75 pg/ml), or sodium dodecyl sulfate (SDS) (850 pg/ml). B.
Effects of antibiotics. PAO1 twitching was analyzed as in (A) with ampicillin (Amp) (313
ng/ml), ciprofloxacin (Cipro) (31 ng/ml), gentamicin (Gent) (31 ng/ml), or polymyxin B (PB)
(313 ng/ml). Data presented in both panels are from three biological experiments each
performed in triplicate. Data points from the same experiment are represented by the same
symbols in color and shape. Triple (***) and quadruple (***%*) asterisks indicate two values are
statistically different with P<0.001 and P<0.0001 by the Student’s T-test, respectively.

Antibiotics resulted in values that are not significantly (ns) different with P>0.05.

Figure 4. Glass surfaces increase P. aeruginosa twitching motility. A. Glass surfaces
stimulate PAO1 twitching motility and eliminate the stimulatory effect of bile salts. The
twitching motility of PAO1 and its isogenic pil4 mutant were analyzed with polystyrene (PS) or
glass microscope slides in LB without or with 0.5% bile salts (BSs) after 18 hours of incubation
(see Materials and Methods). B. Hydrophobic coating of glass reduces twitching motility.
Experiments were performed as in A, except that the microscope slides were coated without or
with polydimethylsiloxane (PDMS) (see Materials and Methods). Data presented in both panels
are from three biological experiments each performed in triplicate. Double asterisks (**) indicate

two values are statistically different with P<0.01 by the Student’s T-test.

Figure 5. TC-treated plates ameliorate twitching and abolish the effects of bile salts. A. P.

aeruginosa twitching on TC-treated polystyrene. The twitching motility of P. aeruginosa PAO1
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and its isogenic pi/4 mutant strain was analyzed with 6-well polystyrene plates (see Materials
and Methods) either TC-treated or non-treated in LB agar without or with 0.5% bile salts (BSs).
B. A. nosocomialis twitching on TC-treated polystyrene. The twitching motility of A4.
nosocomialis M2 and its isogenic pil4 deletion mutant was analyzed as in A. Data presented in
both panels are from three biological experiments each performed in triplicate. Double (**) and
quadruple (****) asterisks indicate that two values are statistically different with P<0.01 and

P<0.0001 by the Student’s T-test, respectively.
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Figure 1. Bile salts enable Acinetobacter to twitch. A. Bile salts allow 4. nosocomialis
M2 to twitch in LB media. The twitching motility of A. nosocomialis M2 was analyzed
with MacConkey (MC) or Luria-Bertani (LB) media without or with (+BSs) 0.5% bile
salts, 1% lactose (+Lac), or 2% peptone (+Pep) with standard polystyrene Petri dishes as
described in Materials and Methods. Data shown are the averages from three biological
experiments each performed in triplicate. B. Bile salts provoke 4. baumannii twitching in
LB media. A. baumannii strains AB0057 and AYE were analyzed for twitching motility in
LB agar without (-) or with (+) 0.5% bile salts on standard polystyrene Petri dishes with A.
nosocomialis (M2) as a control. Data shown are from three biological experiments,
represented by different symbols, each performed in triplicate. Single (*), double (**), and
quadruple (****) asterisks indicate two values are statistically different with P<0.05,
P<0.01, and P<0.0001 by the Student’s T-test, respectively.
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Figure 2. Bile salts enhance P. aeruginosa twitching motility. A. Bile salts increase P
aeruginosa twitching. Twitching motility of PAO1 was analyzed without (-) or with (+)
0.5% bile salts as in Figure 1B with data similarly presented. Quadruple asterisks (****)
indicates values that are statistically different with P<0.0001 by the Student’s T-test. B.
Dose effect of bile salts on PAO1 twitching. PAO1 twitching was analyzed with the
standard polystyrene Petri dish protocol as in (A) with varying concentrations (w/v %) of
bile salts as indicated. Data presented in both panels are from three biological
experiments each performed in triplicate. Data points from the same experiment are
represented by the same symbols in color and shape.
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Figure 3. Detergents, but not antibiotics, promote P. aeruginosa twitching. A. Effects
of detergents. PAO1 twitching was analyzed with the standard Petri dish protocol as in
Figure 2A with LB agar without modification (-) or with bile salts (BSs) (5 mg/ml), Triton
X-100 (TX100) (75 pg/ml), Triton X-114 (TX114) (75 pg/ml), or sodium dodecyl sulfate
(SDS) (850 pg/ml). B. Effects of antibiotics. PAO1 twitching was analyzed as in (A) with
ampicillin (Amp) (313 ng/ml), ciprofloxacin (Cipro) (31 ng/ml), gentamicin (Gent) (31
ng/ml), or polymyxin B (PB) (313 ng/ml). Data presented in both panels are from three
biological experiments each performed in triplicate. Data points from the same experiment
are represented by the same symbols in color and shape. Triple (***) and quadruple (****)
asterisks indicate two values are statistically different with P<0.001 and P<0.0001 by the
Student’s T-test, respectively. Antibiotics resulted in values that are not significantly (ns)
different with P>0.05.
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Figure 4. Glass surfaces increase P. aeruginosa twitching motility. A. Glass surfaces
stimulate PAO1 twitching motility and eliminate the stimulatory effect of bile salts. The
twitching motility of PAO1 and its isogenic pil4 mutant were analyzed with polystyrene
(PS) or glass microscope slides in LB without or with 0.5% bile salts (BSs) after 18 hours
of incubation (see Materials and Methods). B. Hydrophobic coating of glass reduces
twitching motility. Experiments were performed as in A, except that the microscope slides
were coated without or with polydimethylsiloxane (PDMS) (see Materials and Methods).
Data presented in both panels are from three biological experiments each performed in
triplicate. Double asterisks (**) indicate two values are statistically different with P<0.01
by the Student’s T-test.
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Figure 5. TC-treated plates ameliorate twitching and abolish the effects of bile salts.
A. P. aeruginosa twitching on TC-treated polystyrene. The twitching motility of P
aeruginosa PAO1 and its isogenic pil4 mutant strain was analyzed with 6-well
polystyrene plates (see Materials and Methods) either TC-treated or non-treated in LB
agar without or with 0.5% bile salts (BSs). B. A. nosocomialis twitching on TC-treated
polystyrene. The twitching motility of A. nosocomialis M2 and its isogenic pil4 deletion
mutant was analyzed as in A. Data presented in both panels are from three biological
experiments each performed in triplicate. Double (**) and quadruple (***%*) asterisks
indicate that two values are statistically different with P<0.01 and P<0.0001 by the
Student’s T-test, respectively.



Supplemental Materials:

Table S1. Ingredients of LB and MacConkey agar media for twitching.

MacConkey (MC) agar*

Luria-Bertani (LB) agar*

1.2% Agar 1.2% Agar
0.5% Sodium Chloride 0.5% Sodium Chloride
0.075% Neutral Red 0.5% Yeast Extract
2% Peptone# 1% Tryptone

1% Lactose#

0.5% Bile Salts#

*Ingredient concentrations are in % (W/v).
# Ingredients highlighted in blue signify key differences in media

composition.




Table S2. Properties of detergents.

Detergent | MaxNIC (ug/mL)* | CMC (mM)** Type**

SDS 750 7-10 Anionic
Triton-X100 75 0.23 Non-ionic
Triton-X114 75 0.2 Non-ionic

* The maximum non-inhibitory concentration (MaxNIC) of each detergent
against P. aeruginosa PAO1 was determined experimentally in liquid growth
media in the presence of detergent at different concentrations (data not shown).

*#* CMC (critical micelle concentration) and types of detergent were from the
reference data from Sigma-Aldrich (Bhairi et al., 2017).




Table S3. Antimicrobial susceptibility testing of P. aeruginosa strain PAO1.

Antibiotic MaxNIC (ng/ml)* Target
Ampicillin 313 Cell wall synthesis
Ciprofloxacin 31 DNA gyrase
Gentamicin 31 30S ribosomal rRNA
Polymyxin B 313 Outer membrane

* The maximum non-inhibitory concentration (MaxNIC) of each antibiotic against
P. aeruginosa PAO1 was determined experimentally by liquid growth media in
the presence of antibiotic at different concentrations (data not shown).
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Figure S1. Twitching motility of Pseudomonas aeruginosa PA14 in the presence
of bile salts. Twitching motility was analyzed and presented as in Figure 1B. Data
presented is from two biological experiments each performed in triplicate. An
asterisk (*) specifies that the twitching area values with bile salts for the indicated
strains are statistically different (P<0.05) from those without bile salts.
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Figure S2. Glass surfaces enhance the twitching motility of
Pseudomonas aeruginosa. Twitching motility of P. aeruginosa PAO1
were analyzed on polystyrene or borosilicate glass Petri dishes in Luria-
Bertani (LB) agar, as in Figure 1B. Data presented is from two biological
experiments each performed in quadruplicate.
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Bhairi, S.M., Mohan, C., Ibryamova, S., LaFavor, T. 4 guide to the properties and uses of
detergents in biological systems. 2017; Available from:

https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/marketing/global/docu

ments/186/820/detergents-guide-ms.pdf.



https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/marketing/global/documents/186/820/detergents-guide-ms.pdf
https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/marketing/global/documents/186/820/detergents-guide-ms.pdf

