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Escherichia coli Resistance to Nonbiocidal Antibiofilm Polysaccharides
Is Rare and Mediated by Multiple Mutations Leading to Surface
Physicochemical Modifications
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Antivirulence strategies targeting bacterial behavior, such as adhesion and biofilm formation, are expected to exert low selective
pressure and have been proposed as alternatives to biocidal antibiotic treatments to avoid the rapid occurrence of bacterial resis-
tance. Here, we tested this hypothesis using group 2 capsule polysaccharide (G2cps), a polysaccharidic molecule previously
shown to impair bacterium-surface interactions, and we investigated the nature of bacterial resistance to a nonbiocidal antibio-
film strategy. We screened an Escherichia coli mutant library for an increased ability to form biofilm in the presence of G2cps,
and we identified several mutants displaying partial but not total resistance to this antibiofilm polysaccharide. Our genetic anal-
ysis showed that partial resistance to G2cps results from multiple unrelated mutations leading to modifications in surface physi-
cochemical properties that counteract the changes in ionic charge and Lewis base properties induced by G2cps. Moreover, some
of the identified mutants harboring improved biofilm formation in the presence of G2cps were also partially resistant to other
antibiofilm molecules. This study therefore shows that alterations of bacterial surface properties mediate only partial resistance
to G2cps. It also experimentally validates the potential value of nonbiocidal antibiofilm strategies, since full resistance to antib-

iofilm compounds is rare and potentially unlikely to arise in clinical settings.

Rapid emergence of resistance to antibiotics acquired through
mutations or horizontal gene transfer constitutes an increas-
ingly common cause of therapeutic failure when treating bacterial
infections (1, 2). Antibiotic resistance may also result from acqui-
sition of the high antibiotic tolerance displayed by bacterial bio-
film communities growing on the surface of contaminated medi-
cal implants (3, 4). While elimination of already formed biofilms
remains challenging, a number of preventive strategies using a
bactericidal or bacteriostatic coating with antibiotic or antimicro-
bial peptides, as well as nonspecific antiseptics, such as silver, zinc,
or cupric oxides, have been reported to limit bacterial coloniza-
tion on catheter surfaces (5, 6). These approaches, however, are
also associated with problematic selection of multiresistant bacte-
rial pathogens (7).

Several alternative nonbiocidal strategies that specifically tar-
get molecular events leading to biofilm formation and the onset of
virulence factors have been proposed (8, 9). These approaches
include antagonistic interference with bacterial communication
signaling (10), inhibition of cyclic di-GMP-dependent biofilm
switch (11), inhibition of signal transduction systems inducing
biofilm formation (12), and prevention of adhesin assembly, hin-
dering microbial attachment (13). Another promising approach
uses inhibition of bacterial initial adhesion by surface-active com-
pounds impairing bacterial attachment to surfaces (14). Along-
side synthetic molecules that affect wettability and related surfac-
tant properties, surfactants are also naturally produced by a wide
variety of microorganisms (15). These molecules are active under
physiological conditions; they are biodegradable and contribute
to population dynamics by reducing the adhesion of competing
microbes (16-18). Since biosurfactants target behavior rather
than bacterial fitness, they are expected to exert milder evolution-
ary selective pressure and therefore are less likely to contribute to
the selection of resistant mutants (8). Hence, biosurfactants rep-
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resent an attractive antibiofilm strategy; however, the validity of
these assumptions remains untested.

In the present study, we sought to determine whether mutants
resistant to antiadhesion polysaccharide could arise by screening a
transposon library of biofilm-forming Escherichia coli mutants
and looking for those mutants able to adhere to and form biofilm,
despite the presence of group 2 capsule polysaccharide (G2cps).
G2cps is a hydrophilic and negatively charged polysaccharide
polymer produced by most extraintestinal E. coli strains and pre-
viously shown to impair surface adhesion of both Gram-negative
and Gram-positive bacteria by a still unknown mechanism (19).
While we did not identify any mutant displaying full resistance to
G2cps, partial resistance to G2cps arose from multiple unrelated
mutations that led to modifications in physicochemical surface
charge properties, counteracting the antibiofilm effect of G2cps
and other antibiofilm compounds. This study thus provides in-
sight into potential mechanisms of resistance to antibiofilm mol-
ecules and supports the hypothesis that prophylactic use of non-
biocidal antiadhesion compounds could represent a valuable
approach to preventing pathogen surface colonization in clinical
settings.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study are listed in Table S1 in the supplemental
material. All experiments were performed in 0.4% glucose M63B1 mini-
mal medium (M63B1-glu) at 37°C. All liquid cultures were agitated. An-
tibiotics were added when required at the following concentrations:
chloramphenicol (Cm) at 25 pg/ml and kanamycin (Km) at 50 pg/ml.
Anhydrotetracycline (aTc) was used as an inducer for the KmREXTET
cassette (described in reference 20) at a concentration of 50 ng/ml (20).

G2cps extract and antibiofilm supernatant preparations. Overnight
cultures of E. coli CFT073 AmchB unable to produce biocidal microcin
that could interfere with the G2cps effect, along with the iai44, Ec094,
iai73, and H19 E. coli natural isolates grown in M63B1-glu, were centri-
fuged for 10 min at 8,000 rpm and 4°C and filtered through a 0.45-pm-
pore-size filter. Supernatant containing G2cps was further concentrated
by precipitation with 3 volumes of cold 100% ethanol and dialyzed against
deionized water (10-kDa cassettes; Pierce, Rockford, IL). The purity of the
G2cps-containing extract was verified by purification by anion-exchange
chromatography, followed by sizing chromatography and gas-phase
chromatography to analyze the extract composition, as described in ref-
erence 19. The total amounts of neutral sugars were quantified by phenol-
sulfuric acid methods using glucose as a standard (21).

Biofilm inhibition assay and biofilm quantification. Overnight cul-
tures were adjusted to an optical density at 600 nm (ODy,) of 0.05 in 100
wlin 96-well polyvinyl chloride (PVC) microtiter plates (Falcon; Becton,
Dickinson Labware, Oxnard, CA) in the presence or absence of 30 pg/ml
G2cps extract and the supernatant of iai44, Ec094, iai73, or H19 diluted
1:1 in M63B1-glu, 12 pug/ml of surfactin (Sigma-Aldrich), or 0.00013%
Tween 80 (Sigma-Aldrich). Biofilms were left to grow for 16 h at 37°C,
revealed, and quantified as previously described (19).

Polymyxin B MIC determination and biofilm susceptibility assay.
The MIC value of polymyxin B (Sigma-Aldrich) was determined by dilu-
tion in M63B1-glu, as previously described (22). The MIC of polymyxin B
for wild-type (WT) strain TG1-c was determined to be 2 ng/ml. Biofilms
were formed for 24 h as described above. Unattached and planktonic
bacteria were first removed from biofilms preformed for 24 h, and wells
were then filled with 100 pl of M63B1 containing 4, 8, or 15 ng/ml of
polymyxin B. After 24 h of incubation at 37°C, the polymyxin B suscepti-
bility of the treated biofilm population versus that of a nontreated biofilm
was determined by CFU counts.

Genetic analysis of mutants partially resistant to G2cps. It has re-
cently been reported that transfer of the mariner transposon (Tn) carried
by Tn-psc189Km and the Mu prophage present in E. coli S17-1 \pir re-
sults in double mutagenesis of the recipient strain (23). Thus, mutants
partially resistant to the G2cps extract were transduced to the wild type in
order to verify that their resistance was due to the Tn insertion only (the
transduction mutants are listed in Table S1 in the supplemental material).
The presence of the Mu phophage was then verified by PCR using primers
Mu-5 and Mu-3 (the sequences are listed in Table S2 in the supplemental
material).

Determination of Tn and Mu insertion sites involved a first round of
PCR using a primer specific for the right end of the Tn (pscIR2Km) or
either the right or left end of Mu (MuR200-5 or MuL200-3, respectively)
and an arbitrary primer (ARBN1 or ARBN6). A second PCR was then
performed on the product from the first PCR using a primer specific to the
rightmost end of the Tn (pscIR2Kmbis) or the right or left end of Mu
(MuR100-5 or MuL100-3, respectively) and a primer identical to the 5’
end of the arbitrary primer (ARBbis) (see Table S2 in the supplemental
material) (24). Homology searches were performed using the Colibri
server (http://genolist.pasteur.fr/colibri/), and data on the prediction of
gene function and protein location were collected from the EcoCyc data-
base (http://ecocyc.org).

Deletion mutants were generated either by transduction from mutants
belonging to the Keio Collection (25) or by the bacteriophage A red linear
DNA gene inactivation method using the three-step PCR procedure
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(26, 27; see http://www.pasteur.fr/recherche/unites/Ggb/3SPCRprotocol
.html). Overexpression mutants were realized by addition of the
aTc-inducible cassette KmRExTet upstream from the selected gene using
the three-step PCR procedure (20). All mutants realized in this study are
listed in Table S1 in the supplemental material, and primers used to either
delete or overexpress genes presented in this study are listed in Table S2 in
the supplemental material. When necessary, the resistance conferred by
the Km cassette either by the use of Tn-psc189Km or after replacement of
a gene deleted by the KmFRT cassette was removed after transformation
of the pCP20 plasmid and excision of the cassette after FLP recombination
target (FRT) recombination sequences (28). All constructs were checked
by PCR with specific primers (see Table S2 in the supplemental material).

Electrophoretic mobility measurement. The OD,,, of bacteria
grown overnight in M63B1-glu was adjusted to about 0.03 in water, al-
lowing conductivity of 0.20 to 0.23 mS/cm. Electrophoretic mobility was
measured at ~20°C and pH 7 with an automated laser zetameter (Zeta-
phoremetre II; CAD Instrumentations, Paris, France). The results were
based on an automated video analysis of about 200 bacteria per measure
under an electric field of 50 V.

MATS method. The microbial adhesion to solvents (MATS) method
is based on comparison of microbial cell affinity to a polar solvent and
microbial cell affinity to a nonpolar solvent (29). The polar solvent can be
an electron acceptor or an electron donor, but both solvents must have
similar van der Waals surface tension components. The following pairs of
solvents were used: the first pair was chloroform, an electron acceptor
solvent, and hexadecane, a nonpolar solvent, and the second pair was
ethyl acetate, a strong electron donor solvent, and decane, a nonpolar
solvent. Because of the surface tension properties of these solvents, differ-
ences between results obtained with chloroform and hexadecane and re-
sults obtained with ethyl acetate and decane indicated that there were
electron donor-electron acceptor interactions at the bacterial cell surface
and revealed hydrophobic and hydrophilic properties. The initial ODg,
(ODi) of bacteria grown overnight in M63B1-glu was adjusted t0 0.91in 1.5
ml. The microbial suspension was vortexed for 2 min with 0.25 ml of a
solvent. This high concentration of electrolyte was used to avoid charge
interference by a masking cell charge, because some solvent droplets, es-
pecially hexadecane, become negatively charged in aqueous suspensions.
The mixture was allowed to stand for 15 min to ensure that the two phases
were completely separated before a sample (1 ml) was carefully removed
from the aqueous phase and the final OD,, (ODf) was determined. Mi-
crobial adhesion to each solvent was calculated as [(ODi — ODf)/ODi] X
100 and is presented as a percentage.

Statistical analysis. Each experiment was performed at least three
times. For each experiment, means were calculated from three samples.
The mean from at least three individual experiments was graphically rep-
resented, as was the standard deviation. Student’s ¢ tests were performed
for all experiments. The level of significance is shown in each figure.

RESULTS

Screening for E. coli mutants able to form biofilm in the pres-
ence of antiadhesion G2cps. To study the potential occurrence of
resistance to bacterial surface-active compounds, we chose to
identify bacterial mutants able to form biofilm, in spite of the pres-
ence of antiadhesion group 2 capsular polysaccharide (G2cps), a
previously described broad-spectrum antibiofilm molecule pro-
duced by most uropathogenic and E. coli strains from the B2 phy-
logenetic group (Fig. 1A) (19). We screened a library of 11,000 Tn
insertion mutants in E. coli K-12 TG1-c (30), a Cm-resistant bio-
film-forming E. coli K-12 strain expressing the F conjugative pilus
(31). Using a G2cps concentration (30 wg/ml) leading to a 75%
reduction in TG1-c biofilm formation in microtiter plates (Fig.
1AB), we did not obtain any mutant with full resistance to G2cps.
We nevertheless selected 26 mutants, named A to Z, that were
partially resistant to G2cps and that formed significantly more
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FIG 1 Antibiofilm effect of G2cps and selection of mutants partially resis-
tant to G2cps. (A) Crystal violet staining of biofilm formed by WT strain
TG1-c in a PVC microtiter plate in the presence of increasing concentra-
tions of G2cps extract. (B) Quantification of biofilm formed as shown in
panel A by the WT in a PVC microtiter plate with increasing concentrations
of G2cps. For the rest of the study, we chose to use 30 wg/ml G2cps, which
cause a biofilm reduction of about 75%. (C) Quantification of the biofilm
formed by the WT and the 26 mutants resistant to G2cps in the presence of
30 pg/ml G2cps. Biofilm quantities were standardized with the quantity of
the biofilm formed by WT without G2cps (value, 100; white bar). ***, P <
0.005. P values were determined with respect to the biofilm formed by the
WT with G2cps (black bar). The seven mutants chosen for use in the rest of
the study are in bold.
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biofilm than WT strain TG1-c in the presence of G2cps (Fig. 1C).
However, use of increasing concentrations of purified G2cps still
totally impaired their adhesion (data not shown). Among these 26
mutants, 9 of them (C, D, E, K, L, M, P, R, and Z mutants) pro-
duced 15 to 30% more biomass than WT strain TG1-c in the
presence of G2cps (Fig. 1C). To exclude the possibility that the
increased resistance to G2cps observed was due to improved ad-
hesion of the mutants, we compared the biofilm-forming capaci-
ties of the WT and its 26 corresponding partially resistant mutants
in the absence of extracted G2cps. Biofilm quantification showed
that 17 out of the 26 identified mutants formed 10 to 45% more
biofilm than the WT, whereas 9 mutants displayed biomass in
amounts equivalent to the amount for the WT or reduced com-
pared to the amount for the WT (see Fig. S1A in the supplemental
material). To take this heterogeneity into account, we determined,
for each mutant, the ratio between the biomass formed with and
without G2cps and we identified 16 mutants (0.145% of the
11,000 transposon insertion mutants) displaying significantly
higher partial resistance to the antibiofilm activity of G2cps than
the WT (see Fig. S1B in the supplemental material). Among these
16 remaining mutants, we chose to focus our study on the seven
mutants (C, D, E, L, M, P, and Z) which displayed neither a plank-
tonic nor a biofilm growth defect compared to the growth of WT
strain TG1-c (data not shown; see Fig. S1A in the supplemental
material) while displaying resistance to G2cps (Fig. 1C).

Partial resistance to the antibiofilm activity of G2cps results
from multiple mutations. To study the genetic basis of partial
resistance to the antibiofilm activity of G2cps, we first determined
the localization of transposon insertions in the chromosomes of
the C, D, E, L, M, P, and Z mutants, and we observed that they
were inserted in seven different loci (Table 1).

To verify that the transposon insertions were directly linked to
the phenotypes observed in the original mutants, we transduced
each transposon-interrupted gene in a fresh WT strain TG1-c
background and tested its resistance to G2cps. With the exception
of mutants D (transposon in ptsH; Fig. 2A) and L (transposon in
pfIB; Fig. 2B), neither full nor partial restoration of the phenotype
displayed by the original transposon mutants could be obtained
upon transduction of the Tn-psc189km transposon, suggesting
that most mutants carry additional mutations. We hypothesized
that these mutations might be due to delivery of the Mu bacterio-
phage present in helper strain E. coli S17-1 Apir used to perform
our transposon mutagenesis, leading to additional markerless
mutagenesis events in all recipient strains (23). Indeed, we estab-
lished that all seven mutants partially resistant to G2cps (mutants
C,D, E, L, M, P, and Z) contained a Mu prophage, the insertion
points of which were also mapped (Table 1).

We then constructed mutants with individual and combined
deletions of all genes interrupted by the Tn-psc189km transposon
and the Mu prophage against a fresh E. coli WT strain TG1-c
background, and we analyzed the G2cps resistance of these new
mutants (Table 1). We observed that, in mutants D and L, addi-
tional deletion of genes inactivated by the Mu prophage insertion
(ydcF and ygg], respectively) did not improve the already restored
phenotype of partial resistance to G2cps (Fig. 2A and B, respec-
tively). In contrast, although the mutant C phenotype was not
restored upon individual deletion of the yjhB region or tar, com-
bining these two mutations significantly restored the initial phe-
notype of mutant C (Fig. 2C). Similarly, the phenotype of mutant
Z was partially restored only upon deletion of both the dinG and
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TABLE 1 Genetic analysis of mutants partially resistant to G2cps”

Bacterial Resistance to Antibiofilm Polysaccharide

Cellular
Mutant Insert Genome insertion” Relevant information location
C Tn 4499672, 1,954 bp before yjhB EcoGene accession no. EG12544 (1,218 bp), uncharacterized member of the major M
facilitator superfamily of transporters (49)
Tn 4499672, 515 bp after yjgZ EcoGene accession no. G7899 (330 bp), KpLE2 phage-like element; predicted protein ND
Mu 1969684, 1,031 bp within tar EcoGene accession no. EG10988 (1,662 bp), chemoreceptor that senses aspartate and M
exists as a functional homodimer (50)
D Tn 2531759, 25 bp before ptsH EcoGene accession no. EG10788 (258 bp), phosphohistidinoprotein-hexose C
phosphotransferase, the second of two sugar-nonspecific protein constituents of
the phosphotransferase system (51)
Mu 1485199, 60 bp before ydcF EcoGene accession no. EG12110 (801 bp), potential S-adenosylmethionine- ND
dependent enzyme which may play a role in anaerobic respiration (52)
E Tn 839158, 1,596 bp within ybiL EcoGene accession no. G6414 (2,283 bp), putative outer membrane receptor for iron OM
transport (53)
Mu 1984638, 487 bp before araF EcoGene accession no. EG10057 (990 bp), member of the arabinose ABC P
transporter (54)
Mu 1984638, 310 bp before yecl EcoGene accession no. G7033 (504 bp), predicted ferritin-like protein C
L Tn 951258, 1,519 bp within pfIB EcoGene accession no. EG10701 (2,283 bp), pyruvate formate-lyase (inactive) (55) C/M
Mu 3089457, 304 bp within ygg/ EcoGene accession no. EG12366 (732 bp), methyltransferase responsible for C
methylation of 16S rRNA at the N-3 position of the U1498 nucleotide (56)
M Tn 4321916, 14 bp within phnD EcoGene accession no. EG10714 (1,017 bp), periplasmic binding component of the P/OM
alkylphosphonate ABC transporter (cryptic in E. coli K-12) (57)
Mu 2076442, 313 bp after yeeW EcoGene accession no. G7086 (168 bp), CP4-44 prophage, predicted protein ND
Mu 2076442, 157 bp after yoeF EcoGene accession no. G0-10456 (357 bp), conserved protein ND
P Tn 4321916, 14 bp within phnD See mutant M P/OM
Mu 2159484, 3,076 bp within yegO EcoGene accession no. G7115 (3,078 bp), member of the MdtABC-TolC multidrug oM
efflux transport system (58)
Z Tn 832367, 74 bp within dinG EcoGene accession no. EG11357 (2,151 bp), ATP-dependent DNA helicase (59) C
Mu 1068913, 149 bp within ycdG EcoGene accession no. G6517 (1,329 bp), uncharacterized member of the NCS2 M

family of nucleobase transporters (60)

@ Tn, transposon; C, cytoplasmic; M, membrane associated; OM, outer membrane; P, periplasm; ND, not determined. Accession numbers, lengths of potential mutated genes, the
function and cellular location of the encoded proteins, and references were obtained from the EcoCyc server (http://www.ecocyc.org/).

® Numbers correspond to nucleotide positions obtained from the EcoCyc server.

ycdG genes (Fig. 2D). Finally, in the case of mutant E (Tn in ybilL),
the Mu prophage was inserted between the divergent genes araF
and yecl and was therefore able to either impair or increase expres-
sion of these genes due to internal promoter activities. Mutants
with deletions in ybiL, araF, and/or yecl consistently remained
sensitive to G2cps, but overexpression of either the araF or the yecl
gene fully restored G2cps partial resistance (see Fig. S2A in the
supplemental material). In contrast, none of these approaches led
to significant improvement in resistance to G2cps in mutants M
and P (see Fig. S2B and C in the supplemental material).

These results therefore indicate that partial resistance to the
G2cps antiadhesion polysaccharide could result from highly di-
verse mutation events involving at least nine distinct genes or loci
(yjhB, yjgZ, tar, ptsH, pfIB, dinG, ycdG, araF, and yecl).

Mutants partially resistant to G2cps display modified surface
properties. As G2cps impairs bacterial adhesion by interacting
with the bacterial surface (19), we hypothesized that partially re-
sistant mutants could share common surface properties antago-
nizing G2cps antiadhesion activity. We first compared the surface
charges by measuring the motility in an electric field of WT strain
E. coliTG1-cand mutants C, D, E, L, M, P, and Z partially resistant
to G2cps. We observed that all tested strains displayed reduced
electrophoretic motility compared to the WT strain, indicative of
a reduced negative net charge of their cell wall at neutral pH (Fig.
3A) (32).

We then analyzed the affinity of mutants partially resistant to
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G2cps to different solvents, using the microbial adhesion to sol-
vents (MATS) assay. This method enables determination of hy-
drophobic properties when bacteria display an affinity for hexa-
decane or decane (nonpolar solvents). MATS analysis is also
indicative of Lewis acid properties, determined by comparing the
bacterial interaction with decane and with ethyl acetate (electron
pair donor solvent), and Lewis base properties, determined by
comparing bacterial interaction with hexadecane and with chlo-
roform (electron pair acceptor solvent) (29). WT strain TGI-c
and the seven identified partially resistant mutants displayed a
marginal affinity for hexadecane and decane (Fig. 3B and C),
showing that the WT and the mutants are highly hydrophilic and
that the differences in bacterial affinity between the two pairs of
solvents, chloroform versus hexadecane (Fig. 3B) and ethyl acetate
versus decane (Fig. 3C), were due to Lewis acid-base interactions.
We found that 68% of the WT bacteria were associated with chlo-
roform (Fig. 3B) and 23% were associated with ethyl acetate (Fig.
3C), thereby showing strong Lewis base and weak Lewis acid prop-
erties, respectively. The C, D, E, L, M, P, and Z mutants showed
equivalent affinities to ethyl acetate, indicative of Lewis acid prop-
erties equivalent to those of the WT (Fig. 3C). However, all mu-
tants displayed between a 10% and a 20% increased affinity for
chloroform compared to that of the WT (Fig. 3B).

Our results demonstrate that most mutants partially resistant
to G2cps displayed increased surface Lewis base properties result-
ing from an increased electron donor nature. This suggests that
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surface modifications mediate bacterial resistance to G2cps and
potentially to other surface-active compounds.

G2cps mainly targets the Lewis base properties of the bacte-
rial surface. To determine whether the observed modifications in
bacterial surface properties displayed by the C, D, E, L, M, P, and
Z mutants were implicated in partial resistance to G2cps, MATS
assays were performed in the presence of G2cps to compare the
changes in surface properties induced by G2cps. We first observed
that addition of G2cps reduced by 2 to 3% the affinity of WT strain
TG1-c to hexadecane, ethyl acetate, and decane (Fig. 4A), indicat-
ing that G2cps only slightly reduces hydrophobic properties and
does not modify Lewis acid properties. We also observed that
G2cps reduced the WT affinity to chloroform by 35%, thus indi-
cating that contact with G2cps strongly reduces bacterial Lewis
base properties (Fig. 4A). We observed that G2cps induced equiv-
alent modifications in mutant surface properties (Fig. 4B and C)
but that in the presence of G2cps, the C, D, E, L, M, P, and Z
mutants continued to display a 7% to 18% increased affinity to
chloroform and therefore increased Lewis base properties com-
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pared to WT adhesion (Fig. 4B). Finally, the C, D, E, L, M, P, and
Z mutants displayed WT affinity to ethyl acetate in the presence or
absence of G2cps (Fig. 4C), confirming that the partial resistance
to G2cps was unrelated to the Lewis acid properties of the bacterial
surface. These results demonstrate that G2cps strongly reduces
bacterial Lewis base properties and that mutants partially resistant
to G2cps exposed to G2cps displayed higher Lewis base properties
than the G2cps-susceptible WT.

Increased resistance to G2cps does not lead to multiresis-
tance to the antimicrobial polymyxin B or antibiofilm mole-
cules. To test whether surface modifications of mutants partially
resistant to G2cps could modify the efficiency of antimicrobial
compounds targeting the bacterial membrane, we tested the sus-
ceptibility of the G2cps-resistant mutants to the cationic antimi-
crobial polymyxin B. We first determined that 2 ng/ml of poly-
myxin B was sufficient to inhibit WT strain TG1-c growth in
liquid culture and observed that the seven identified mutants were
as susceptible as the WT under planktonic conditions (data not
shown). We then determined that the WT biofilm displayed in-
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to G2cps. (A) Measurement of electrophoretic motility displayed by WT strain
TG1-c and the seven mutants partially resistant to G2cps. ***, P =< 0.005. P
values were determined by comparison to the WT electrophoretic motility
(black bar). (B) Percent microbial adhesion to chloroform and hexadecane. A
difference in bacterial affinity between these two solvents is indicative of the
bacterial Lewis base properties. P values were determined with respect to the
WT microbial adhesion percentage to chloroform (black). (C) Percent micro-
bial adhesion to ethyl acetate and decane. A difference in bacterial affinity
between these two solvents is indicative of the bacterial Lewis acid properties.
*, P = 0.05 ***, P < 0.005. P values were determined with respect to the
percentage of WT microbial adhesion to ethyl acetate (black).

creased polymyxin B MICs (8 to 15 ng/ml; Fig. 5A). Whereas
biofilms formed by mutants C, M, and Z displayed WT suscepti-
bility to polymyxin B, mutant E and L biofilms were more suscep-
tible than the WT. Inversely, mutant D and P biofilms were less
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ethyl acetate and decane in the presence of the G2cps antibiofilm polysaccha-
ride.

Microbial adhesion (%)

susceptible to polymyxin B (Fig. 5A). These results indicated that
surface physicochemical property modifications associated with
increased resistance to G2cps do not lead to general resistance to
the cationic antimicrobial peptide polymyxin B.

We then asked whether G2cps resistance could also lead to
increased resistance in the presence of G2cps-unrelated antiadhe-
sion compounds. We used previously described antibiofilm mol-
ecules, including surfactin, Tween 80, and four uncharacterized
antibiofilm polysaccharides produced by four natural E. coli iso-
lates (iaid4, Ec094, iai73, and H19) (33-35) (see Table SI in the
supplemental material). We first confirmed that these compounds
did not affect the growth rate of WT strain TG1-c (data not
shown), while its biofilm-forming ability was strongly reduced
when grown in the presence of the iai44, Ec094, iai73, or H19
supernatant, surfactin, or Tween 80 (Fig. 5B). We then analyzed
the ability of mutants C, D, E, L, M, P, and Z partially resistant to
G2cps to form biofilms in the presence of the chosen antibiofilm
compounds. We observed that the L mutant (impaired in the pfIB
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FIG 5 Resistance to the antimicrobial polymyxin B and other antibiofilm molecules. (A) Assay of polymyxin B susceptibility of WT strain TG1-c and mutant
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supernatants of strains Ec094 (C), iai44 (D), 1ai73 (E),and H19 (F) and in the presence of surfactin (G) and Tween 80 (H). *, P < 0.05; **, P < 0.01; ***, P < 0.005.

P values were determined with respect to the WT biofilm ratio (black bars).

and yggJ genes) was also partially resistant to Ec094, iai44, iai73,
and H19 supernatants (Fig. 5C to F). Mutants C, D, and E were
more resistant to surfactin than the WT (Fig. 5G), while mutant Z
was more resistant to Tween 80 (Fig. 5H). In contrast, we observed
anincreased efficiency of the iai73 antibiofilm supernatant toward
the D mutant (Fig. 5E) and of the H19 antibiofilm supernatant
toward the D, E, and M mutants (Fig. 5F).

These results indicate that five of the seven mutants partially
resistant to G2cps identified in this study also displayed partial
resistance to some of the tested antibiofilm compounds. However,
all mutants displayed a specific resistance spectrum, indicating
that increased resistance to G2cps does not lead to general in-
creased resistance to nonbiocidal surface-active antibiofilm mol-
ecules.

DISCUSSION

Use of biosurfactants to prevent biofilm formation constitutes a
promising approach to reducing bacterial surface contamination
without applying high selection pressure potentially leading to
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elusive resistance selection (8, 16-18). Here, we tested this hy-
pothesis by screening for E. coli mutants able to form a biofilm in
the presence of the G2cps antibiofilm molecule. While we first
considered the use of direct identification of mutants able to form
a biofilm under dynamic flow conditions (31) in the presence of
the G2cps antiadhesion polysaccharide, this strategy gave too
many false positives to be practical. We instead used a direct strat-
egy based on the individual screening of the residual adhesion
ability of a large number of biofilm-forming E. coli TG1-c trans-
poson mutants. Although we did not identify fully resistant mu-
tants, we characterized several partially resistant mutants forming
10% to 45% more biofilm than WT TGl-c in the presence of
G2cps.

Nonbiocidal antimicrobial strategies targeting the onset of vir-
ulence factors have recently been proposed, including inhibition
of quorum sensing, cyclic di-GMP-dependent biofilm regulation,
or adhesin-based adhesion (9, 36). These approaches are based on
inhibition of bacterial traits with relatively simple genetic deter-
minants that can be rapidly inactivated in resistant mutants. For
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instance, single mutational events in the mexR or nalC gene, both
of which are involved in efflux pump regulation, were shown to be
sufficient to lead to Pseudomonas aeruginosa resistance to the anti-
quorum-sensing molecule furanone C-30 (37, 38). Here we
showed that the partial resistance in five out of seven mutants
identified to be partially resistant to G2cps corresponded to mul-
tiple unrelated mutations, thereby indicating that resistance to the
G2cps antibiofilm polysaccharide is achieved through potentially
rare pleiotropic mutational events. Resistance to G2cps could not
be linked to a reduced growth rate or biofilm formation ability of
the identified mutants. Moreover, although some of the mutants
partially resistant to G2cps also exhibited partial resistance to
other tested antibiofilm compounds, G2cps resistance did not fa-
vor resistance to other antibiofilm molecules.

The genetic characterization of mutants showed that the tar,
yjhB, yjgZ, ptsH, araF, yecl, pflB, dinG, and ycdG genes were im-
plicated in partial resistance to G2cps. In light of the surface-active
nature of G2¢ps, which impairs bacterium-surface interactions via
alteration of surface biophysical properties, we hypothesized that
partial resistance to this antibiofilm molecule could depend on
modified properties of the identified mutants. Indeed, some of
the identified mutations in genes encoding membrane proteins
(YjhB, Tar, PfIB, and YcdG) or a membrane-associated protein
(AraF) could alter susceptibility to G2cps through modifications
in bacterial surface properties. Using MATS assays, we showed
that the reduction in bacterial surface Lewis base properties in-
duced upon exposure to G2cps was not as strong in the mutants as
in the WT strain. Indeed, all seven identified mutants still dis-
played increased Lewis base properties in the presence of G2cps,
indicating that partial resistance to G2cps correlates with in-
creased Lewis base properties in the identified mutants. Cell wall
composition and properties such as surface net charge play im-
portant roles in resistance to biocidal molecules (39—-41). For in-
stance, alteration of the bacterial lipopolysaccharide (LPS) nega-
tive charge upon LPS mutations or addition of glycine residues
mediates resistance to antimicrobial peptides and polymyxin B,
respectively (19, 20). However, modifications of the bacterial sur-
face properties of the identified mutants resistant to G2cps do not
lead to a general modification of the biofilm susceptibility to the
antimicrobial peptide polymyxin B.

Moreover, in contrast to resistance to most biocides, we did
not identify single mutations conferring significant resistance
against G2cps. This therefore suggests that resistance to G2cps is a
pleiotropic mechanism and supports the hypothesis that resis-
tance to this antiadhesion molecule does not occur rapidly in most
contexts.

Some models predict that drug resistance often arises from the
preexistence of resistant mutants at low frequencies in targeted
populations prior to treatment (42, 43). Given the observed
pleiotropy of mutants partially resistant to G2cps, resistance to
this type of antiadhesion molecule is not likely to rapidly emerge
in natural bacterial populations. Consistently, coculture of Staph-
ylococcus aureus for 1 year with Staphylococcus epidermidis-secret-
ing antibiofilm serine protease Esp did not impact the sensitivity
of S. aureus to this compound, indicating a striking absence of
resistance to this nonbiocidal antibiofilm molecule (44). We
therefore propose that physicochemical modifications induced by
surface-active compounds such as G2cps target complex cooper-
ative behavior with multifactorial determinants and that strains
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with such physicochemical modifications are potentially less sus-
ceptible to the rapid onset of resistance (45).

Our results therefore indicate that full resistance to the G2cps
nonbiocidal antibiofilm polysaccharide could constitute a rare
phenotype potentially achieved through pleiotropic mutational
events. Anti-infection strategies combining antibiotics with anti-
virulence and antiadhesion compounds could thus reduce the
emergence of multiresistant pathogens (36, 46, 47). Investigation
of antibiofilm molecules such as G2cps in relevant in vivo models
(48) will allow evaluations of the therapeutic significance of con-
trolling pathogen surface adhesion and colonization, while avoid-
ing selection for new types of resistance in clinical and industrial
situations.
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