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Aminoglycoside resistance of Pseudomonas aeruginosa
biofilms modulated by extracellular polysaccharide

Wajiha Khanl2, Steve P. Bernier!, Sherry L. Kuchmal, John H. Hammond?, Fariha Hasan?,
and George A. O'Toolel”

1Department of Microbiology and Immunology, Dartmouth Medical School, Hanover, USA

“Microbiology Research Laboratory, Department of Microbiology, Quaid-i-Azam University,
Islamabad, Pakistan

Summary

Pseudomonas aeruginosa is an opportunistic pathogen that produces sessile communities known as
biofilms that are highly resistant to antibiotic treatment. Limited information is available on the
exact role of various components of the matrix in biofilm-associated antibiotic resistance. Here we
show that the presence of extracellular polysaccharide reduced the extent of biofilm-associated
antibiotic resistance for one class of antibiotics. Minimal bactericidal concentration (MBC) for
planktonic and biofilm cells of P. aeruginosa PA14 was measured using a 96 well microtiter plate
assay. The MBC of biofilm-grown A pelA mutant, which does not produce the Pel polysaccharide,
was 4-fold higher for tobramycin and gentamicin, and unchanged for A 6/fA mutant, which
overproduces Pel, when compared to the wild type. Biofilms of pelA mutants in two clinical
isolates of P. aeruginosa showed 4- and 8-fold higher MBC for tobramycin as compared to wild
type. There was no difference in the biofilm resistance of any of these strains when tested with
fluoroquinolones. This work forms a basis for future studies revealing the mechanisms of biofilm-
associated antibiotic resistance to aminoglycoside antibiotics by P. aeruginosa.

Keywords

Pseudomonas aeruginosa; exopolysaccharides; biofilms; aminoglycosides; minimal bactericidal
concentration

Introduction

Pseudomonas aeruginosa is a ubiquitous gram-negative bacterium readily isolated from
water and soil environments. It is an opportunistic human pathogen frequently causing
septicemia in burn patients, chronic infections in individuals with cystic fibrosis, and urinary
tract infections in catheterized patients [7,9]. This organism can adopt a planktonic (free
swimming) or a biofilm mode of life. In response to environmental cues, planktonic cells of
P. aeruginosa adhere to surfaces and adapt a sessile existence. Sessile cells proliferate on
surfaces, eventually differentiating to form structured communities called biofilms that are
encased in a self-produced matrix comprised of a variety of macromolecules, including
exopolysaccharides (EPS) [16].

Two different loci that contribute to the EPS component of the matrix in non-mucoid ~.
aeruginosa strains have been identified. The pe/locus (referring to pedicle, a biofilm formed
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at the air-medium interface), containing the genes pelA-G, is responsible for synthesis of a
glucose-rich component of the matrix, whereas ps/ (polysaccharide synthesis focus),
containing the ps/A-O genes, is responsible for a mannose and galactose rich EPS [4—
6,10,12]. It has been suggested that exopolysaccharide matrix that surrounds the cells in the
biofilm prevents diffusion of antimicrobial agents to the microbes. While this reduced
diffusion may be the case for some antimicrobial agents, for others it has been shown that
antimicrobial agents can penetrate the matrix but still cannot kill the cells in the biofilm
[1,19]. In this report we address the role of the Pel EPS in biofilm-associated antibiotic
resistance of P. aeruginosa PA14 grown in a microtiter well system.

Materials and methods

Bacterial strains, plasmids and media

Strains, plasmids and primers used in the study are listed in Table 1. P. aeruginosa PA14 and
Escherichia coli were cultured on lysogeny broth (LB) medium [2] or minimal M63 salts
supplemented with arginine (0.4%) and MgSQO,4 (1 mM) [11].

Molecular techniques

PCR amplification for 16SrRNA gene was carried out for the two clinical isolates, isolated
from an infected wound from a tertiary care hospital of Pakistan, using primers listed in
Table 1. The resulting sequences were analyzed using the BLAST software and percentage
similarity to other sequences was determined. Presence of the pe/genes was assayed in the
clinical isolates by PCR using primers listed in Table 1. The pelA mutation in two clinical
isolates was generated by a single-crossover (SCO) insertion using the pMQ89 suicide
vector as described by Kuchma et al. [8].

Antibiotic resistance assay

Ninety-six-well microtiter plate-based assay was used to determine biofilm-specific
antibiotic resistance as described by Mah et al. [11], with slight modification. The minimal
bactericidal concentrations for biofilm grown cells (MBC-B) was determined by exposing
24 h-old biofilms to various concentrations of antibiotic for 24 h, followed by a single wash
of biofilms with sterile medium to remove the antibiotics. Bacteria that survived antibiotic
treatment were allowed to grow for 24 h in fresh medium lacking antibiotics, and these
bacteria subsequently were transferred to LB agar plate using a multipronged device to
assess growth. The MBC of planktonic bacteria (MBC-P) was determined by adding
antibiotic to bacteria at the time of inoculation, incubating for 24 h followed by plating for
viability. Both planktonic and biofilm populations were comprised of ca. 1 x 107 colony
forming units (CFU)/well.

Biofilm formation assay and assessment of EPS production

Biofilm formation was measured using a microtiter dish system described previously [3,15].
Congo red assays were performed as reported [3,5,6]. Aliquotes of 2.5 pl of LB grown
cultures were spotted onto the plates for 24 h at 37°C followed by 3—-4 days of incubation at
room temperature.

Results and Discussion

Loss of Pel EPS in lab strains does not lower biofilm antibiotic resistance

For P. aeruginosa PA14 (referred to as PA14), the primary polysaccharide component of the
biofilm matrix /n vitrois synthesized by the enzymes encoded by the pe/locus. The Pel EPS
is the cellular component bound by the dye Congo Red (CR) [4,5]. Previous studies have
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shown that strains of PA14 with mutations in sadCh, pelA and roeA genes, as well as a
double bifAroeA mutant (Table 1) show a decrease in Pel-dependent polysaccharide
production compared to the wild type [13,14], while the A 6/fA mutant shows increased pek
dependent polysaccharide synthesis [8]. We tested biofilms formed by these mutants and the
wild type for their resistance to two different classes of antibiotics using a 96 well dish
biofilm assay.

The MBC of biofilm (MBC-B)- and planktonically (MBC-P)-grown wild type and mutants
was determined for gentamicin (an aminoglycoside antibiotic) and ciprofloxacin (a
fluoroquinolone antibiotic). No difference in the planktonic MBC was observed between
wild type and the mutant strains for either of these antibiotics (Tables 2 and 3).

Wild type biofilms showed a 4-fold higher MBC for gentamicin when compared to
planktonic cells. The biofilm formed by the A 6/fA mutant had the same MBC for
gentamicin as that of wild type, indicating that increased pe/polysaccharide production in
A bifA does not result in an increase in resistance (Table 2, left). Although Pel
polysaccharide produced by the ApelA, AsadC, AbifAAroeA and A roeA mutants was
reduced as compared to wild type, the MBC of these strains increased by 4-fold, 2-fold, 8-
fold and 2-fold, respectively, for gentamicin.

For ciprofloxacin, the MBC-B was 8-fold higher for wild type as compared to planktonic
cells. In contrast to the studies using gentamicin, all the mutant strains tested for
ciprofloxacin showed the same MBC-B as that of wild type (Table 3, left), indicating that
the presence or absence of Pel polysaccharide does not affect the resistance to ciprofloxacin.

Loss of Pel EPS results in increased MBC for aminoglycoside antibiotics in biofilms

To test whether loss of Pel EPS has the same role in biofilm antibiotic resistance for other
aminoglycoside and fluoroquinolone antibiotics, as described above, we tested tobramycin
(an aminoglycoside) and ofloxacin (a fluoroguinolone). There was no difference in MBC-P
of wild type and the mutant strains when tested against tobramycin and ofloxacin (Table 2
and 3, right).

A 4-fold higher MBC was observed for wild type biofilm as compared to planktonic cells
when tested for tobramycin. As observed for the other aminoglycoside (gentamicin), the
MBC of biofilm-grown A b/fA was the same as that of wild type when tested for tobramycin.
This confirmed that increased production of Pel polysaccharide does not result in an increase
in antibiotic resistance to aminoglycosides. The biofilm formed by the ApelA, AsadC,
AbITAA roeA and A roeA mutants, all of which have lower Pel polysaccharide production
than the wild type, showed an increase in MBC for tobramycin as compared to wild type
(Table 2). Like ciprofloxacin, the MBC-B for ofloxacin was the same for the wild type and
all mutants tested (Table 3). These data suggest that at least for aminoglycoside antibiotics,
loss of Pel polysaccharide enhanced biofilm resistance of P. aeruginosa.

Clinical isolates defective for Pel polysaccharide production display the same biofilm
antibiotic resistance patterns as the PA14 lab strain

In order to assess whether biofilm antibiotic resistance patterns observed in lab strains was
also observed in clinical isolates, we repeated the assays described above with two clinical,
non-mucoid infected wound isolates of P. aeruginosa, designated SMC4685 and SMC4686.
16SrRNA sequence analysis was used to confirm that these isolates were P. aeruginosa
using primers listed in Table 1. C>99% similarity to other well characterized strains of 2.
aeruginosa in Genbank. The pelA mutation was generated by a single-crossover (SCO)
insertion in the two clinical isolates. The SCO insertion was confirmed by PCR, and these
mutants showed a decrease in CR binding and biofilm formation (Fig. 1).
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The MBC for planktonic and biofilm cells were measured for the clinical isolates and for
their pelA mutants for ciprofloxacin, ofloxacin and tobramycin. Since the single crossover
insertion was generated using the suicide vector pMQ89, which carries a gentamicin
resistance marker, we could not determine the MBC for gentamicin in the mutants of the
clinical isolates. For all the antibiotics tested, there was no difference in the planktonic MBC
of the pelA mutant and their respective wild type for any of the antibiotics (Tables 2 and 3).
Biofilms of the two clinical isolates SMC4685 and SMC4686, respectively, showed a 4-fold
and 8-fold higher MBC for tobramycin as compared to planktonically grown cells. The
MBC of biofilm grown derivatives of the clinical isolates, SMC4685 pelA::SCO and
SMC4686 pelA::SCO, was 8-fold and 4-fold higher for tobramycin when compared to their
respective wild type parent.

For these two clinical isolates, loss of Pel polysaccharide production resulted in only a
modest decrease in biofilm formation in the microtiter dish assay, which was not statistically
significant (Fig. 1B). Thus, these strains showed increased biofilm resistance despite a
small, non-significant decrease in total biofilm formation. Like the PA14 lab strain, both the
clinical isolates showed no difference in the MBC-B of pe/A mutants and their respective
wild type when tested for fluoroquinolone resistance.

In conclusion, here we present evidence that presence of Pel polysaccharide is not important
for biofilm antibiotic resistance of £. aeruginosa under the conditions tested in this report,
that is, in biofilms grown in microtiter dishes. Our data show that biofilm antibiotic
resistance increases for aminoglycosides when the Pel polysaccharide is reduced in both lab
and clinical isolates of £, aeruginosa. Furthermore, the degree of increased biofilm
resistance measured in these Pel-deficient mutants is likely somewhat of an under-estimation
given that these mutants typically show some decrease in biofilm formation [13,14]. It is
possible that the pe/A mutants produce a second EPS molecule, which might help explain
our findings. Alternatively, it is possible that decreasing pe/-dependent polysaccharide might
result in a compensatory up-regulation of other factors that either directly or indirectly cause
the observed resistance. A more detailed study of the role of Pel polysaccharide in biofilm
antibiotic resistance will be necessary to address questions arising from this work.

Acknowledgments

This work was supported by NIH grant RO1AI083256 to G.A.O. and a Canadian Cystic Fibrosis Foundation
postdoctoral fellowship to S.P.B. We thank the Higher Education of Pakistan for funding support to W.K.

References

1. Anderl JN, Franklin MJ, Stewart PS. Role of antibiotic penetration limitation in K/ebsiella
pneumoniae biofilm resistance to ampicillin and ciprofloxacin. Antimicrob Agents Chemother.
2000; 44:1818-1824. [PubMed: 10858336]

2. Bertani G. Lysogeny at mid-twentieth century: P1, P2, and other experimental systems. J Bacteriol.
2004; 186:595-600. [PubMed: 14729683]

3. Caiazza NC, Merritt JH, Brothers KM, O’Toole GA. Inverse regulation of biofilm formation and
swarming motility by Pseudomonas aeruginosa PA14. J Bacteriol. 2007; 189:3603-3612. [PubMed:
17337585]

4. Friedman L, Kolter R. Genes involved in matrix formation in Pseudomonas aeruginosa PA14
biofilms. Mol Microbiol. 2004; 51:675-690. [PubMed: 14731271]

5. Friedman L, Kolter R. Two genetic loci produce distinct carbohydrate-rich structural components of
the Pseudomonas aeruginosa biofilm matrix. J Bacteriol. 2004; 186:4457-4465. [PubMed:
15231777]

Int Microbiol. Author manuscript; available in PMC 2013 July 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khan et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

Page 5

. Jackson KD, Starkey M, Kremer S, Parsek MR, Wozniak DJ. Identification of ps/, a locus encoding

a potential exopolysaccharide that is essential for Pseudomonas aeruginosa PAO1 biofilm
formation. J Bacteriol. 2004; 186:4466-4475. [PubMed: 15231778]

. Kolter R. Biofilms in lab and nature: a molecular geneticist’s voyage to microbial ecology. Int

Microbiol. 2010; 13:1-7. [PubMed: 20890834]

. Kuchma SL, Brothers KM, Merritt JH, Liberati NT, Ausubel FM, O’Toole GA. BifA, a c-di-GMP

phosphodiesterase, inversely regulates biofilm formation and swarming motility in Pseudomonas
aeruginosa PA14. J Bacteriol. 2007; 189:8165-8178. [PubMed: 17586641]

. Lyczak JB, Cannon CL, Pier GB. Establishment of Pseudomonas aeruginosa infection: lessons from

a versatile opportunist. Microbes Infect. 2000; 2:1051-1060. [PubMed: 10967285]

.MaL, LuH, Sprinkle A, Parsek MR, Wozniak DJ. Pseudomonas aeruginosa Psl is a galactose- and
mannose-rich exopolysaccharide. J Bacteriol. 2007; 189:8353-8356. [PubMed: 17631634]

Mah TF, Pitts B, Pellock B, Walker GC, Stewart PS, O’Toole GA. A genetic basis for
Pseudomonas aeruginosa biofilm antibiotic resistance. Nature. 2003; 426:306-310. [PubMed:
14628055]

Matsukawa M, Greenberg EP. Putative exopolysaccharide synthesis genes influence Pseudomonas
aeruginosa biofilm development. J Bacteriol. 2004; 186:4449-4456. [PubMed: 15231776]

Merritt JH, Brothers KM, Kuchma SL, O’Toole GA. SadC reciprocally influences biofilm
formation and swarming motility via modulation of exopolysaccharide production and flagellar
function. J Bacteriol. 2007; 189:8154-8164. [PubMed: 17586642]

Merritt JH, Ha DG, Cowles KN, et al. Specific control of Pseudomonas aeruginosa surface-
associated behaviors by two c-di-GMP diguanylate cyclases. mBio. 2010; 1:e00183-e00110.
[PubMed: 20978535]

O’Toole GA, Kaolter R. Flagellar and twitching motility are necessary for Pseudomonas aeruginosa
biofilm development. Mol Microbiol. 1998; 30:295-304. [PubMed: 9791175]

Parsek MR, Singh PK. Bacterial biofilms: an emerging link to disease pathogenesis. Annu Rev
Microbiol. 2003; 58:677-701. [PubMed: 14527295]

Rahme LG, Stevens EJ, Wolfort SF, Shao J, Tompkins RG, Ausubel FM. Common virulence
factors for bacterial pathogenicity in plants and animals. Science. 1995; 268:1899-1902. [PubMed:
7604262]

Shanks RM, Caiazza NC, Hinsa SM, Toutain CM, O’Toole GA. Saccharomyces cerevisiae-based
molecular tool kit for manipulation of genes from gram-negative bacteria. Appl Environ
Microbiol. 2006; 72:5027-5036. [PubMed: 16820502]

Walters MC 3rd, Roe F, Bugnicourt A, Franklin MJ, Stewart PS. Contributions of antibiotic
penetration, oxygen limitation, and low metabolic activity to tolerance of Pseudomonas aeruginosa
biofilms to ciprofloxacin and tobramycin. Antimicrob Agents Chemother. 2003; 47:317-323.
[PubMed: 12499208]

Int Microbiol. Author manuscript; available in PMC 2013 July 24.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Khan et al. Page 6
A WT B 3.5 _ns
# -
(‘\ : 3 3
5
ST 2
SMC4685 g 15
SMC4685 pelA::SCO S 1
= o 05 . ns
i *
D \g ‘g& AP
S Q@ Q%
SMC4686 & ‘bb
SMC4686 pelA::SCO o P
& S

-

Int. Microbiol.

Fig. 1.

Requirement of pe/A for CR binding and biofilm phenotype of wild type. (A)
Representative images of CR binding by the wild type, ApelA, clinical wound isolates
SMC4685 and SMC4686 and their pelA::SCO derivatives. Plates were incubated for 24 h at
37°C, followed by 4 days at room temperature. (B) Quantification of CV-stained biofilms
(As50) normalized to their OD (Aggp). Strains were grown as described in Methods for 24 h
prior to CV staining. Asterisks (*): significantly different from the wild type PA14 strain
(Student’s t test, < 0.05); ns, difference not significant from corresponding parental strain
(P> 0.05). The average Aggg value (£SD) for each of the strains from three independent
experiments, which serves as a measure of planktonic growth, is as follows: PA14, 0.223
(x0.024); pelA, 0.281 (+0.045); SMC4685, 0.214 (+0.020); SMC4685 pelA::SCO, 0.208
(+0.044); SMC4686, 0.204 (+0.037); SMC4686 pelA::SCO, 0.198 (+0.077). There is no
significant difference in planktonic growth between the wild type and their respective
mutants for any of these strains (£> 0.05).
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Table 1

Strains, plasmids and primers used in this study

Strain, plasmid, or primer

Relevant genotype or sequence (5'-3")

Sourceor reference

Pseudomonas aeruginosa strains

PAl14 wWT [17]

SMC3335 PA1l4AsadC [13]

SMC2893 PA14ApelA [4,5]

SMC3351 PAL4AbifA [8]

SMC3812 PAl4AroeA [14]

SMC3814 PA14AbifAA roeA [14]

SMC4685 Clinical isolate #99 from infected wound This study

SMC4687 SMC4685 pelA::pMQ89 This study

SMC4686 Clinical isolate #160 from infected wound  This study

SMC4688 SMC4686 pelA::pMQ89 This study
Plasmids

pMQ89 Suicide cloning vector [18]
Primers

pelA-F GCTACGTGCCGTTCGTCAGCA

pelA-R CAGGCCGCCGAGGTAGACGTG

pelG-F TATTGCTGGCGACCCTGTTCGATG

pelG-R ATGAAACGCAGCAGGTAGGCACAG

16SrRNA-F AGAGTTTGATCCTGGCTCAG

16SrRNA-R ACGGGCGGTGTGTRC
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