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are rmlC (for TPH7, 74% identity), rmlA (for TPH11, 78%
identity), and xanB (for TPH13, 80% identity), which are located in the rml and xan operons of X. campestris pv. campestris
(19, 20). As no genome sequence is available and the gene cluster
involved in LPS/EPS biosynthesis has not been reported for S.
maltophilia, the DNA segments flanking the transposon in TPH7,
TPH11, and TPH13 were sequenced. The complete sequences of
the rmlBACD and xanAB operons and their flanking genes were
determined. The genetic organization of these genes is different
from that of X. campestris pv. campestris (Fig. 1). The xanA
sequence from S. maltophilia WR-C shares 75% identity with
xanA in X. campestris pv. campestris and 72% identity with spgM
(GenBank accession no. AY179964) in S. maltophilia K1014 (24).
To determine whether phenotypic differences that were observed in TPH7, TPH11, and TPH13 are due to mutations
generated in the rml and xan operons, rmlBACD, xanAB, and
their respective predicted promoters were cloned into pJN105
to generate prmlBACD and pxanAB for complementation. The
plasmids were electroporated into the wild type and TPH7,
TPH11, and TPH13 to generate the respective complemented
strains as listed in Table 2. Providing prmlBACD in trans in
TPH7 and TPH11 and pxanAB in TPH13 restored all of the
phenotypes tested to those of the wild type (Table 3 and
described below), while the introduction of pJN105 into the
mutants had no effect. The presence of pJN105, prmlBACD, or
pxanAB in the wild type did not affect the phenotypes tested
(not shown).
To determine whether rmlA, rmlC, and xanB in S. maltophilia WR-C play a role in LPS biosynthesis, Tris-Tricine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) analysis of the LPS was performed with proteinase

Microorganisms can develop biofilms or clogging mats, causing the failure of septic tanks, systems for on-site wastewater
disposal. If water in these clogged systems were contaminated
by pathogens, it would pose a threat to human health. We
isolated Stenotrophomonas maltophilia strain WR-C from a
clogged septic tank system that consistently formed biofilms on
sand grains, produced exopolysaccharides (EPS), and caused
clogging in sand columns (33). S. maltophilia is a gram-negative, rod-shaped, and obligate aerobic bacterium with polar
flagella in the ␥-␤ subdivision of Proteobacteria (3, 14). It is
found in various environments and recently has emerged as an
important human pathogen. Very little is known about the
mechanisms of biofilm formation by S. maltophilia. It has been
shown to adhere to HEp-2 cells as well as abiotic surfaces, such
as plastic, glass, and Teflon (7–10, 16).
To identify genes that are involved in biofilm formation by S.
maltophilia WR-C, about 4,500 transposon mutants generated
with the EZ::TN ⬍ R6K␥ori/KAN-2 ⬎ Tnp transposome (Epicenter, Madison, Wis.) were screened for defects in biofilm
formation in 96-well polystyrene plates (Becton-Dickinson Labware, Franklin Lakes, N.J.) by using a modified microtiter
plate assay (11, 29). Briefly, wells containing 200 l Trypticase
soy (TS) broth were inoculated with overnight cultures and
incubated at 30°C, 50 rpm for 2 days. Biofilm cells were stained
with 0.1% crystal violet and washed, the stain remaining in the
cells was solubilized with 70% ethanol, and the optical density
at 590 nm was determined. Three mutants, TPH7, TPH11, and
TPH13, whose growth was similar to that of the wild type but
which were deficient in biofilm formation, were selected for
further characterization.
The transposon flanking regions were rescued by “rescue cloning” as described by the manufacturer and sequenced by using the
primers KAN-2 FP-1 and R6KAN-2 RP-1 (Table 1). The transposon-inserted genes are homologous to three genes involved in
the biosynthesis of nucleotide sugar precursors of lipopolysaccharide (LPS) and EPS in Xanthomonas campestris pv. campestris
ATCC 33913 (GenBank accession no. AE008922) (6). The genes

TABLE 1. Oligonucleotides used in this study
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Oligonucleotide

Sequence (5⬘33⬘)

KAN-2 FP-1
R6KAN-2 RP-1
XbaI-rml
SacI-rml
XbaI-xan
SacI-xanB

ACCTACAACAAAGCTCTCATCAACC
CTACCCTGTGGAACACCTACATCT
TCTAGAACGTAATTGTGTTCAATG
GAGCTCTCAGCGCGCGGGCAGTTGTG
TCTAGAAGCGACCTGCAGGTG3
GAGCTCTCAGGCCGGGGCGCGCCCGT

a
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Underlining indicates restriction sites.

Restriction
site

XbaI
SacI
XbaI
SacI
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Stenotrophomonas maltophilia WR-C is capable of forming biofilm on polystyrene and glass. The lipopolysaccharide/exopolysaccharide-coupled biosynthetic genes rmlA, rmlC, and xanB are necessary for biofilm
formation and twitching motility. Mutants with mutations in rmlAC and xanB display contrasting biofilm
phenotypes on polystyrene and glass and differ in swimming motility.
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FIG. 1. Genetic organization of LPS biosynthetic genes and their flanking genes in X. campestris pv. campestris (Xcc) ATCC 33913 (GenBank
accession no. AE008922) and S. maltophilia WR-C (GenBank accession no. AY956411). The genes depicted are not proportional to their
respective sequence lengths.

philia produces an EPS similar to xanthan or alginate is unknown.
Biofilm formation by the rmlC, rmlA, and xanB mutants was
significantly decreased on polystyrene plates (a relatively hydrophobic surface) compared to that by the wild type (P ⬍
0.05; Student’s two-sample t test and one-way analysis of variance [ANOVA]) (Fig. 3A). Interestingly, the rmlA and rmlC
mutants developed more biofilm in glass tubes (a relatively
hydrophilic surface) than did the wild type and xanB mutant (P
⬍ 0.05) (Fig. 3B). Differential attachment was also reported
for O-antigen-deficient mutants of Pseudomonas fluorescens
(41) and P. aeruginosa (22) relative to the corresponding wildtype strains and was attributed in part to a differences in cell
surface hydrophobicity. By the bacterial adhesion to hexadecane assay (34), we did not observe any difference in the relative cell surface hydrophobicities displayed by the S. maltophilia wild type and its mutants (not shown), possibly because
the strains were too hydrophilic (16) to be evaluated by this
method. Alternatively, other unknown factors or mechanisms
that are associated with alterations in the LPS or EPS may be
involved.

TABLE 2. Bacterial strains and plasmids
Strain or plasmid

Strains
E. coli
DH5␣
DH5␣ pir
S. maltophilia
WR-C
TPH7
TPH11
TPH13
TPH41
TPH42
TPH43
TPH44
TPH46
TPH47
TPH48
Plasmids
pJN105
pGEM-T-Easy
prmlBACD
pxanAB

Relevant characteristicsa

Source/reference

F⫺ 80dlacZ⌬M15 ⌬(lacZYA-argF)U169 recA1 endA1 hsdR17(rK⫺ mK⫹) phoA
supE44 ⫺ thi-1 gyrA96 relA1
DH5␣ pir

A. Charkowski

Wild type
Kmr, rmlC::EZTN transposon mutant, WR-C derivative
Kmr, rmlA::EZTN transposon mutant, WR-C derivative
Kmr, xanB::EZTN transposon mutant, WR-C derivative
Gmr, WR-C harboring pJN105
Gmr, TPH7 harboring pJN105
Gmr, TPH11 harboring pJN105
Gmr, TPH13 harboring pJN105
Gmr, TPH7 harboring prmlBACD
Gmr, TPH11 harboring prmlBACD
Gmr, TPH13 harboring pxanAB

33
This
This
This
This
This
This
This
This
This
This

Gmr, arabinose-inducible expression vector
Apr, lacZ⬘ cloning vector
Gmr, 3.9-kb rmlBACD with native promoter was PCR amplified with XbaI-rml and
SacI-rml and cloned into the XbaI and SacI sites of pJN105
Gmr, 3.2-kb xanAB with predicted promoter was PCR amplified with XbaI-xan and
SacI-xanB and cloned into the XbaI and SacI sites of pJN105

26
Promega
This work

Invitrogen

work
work
work
work
work
work
work
work
work
work

This work
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K-digested whole-cell lysates (13). The wild type produced
both the diffuse O-antigen-containing LPS and the LPS core
and lipid A (Fig. 2); these results were similar to what has been
observed with X. campestris pv. campestris (20, 39). No Oantigen-containing LPS was observed in the rmlC, rmlA, and
xanB mutants. The xanB mutant produced a truncated core
and lipid A. These results suggest that rmlC and rmlA are
necessary for the biosynthesis of the LPS O-antigen and xanB
for the O-antigen and LPS core. Nonmucoid morphology on
TS agar and autoagglutination in TS broth were observed in
the xanB mutant but not the rmlC and rmlA mutants and wild
type (not shown). These phenotypical alterations are correlated with defective LPS in other gram-negative bacteria (4, 19,
21, 27). In addition to LPS biosynthesis, rml and xanB orthologues in Pseudomonas aeruginosa, Escherichia coli, and X.
campestris pv. campestris are required for the biosynthesis of
exopolysaccharides (19, 32). The xanB, rmlA, and rmlC mutants all produced lower amounts of EPS when assayed by the
phenol-sulfuric acid method for total carbohydrates (13) (not
shown), suggesting that the three genes are also involved in
EPS biosynthesis in S. maltophilia WR-C. Whether S. malto-
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TABLE 3. Phenotypes of S. maltophilia WR-C
Biofilm

a

LPS

Genotype

WT pJN105
rmlC pJN105
rmlA pJN105
xanB pJN105

Polystyrene

Glass

O antigen

⫹⫹⫹⫹
⫹⫹
⫹⫹⫹
⫹

⫹
⫹⫹⫹
⫹⫹
⫹

⫹
⫺
⫺
⫺

b

Relative motility

Growth characteristics

Flagella
Core
Swimmingc Twitchingd
lipid A
⫹
⫹
⫹
⫺

⫹⫹
⫹⫹
⫹⫹
⫹

⫹
⫺
⫺
⫺

⫹
⫹
⫹
⫾

Growth (OD620)f

e

Colony

Autoagglutinationd

Without SDS

With 0.01%
SDS

Mucoid
Mucoid
Mucoid
Nonmucoid

⫺
⫺
⫺
⫹

0.366 ⫾ 0.140
0.281 ⫾ 0.065
0.302 ⫾ 0.050
0.222 ⫾ 0.043

0.095 ⫾ 0.034
0.106 ⫾ 0.017
0.107 ⫾ 0.020
0.002 ⫾ 0.002 g

Results indicate relative biofilm formation (⫹ to ⫹⫹⫹⫹) in polystyrene microtiter plates and glass tubes.
Results are from an SDS-PAGE analysis of LPS from proteinase K-digested whole-cell lysates of S. maltophilia. ⫹ and ⫺, presence and absence of O antigen, core,
or lipid A.
c
⫹ and ⫹⫹, relative degree of swimming motility.
d
⫹ and ⫺, presence and absence of twitching motility or autoagglutination. Autoagglutination was determined in 3-ml TS broth cultures in 13- by 100-mm
borosilicate glass tubes (Fisher Scientific, Hampton, N.H.) incubated at 30°C, 200 rpm for 24 h.
e
⫹, flagella present; ⫺, flagella usually absent in the xanB mutant but occasionally present when cells were not linked.
f
Susceptibility of S. maltophilia WR-C to SDS. Results represent the means and the standard deviations of three independent experiments. There was a significant
difference (P ⬍ 0.05; one-way ANOVA) between all cultures without and with 0.01% SDS. OD620, optical density at 620 nm.
g
There was a significant difference (P ⬍ 0.05; one-way ANOVA) relative to other cultures with 0.01% SDS.
a
b

FIG. 2. SDS-PAGE analysis of LPS from proteinase K-digested
whole-cell lysates of S. maltophilia. The rmlC, rmlA, and xanB mutants
were defective in biosynthesis of LPS O-antigen. The xanB mutant was
also defective in LPS core. The wild-type (WT) LPS profile was restored in the complemented strains. M, LPS standard from Salmonella
enteritidis serovar Typhimurium (12.5 g; Sigma).

FIG. 3. Biofilm formation by S. maltophilia. (A) Formation in a
96-well polystyrene microtiter plate. (B) Formation in a borosilicate
glass tube. All experiments were performed at least three times. Results represent the mean and standard deviation (error bars) of a
representative experiment. ⴱ, significant difference (P ⬍ 0.05, analyzed
by Student’s two-sample t test and one-way ANOVA) relative to biofilm formation by other strains. WT, wild type; OD590, optical density
at 590 nm.
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Flagellum-mediated swimming is involved in biofilm development (28, 36). Alterations in LPS were reported to interfere
with the production, export, or assembly of flagella in E. coli,
Helicobacter pylori, P. aeruginosa, and Salmonella enterica serovar Typhimurium (2, 12, 18, 30). The swimming motility of
our strains was determined on TrA (1% tryptone, 0.5%NaCl,
and 0.25% Bacto agar) (35). Overnight cultures (5 l) were
spotted on TrA plates (60 by 15 mm, containing 8 ml TrA) and
incubated at 30°C. Only the xanB mutant was less motile than
the wild type (Fig. 4A). One possible cause for the impairment
in swimming motility in the xanB mutant could be a lack of
flagellar formation as a result of the truncated LPS core. Cells
of all strains were harvested from the edge of a 2-day swimming culture on TrA and stained with crystal violet by using
a method described by Mayfield and Inniss (23) and modified
by Kearns and coworkers (17). Flagella were observed consistently in the wild type and rmlC and rmlA mutants (Fig. 5), all
of which existed predominantly as single cells. In contrast, most
cells of the xanB mutant were linked into chains of three or
more bacteria that were devoid of flagella. This likely contributed to the autoagglutination by the xanB mutant that was
observed in liquid medium (not shown). Occasionally single
flagellated cells were observed.
Type IV pilus-mediated twitching motility is involved in bio-
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film formation by P. aeruginosa (36). Defects in O-antigen
polysaccharides affected twitching motility in P. aeruginosa (40)
and prevented the export and assembly of the toxin-coregulated pilus subunit, a type IV pilin of Vibrio cholerae O1 (15).
The involvement of rml and xan operons in twitching motility
has not been examined. Twitching motility was determined in
plates containing 1% TS and 1% Noble agar (36). Overnight
cultures (5 l) were stabbed to the bottom of the agar and
incubated at 30°C. All three mutants were defective in twitching motility (Fig. 4B). Twitching in S. maltophilia is positively
correlated with biofilm development in polystyrene microtiter
plates, which is in agreement with that observed in P. aeruginosa by Chiang and Burrows (5) and O’Toole and Kolter (28)
but is in contrast to the results of Singh et al. (37).
LPS is important as a barrier to antimicrobial agents and
neutral detergents (31, 38) and for maintaining cell function
and integrity (1, 25, 38). Growth was slightly decreased to
similar extents (62 to 74%) in the wild type and the rmlA and
rmlC mutants when 0.01% SDS, an anionic detergent, was
added; however, the xanB mutant was particularly susceptible
(Table 3). The alteration of LPS affected the type II secretory
system in P. aeruginosa (26). We observed that protease activity
was significantly reduced in the xanB mutant, while hemolytic
and lecithinase activities were not affected in the rmlA, rmlC,
and xanB mutants (not shown). LPS biosynthetic genes in S.
maltophilia may have effects on the secretory machinery or
expression of certain putative virulence factors by this opportunistic pathogen.
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FIG. 5. Flagellar formation by S. maltophilia. The xanB mutant
formed long chains devoid of flagella. The complemented strain was
mostly dispersed as flagellated single cells as in other strains. WT, wild
type. Bar, 2 m.

rmlA, rmlC, and xanB in S. maltophilia WR-C contribute to
an LPS/EPS-coupled biosynthetic pathway. The formation of
S. maltophilia WR-C biofilm on a polystyrene surface requires
EPS and intact LPS. Alteration in LPS caused by the rmlAC
and xanB mutations may contribute to changes in outer membrane components and apparatuses, such as flagella and type
IV pili; this in turn interferes with motility, attachment, and
biofilm formation. Whether the differences in biofilm phenotype of rmlAC and xanB mutants on glass is due to differences
in polysaccharide compositions remains to be determined.
Nucleotide sequence accession numbers. The sequences obtained in this study were deposited in the GenBank database
(accession no. AY956411).
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The arrow indicates the edge of twitching movement away from the
colony center. WT, wild type.

NOTES

3120

NOTES

22. Makin, S. A., and T. J. Beveridge. 1996. The influence of A-band and B-band
lipopolysaccharide on the surface characteristics and adhesion of Pseudomonas aeruginosa to surfaces. Microbiology 142:299–307.
23. Mayfield, C. I., and W. E. Inniss. 1977. A rapid, simple method for staining
bacterial flagella. Can. J. Microbiol. 23:1311–1313.
24. McKay, G. A., D. E. Woods, K. L. MacDonald, and K. Poole. 2003. Role of
phosphoglucomutase of Stenotrophomonas maltophilia in lipopolysaccharide
biosynthesis, virulence, and antibiotic resistance. Infect. Immun. 71:3068–
3075.
25. Michel, G., G. Ball, J. B. Goldberg, and A. Lazdunski. 2000. Alteration of the
lipopolysaccharide structure affects the functioning of the Xcp secretory
system in Pseudomonas aeruginosa. J. Bacteriol. 182:696–703.
26. Newman, J. R., and C. Fuqua. 1999. Broad-host-range expression vectors
that carry the L-arabinose-inducible Escherichia coli araBAD promoter and
the araC regulator. Gene 227:197–203.
27. Osborn, M. J., J. E. Gander, E. Parisi, and J. Carson. 1972. Mechanism of
assembly of the outer membrane of Salmonella typhimurium. Isolation and
characterization of cytoplasmic and outer membrane. J. Biol. Chem. 247:
3962–3972.
28. O’Toole, G. A., and R. Kolter. 1998. Flagellar and twitching motility are
necessary for Pseudomonas aeruginosa biofilm development. Mol. Microbiol.
30:295–304.
29. O’Toole, G. A., L. A. Pratt, P. I. Watnick, D. K. Newman, V. B. Weaver, and
R. Kolter. 1999. Genetic approaches to study of biofilms. Methods Enzymol.
310:91–109.
30. Parker, C. T., A. W. Kloser, C. A. Schnaitman, M. A. Stein, S. Gottesman,
and B. W. Gibson. 1992. Role of the rfaG and rfaP genes in determining the
lipopolysaccharide core structure and cell surface properties of Escherichia
coli K-12. J. Bacteriol. 174:2525–2538.
31. Poole, K. 2002. Outer membranes and efflux: the path to multidrug resistance in gram-negative bacteria. Curr. Pharm. Biotechnol. 3:77–98.
32. Rocchetta, H. L., J. C. Pacan, and J. S. Lam. 1998. Synthesis of the A-band
polysaccharide sugar D-rhamnose requires Rmd and WbpW: identification of
multiple AlgA homologues, WbpW and ORF488, in Pseudomonas aeruginosa. Mol. Microbiol. 29:1419–1434.
33. Ronner, A. B., and A. C. L. Wong. 1998. Characterization of microbial
clogging in wastewater infiltration systems, p. 37–42. In D. M. Sievers (ed.),
On-site wastewater treatment. Proceedings of the 8th National Symposium
on Individual and Small Community Sewage Systems. American Society of
Agricultural Engineers, St. Joseph, Mich.
34. Rosenberg, M., D. Gutnick, and E. Rosenberg. 1980. Adherence of bacteria
to hydrocarbons: a simple method for measuring cell-surface hydrophobicity.
FEMS Microbiol. Lett. 9:29–33.
35. Senesi, S., F. Celandroni, S. Salvetti, D. J. Beecher, A. C. L. Wong, and E.
Ghelardi. 2002. Swarming motility in Bacillus cereus and characterization of
a fliY mutant impaired in swarm cell differentiation. Microbiology 148:1785–
1794.
36. Singh, P. K., M. R. Parsek, E. P. Greenberg, and M. J. Welsh. 2002. A
component of innate immunity prevents bacterial biofilm development. Nature 417:552–555.
37. Singh, P. K., A. L. Schaefer, M. R. Parsek, T. O. Moninger, M. J. Welsh, and
E. P. Greenberg. 2000. Quorum-sensing signals indicate that cystic fibrosis
lungs are infected with bacterial biofilms. Nature 407:762–764.
38. Vaara, M. 1992. Agents that increase the permeability of the outer membrane. Microbiol. Rev. 56:395–411.
39. Vorhölter, F. J., K. Niehaus, and A. Pühler. 2001. Lipopolysaccharide biosynthesis in Xanthomonas campestris pv. campestris: a cluster of 15 genes is
involved in the biosynthesis of the LPS O-antigen and the LPS core. Mol.
Genet. Genomics 266:79–95.
40. Whitchurch, C. B., R. A. Alm, and J. S. Mattick. 1996. The alginate regulator
AlgR and an associated sensor FimS are required for twitching motility in
Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 93:9839–9843.
41. Williams, V., and M. Fletcher. 1996. Pseudomonas fluorescens adhesion and
transport through porous media are affected by lipopolysaccharide composition. Appl. Environ. Microbiol. 62:100–104.

Downloaded from http://jb.asm.org/ on May 14, 2021 by guest

5. Chiang, P., and L. L. Burrows. 2003. Biofilm formation by hyperpiliated
mutants of Pseudomonas aeruginosa. J. Bacteriol. 185:2374–2378.
6. da Silva, A. C., J. A. Ferro, F. C. Reinach, C. S. Farah, L. R. Furlan, R. B.
Quaggio, C. B. Monteiro-Vitorello, M. A. Van Sluys, N. F. Almeida, L. M.
Alves, A. M. do Amaral, M. C. Bertolini, L. E. Camargo, G. Camarotte,
F. Cannavan, J. Cardozo, F. Chambergo, L. P. Ciapina, R. M. Cicarelli, L. L.
Coutinho, J. R. Cursino-Santos, H. El-Dorry, J. B. Faria, A. J. Ferreira, R. C.
Ferreira, M. I. Ferro, E. F. Formighieri, M. C. Franco, C. C. Greggio,
A. Gruber, A. M. Katsuyama, L. T. Kishi, R. P. Leite, E. G. Lemos, M. V.
Lemos, E. C. Locali, M. A. Machado, A. M. Madeira, N. M. Martinez-Rossi,
E. C. Martins, J. Meidanis, C. F. Menck, C. Y. Miyaki, D. H. Moon, L. M.
Moreira, M. T. Novo, V. K. Okura, M. C. Oliveira, V. R. Oliveira, H. A.
Pereira, A. Rossi, J. A. Sena, C. Silva, R. F. de Souza, L. A. Spinola, M. A.
Takita, R. E. Tamura, E. C. Teixeira, R. I. Tezza, M. Trindade dos Santos,
D. Truffi, S. M. Tsai, F. F. White, J. C. Setubal, and J. P. Kitajima. 2002.
Comparison of the genomes of two Xanthomonas pathogens with differing
host specificities. Nature 417:459–463.
7. de Oliveira-Garcia, D., M. Dall’Agnol, M. Rosales, A. Azzuz, N. Alcántara,
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