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ABSTRACT Acinetobacter baumannii is a Gram-negative, opportunistic pathogen. Recently, multiple A. baumannii genomes
have been sequenced; these data have led to the identification of many genes predicted to encode proteins required for the bio-
genesis of type IV pili (TFP). However, there is no experimental evidence demonstrating that A. baumannii strains actually pro-
duce functional TFP. Here, we demonstrated that A. baumannii strain M2 is naturally transformable and capable of twitching
motility, two classical TFP-associated phenotypes. Strains were constructed with mutations in pilA, pilD, and pilT, genes whose
products have been well characterized in other systems. These mutants were no longer naturally transformable and did not ex-
hibit twitching motility. These TFP-associated phenotypes were restored when these mutations were complemented. More PilA
was detected on the surface of the pilT mutant than the parental strain, and TFP were visualized on the pilT mutant by transmis-
sion electron microscopy. Thus, A. baumannii produces functional TFP and utilizes TFP for both natural transformation and
twitching motility. Several investigators have hypothesized that TFP might be responsible, in part, for the flagellum-independent
surface-associated motility exhibited by many A. baumannii clinical isolates. We demonstrated that surface-associated motility
was not dependent on the products of the pilA, pilD, and pilT genes and, by correlation, TFP. The identification of functional
TFP in A. baumannii lays the foundation for future work determining the role of TFP in models of virulence that partially reca-
pitulate human disease.

IMPORTANCE Several investigators have documented the presence of genes predicted to encode proteins required for the bio-
genesis of TFP in many A. baumannii genomes. Furthermore, some have speculated that TFP may play a role in the unique
surface-associated motility phenotype exhibited by many A. baumannii clinical isolates, yet there has been no experimental evi-
dence to prove this. Unfortunately, progress in understanding the biology and virulence of A. baumannii has been slowed by the
difficulty of constructing and complementing mutations in this species. Strain M2, a recently characterized clinical isolate, is
amenable to genetic manipulation. We have established a reproducible system for the generation of marked and/or unmarked
mutations using a modified recombineering strategy as well as a genetic complementation system utilizing a modified mini-Tn7
element in strain M2. Using this strategy, we demonstrated that strain M2 produces TFP and that TFP are not required for
surface-associated motility exhibited by strain M2.
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Acinetobacter baumannii is an aerobic Gram-negative, nonflag-
ellated opportunistic pathogen; of late, some strains have de-

veloped resistance to most antimicrobial therapies (1). Hospital-
acquired pneumonia is the most common clinical manifestation
of A. baumannii infections; moreover, these infections frequently
occur in mechanically ventilated patients, suggesting that envi-
ronmental exposure to A. baumannii followed by subsequent ac-
cidental inoculation associated with the endotracheal tube may
lead to infection (2). Interestingly, we now know that A. bauman-
nii is not ubiquitous in nature but actually is isolated primarily
within hospital settings on medical equipment, hospital workers,
and patients and should not be considered just an environmental

contaminant (3). Key to A. baumannii’s persistence in hospital
environments is its ability to resist desiccation, as it survives on
surfaces, including bed rails, bedside tables, surfaces of ventilators,
and even mattresses (4, 5). From 1993 to 2004, multidrug-
resistant (MDR) Acinetobacter infections increased 23% in inten-
sive care units, more than double the rate of any other Gram-
negative bacillus (6). A. baumannii has gained attention as an
“ESKAPE” pathogen, one of a cohort of microorganisms that
cause the majority of MDR nosocomial infections within the
United States, aptly named for their ability to escape the effects of
modern antimicrobial therapies (7). Furthermore, the compe-
tency of A. baumannii to acquire antibiotic resistance genes has
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now resulted in strains that are characterized as extensively drug
resistant (XDR) and pan-drug resistant (PDR), prompting the
suggestion that we may be nearing the end of the antibiotic era for
this important Gram-negative pathogen (8, 9). In addition, the
prevalence of MDR A. baumannii, an increase of infection inci-
dence, and its recalcitrance to desiccation signifies the clinical im-
portance of this opportunistic pathogen.

Although A. baumannii has earned global recognition for its
ability to infect the immunocompromised patient population, lit-
tle is actually known about how A. baumannii causes disease. Re-
cent characterization of A. baumannii indicates that a few molec-
ular factors are required for virulence in models that partially
recapitulate human disease, including but not limited to outer
membrane protein A (OmpA), phospholipase D, biofilm-
associated protein (Bap), an O-glycosylation system, the Acineto-
bacter trimeric autotransporter (Ata), the Csu chaperone-usher
type pilus, the acinetobactin-mediated iron acquisition system,
and a secreted serine protease (10–18). Despite these significant
findings, there is still a clear need to better define the bacterial
determinants that facilitate colonization and subsequent disease.

Type IV pili (TFP) are multiprotein bacterial surface append-
ages assembled by many Gram-negative bacteria (19, 20). Due to
their dynamic nature, TFP are able to be rapidly assembled and
disassembled, participating in processes such as natural transfor-
mation, twitching motility, and adherence to abiotic and biotic
surfaces. Natural transformation, or the ability of an organism to
acquire exogenous DNA in a horizontal fashion, is a multistep
process involving the uptake of DNA, processing of DNA, and
ensuing homologous recombination (21). TFP-associated genes
and their products are linked to DNA uptake; however, TFP alone
are not sufficient for natural transformation. TFP also mediate a
unique form of flagellum-independent motility termed twitching
motility. Twitching motility involves the assembly of TFP, attach-
ment of the pilus, and subsequent retraction of the pilus, facilitat-
ing the translocation of the cell body toward the point of attach-
ment (22). Interestingly, the term “twitching motility” was coined
in 1965 by Lautrop to describe the jerky locomotion exhibited by
Acinetobacter calcoaceticus, thereby laying the foundation early for
a link between Acinetobacter spp. and TFP (23).

Recently, Smith et al. sequenced the genome of A. baumannii
strain ATCC 17978 and described several genes whose products
might play a role in transformation; some of these were predicted
to encode components of a TFP-like system (24). Furthermore, a
recent analysis of the published A. baumannii genomes revealed
many genes whose products have homology to proteins required
for the biogenesis of TFP found in other Gram-negative bacteria;
thus, it appears that some A. baumannii strains contain the coding
potential required to assemble TFP (25). In addition to this anal-
ysis, Antunes et al. demonstrated that A. baumannii strain AYE
exhibits twitching motility. A complete list of TFP biogenesis gene
homologs in three A. baumannii reference strains can be found in
the study by Antunes et al. (25). Eijkelkamp and coworkers simul-
taneously reported that several genes in A. baumannii strain
ATCC 17978, which likely encode proteins required for TFP bio-
genesis, were slightly down-regulated under low-iron growth con-
ditions and that surface-associated motility was lost (26). In other
organisms, TFP are associated with numerous phenotypes, in-
cluding natural transformation and/or twitching motility (27, 28).
Ramirez et al. identified a clinical isolate of A. baumannii isolated
from blood that was naturally transformable; however, the molec-

ular basis for this phenotype was not explored (29). Also, some
A. baumannii clinical isolates are capable of twitching motility
(reviewed in reference 30). Recently, Eijkelkamp et al. reported
that all of the international clone I A. baumannii clinical isolates
tested in their study as well as some clinical strains that did not
belong to a currently characterized clonal lineage were capable of
twitching motility, indicating that these strains may produce
functional TFP (31). It has been speculated that TFP might play a
role in the unique, flagellum-independent surface-associated
motility displayed by many A. baumannii clinical isolates, yet
there is no experimental evidence demonstrating that A. bauman-
nii strains produce functional TFP (26, 32).

In this study, we demonstrated that A. baumannii strain M2, a
clinical isolate, is naturally transformable and that natural trans-
formation is dependent on genes which encode orthologs of pro-
teins required for the biogenesis of TFP found in other Gram-
negative organisms. These gene products were also required for
twitching motility, another TFP-associated phenotype. Similar to
observations made in other organisms (Neisseria gonorrhoeae,
Pseudomonas aeruginosa, and Dichelobacter nodosus), the
M2�pilT mutant exhibited more surface-exposed PilA than the
wild-type strain (33–35). TFP were readily visualized by transmis-
sion electron microscopy on pilT mutant cells but not on pilA or
pilA pilT mutant cells. Collectively, these data led us to conclude
that A. baumannii strain M2 produces functional TFP and that
these structures are required for natural transformation and
twitching motility. Lastly, we demonstrated that the unique
surface-associated motility exhibited by many clinical isolates is
not dependent on the production of functional TFP in strain M2.

RESULTS
Identification and arrangement of TFP biosynthesis gene clus-
ters in A. baumannii strain M2. Roche 454 and Ion Torrent in-
struments were employed to obtain raw genomic sequence for
strain M2. These data were assembled, and the resulting contig
sets (R. S. Munson, Jr., and P. N. Rather, unpublished data) were
queried for genes whose products have homology to proteins re-
quired for the biogenesis of TFP found in other Gram-negative
organisms as well as in completed A. baumannii genomes. An-
tunes et al., in Table S2 of their article, published a list of putative
TFP-associated genes in three A. baumannii genomes (25).
Eijkelkamp and coworkers examined 11 fully sequenced A. bau-
mannii genomes and reported that all contained genes likely to
encode proteins involved in TFP biogenesis (31). In the strain M2
genome, we identified homologs of genes whose products are
known to be critical in TFP biogenesis in other organisms. We
chose three of these genes for further investigation, as our primary
goal was to determine whether functional TFP are produced by
strain M2. The TFP biogenesis-related gene clusters were arranged
similarly to the gene clusters identified in other A. baumannii
strains (25). One gene cluster was identified that contains genes
that encode a putative traffic ATPase (PilB), a putative inner-
membrane platform protein (PilC), and a putative prepilin pep-
tidase (PilD) (Fig. 1). A second gene cluster contains genes that
encode homologs of the TFP retraction ATPases PilT and PilU. A
third locus contains a gene that encodes the putative major pilin
subunit, PilA. PilA has a predicted six-amino-acid leader peptide,
an N-terminal hydrophobic region, and a processed length of 138
amino acids (aa) (31). The protein has two cysteines, which are
predicted to form one disulfide bridge. Together, these data indi-
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cate that strain M2 has genes encoding a type IVa pilus system
(36). The gene directly downstream of the pilA gene in strain M2 is
predicted to encode a 436-aa hypothetical protein that contains a
conserved Wzy_C domain found in the O-antigen ligase-like pro-
tein family. A gene encoding a member of the O-antigen ligase-
like protein family is found immediately downstream of the pilA
gene in some strains of P. aeruginosa. This Wzy_C domain-
containing protein in P. aeruginosa is a pilin glycosylase (37).
However, in the absence of functional data, we have designated
the gene encoding this Wzy_C domain-containing protein in
strain M2 pgyA, for “putative glycosylase A.”

The pil gene products were required for natural transforma-
tion. In addition to the identification of TFP-encoding genes, we
observed that strain M2 was naturally transformable, a phenotype
associated with the production of TFP in other naturally trans-
formable Gram-negative organisms. We constructed strains con-
taining mutations in the pilA, pilD, or pilT gene and then deter-
mined the transformation efficiency of each strain. As shown in
Fig. 2, the transformation efficiency for all mutant strains was

below the level of detection in our assay. Each mutation was com-
plemented by cloning the parental gene under the control of its
predicted native promoter into a mini-Tn7 element, which was
then transposed into the attTn7 site downstream of the glmS2
gene in the strain M2 chromosome. Transformation levels similar
to parental levels were observed in the complemented pilA and
pilD mutants. In contrast, we were unable to complement the pilT
mutation with the parental pilT allele. In A. baumannii, pilT and
pilU are contiguous on the chromosome, as they are in P. aerugi-
nosa (Fig. 1). However, in P. aeruginosa, pilT and pilU are inde-
pendently transcribed, indicating that the promoter for pilU may
be within the pilT open reading frame (34). Thus, it is likely that
our inability to complement the pilT mutation was due to polar
effects on pilU. We therefore reintroduced a complete pilTU gene
cluster, using the mini-Tn7 system, into the pilT strain; the natural
transformation phenotype was restored, suggesting that we may
have affected transcription of pilU in the pilT mutant. In addition,
we introduced an empty mini-Tn7 element into the pilA mutant
and demonstrated that this strain did not have detectable levels of
transformation, indicating that mini-Tn7 alone does not restore
the transformation phenotype (Munson, unpublished data). We
also generated a strain containing a deletion of the pgyA gene. This
mutant was naturally transformable.

TFP-like structures were observed on the surface of strain
M2. Type IV pili are long, narrow fibers, generally �8 nm in di-
ameter, that can be readily visualized on the surface of many
Gram-negative bacteria, including Neisseria species and P. aerugi-
nosa (36). We failed to observe TFP-like structures when whole
cells of strain M2 were examined by transmission electron micros-
copy (TEM). However, the inability to detect TFP by EM is similar
to what we observed with TFP in H. influenzae; that is, unless the
TFP regulon was overexpressed, TFP were not observed by EM
(27). Others have demonstrated that strains containing mutations
in the pilT gene of N. gonorrhoeae, P. aeruginosa, and D. nodosus
are hyperpiliated compared to the parental strain (33–35). PilT is
an ATPase that is required for disassembly of TFP; thus, bacteria
with mutations in pilT are frequently observed to be hyperpiliated,
as the pili cannot retract. Since pilus retraction is required for
twitching motility and transformation, the pili observed in the
pilT mutant are not functional. We readily observed TFP-like
structures on the pilT mutant by TEM (Fig. 3). To verify that these
structures were in fact TFP, we constructed a pilT pilA mutant
strain and examined it for the loss of TFP-like structures. This
strain was devoid of TFP-like structures, except for 1 cell out of the
�1,000 viewed which displayed a structure with dimensions sim-
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FIG 1 The pil gene loci in A. baumannii strain M2 employed in this study. Genes predicted to encode subunits of a TFP system in A. baumannii strain M2 are
shown. We identified a pilA gene predicted to encode the major pilin subunit followed by pgyA, possibly coding for a type IV pilus O-glycosylase. Two other pil
gene clusters were identified, (i) a pilBCD gene cluster, encoding a putative traffic ATPase (pilB), a putative inner membrane platform protein (pilC), and a
putative prepilin peptidase (pilD), and (ii) a pilTU gene cluster, encoding two putative retraction ATPases.
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FIG 2 Natural transformation of strain M2 was reliant upon pil gene prod-
ucts. Strain M2, the pilA, pilD, and pilT isogenic mutants, and their respective
complemented strains, including a �pilA strain complemented with the pilA
gene fused to a FLAG tag, were tested for their transformation efficiencies. The
pilA, pilD, and pilT mutants had transformation efficiencies below our level of
detection, but the complemented strains, including the strain expressing PilA-
FLAG, regained the natural transformation phenotype. The pgyA mutant also
retained parental levels of transformation. The shaded area represents the level
of detection of the assay. Transformation efficiency was calculated as the num-
ber of transformants/ml divided by the total CFU/ml for a given reaction. Bars
show the means from three independent experiments with two technical rep-
licates each, and error bars represent the standard errors of the means.
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ilar to those of TFP. These data are consistent with the observed
transformation phenotype in that both data sets affirm the con-
clusion that TFP are produced by strain M2.

The major pilin subunit, PilA, was surface exposed. Type IV
pili are polymers composed predominately of the major pilin sub-
unit, PilA, and minor pilins, so named for their relative abundance
within the pilus fiber. By shearing pili from the surface of bacteria,
the fiber can be separated from whole cells (38, 39), disassembled
into its components, and separated by SDS-PAGE analysis, and
protein composition can be determined via mass spectrometry.
Cells of the parental M2 strain as well as the isogenic pilA and pilT
mutant strains were vortexed to shear off surface structures.
Whole cells were separated from the sheared protein fraction by
centrifugation. The sheared protein fractions from each strain
were then analyzed by SDS-PAGE. Selected bands were excised,
and the proteins were identified by mass spectrometry. As shown
in Fig. 4, when the sheared protein fractions were examined on a
silver-stained SDS-PAGE gel, a band was present in the parental
fraction slightly above the predicted mass of PilA (13.9 kDa). This
band was absent in the fraction prepared from the pilA mutant.
When preparations from the pilT mutant were characterized, a
band which had the same mobility as the band in the parental
fraction was observed. In addition, a band with a lower apparent
molecular weight was present. The regions where the bands were
present were excised from a Coomassie-stained SDS-PAGE gel,
trypsinized, and subjected to MALDI-TOF (matrix-assisted laser
desorption ionization–time of flight) mass spectrometry. As ex-
pected, the upper band present in the both the parental and pilT
mutant fraction was identified as PilA. The PilA protein was not
found in this region of the preparation from the pilA mutant.
Interestingly, the lowest band in the pilT mutant fraction was also
identified as PilA protein. These data taken together with the TEM
images provide additional evidence that strain M2 produced TFP
and that PilA is the major pilin subunit.

Lastly, a band running at an intermediate molecular weight
between the upper and lower bands of the pilT mutant fraction
was observed in all three samples. This band was identified as a
protein containing a spore coat domain by Blast; however, struc-
tural prediction analysis (PHYRE2) (40) of the primary amino
acid sequence revealed that this protein may be a pilin of a chap-
erone usher pilus system that is not yet characterized in A. bau-
mannii. This protein is highly homologous to a putative biofilm

synthesis protein (NCBI accession number YP_001713377) found
in A. baumannii strain AYE. We are currently investigating the
role of this putative type I pilin in the biology of A. baumannii.

The strain M2 PilD homolog was required for processing of
PilA. Based on homology, we predicted that pilD encodes the
prepilin peptidase, a protein required in other TFP systems that
acts by cleaving an N-terminal leader peptide from immature
PilA. To test this prediction, we compared the apparent molecular
weights of PilA proteins produced in pilD� and pilD backgrounds.
As we do not currently have an antiserum that recognizes strain

A. B.

500 nm 500 nm

FIG 3 Observation of TFP on the �pilT mutant. (A) Type IV pilus-like appendages were readily observed on the surface of the �pilT mutant. (B) Type IV
pilus-like appendages were not observed on the surface of a �pilT pilA::strAB mutant.
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B.

FIG 4 PilA, the major pilin subunit, is surface exposed. (A) The parental
strain and the pilA and pilT mutant strains were resuspended in DPBS from L
agar plates and vortexed to remove surface appendages. The sheared proteins
were separated by SDS-PAGE, excised, and examined by MALDI-TOF mass
spectrometry. The upper band in both the parental and pilT mutant fraction
was identified as PilA. Interestingly, the lowest band present in the pilT mutant
fraction was also identified as PilA. PilA was not identified in the pilA mutant
fraction. (B) The primary amino acid sequence of the unprocessed prepilin,
PilA, is shown. Predicted tryptic peptides are separated by spaces and shown in
alternating colors for clarity. Underlined peptides were identified in both sam-
ples analyzed from the pilT mutant. The predominant band in the sample from
the pilA mutant strain (also seen in the other preparations) is a predicted pilin
produced by a chaperone/usher system. This is 87% identical to a putative
biofilm synthesis protein (YP_001713377) in A. baumannii strain AYE.
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M2’s PilA, we constructed a mini-Tn7 element carrying sequence
that encoded PilA with a C-terminal FLAG tag. Strains expressing
the pilA-FLAG gene in a pilA and pilA pilD mutant background
were constructed. We then compared whole-cell lysates of the two
strains by Western blot analysis, probing with an anti-FLAG anti-
body. In Fig. 5, we show that PilA-FLAG was detected in both
strains; however, PilA-FLAG from the pilA pilD mutant strain
migrated as a higher-molecular-mass protein than PilA-FLAG
produced in the pilA mutant background. These results are con-
sistent with our hypothesis that PilD is the prepilin peptidase in-
volved in processing of strain M2’s major pilin, PilA.

The pilA, pilD, and pilTU gene products were required for
twitching motility but not surface-associated motility. Twitch-
ing motility, a TFP-dependent phenotype, is generally observed at
the interphase of the petri dish and an agar or agarose surface.
Given that transformation of strain M2 was dependent on TFP, we
hypothesized that strain M2 would be capable of twitching motil-
ity. Classically, twitching motility assays have been conducted
with medium containing 1% agar; however, agarose may be sub-
stituted. Media containing 1% agarose were used in these experi-
ments. As shown in Fig. 6, strain M2 exhibited twitching motility.
In contrast, the pilA, pilD, and pilT mutants did not exhibit
twitching motility. Parental levels of twitching motility were ob-
served when the complemented mutants were tested. The pilA
mutant containing an empty mini-Tn7 element did not exhibit
twitching motility (Munson, unpublished). The pgyA mutant
strain retained parental levels of twitching motility.

Some A. baumannii isolates are also capable of a flagellum-
independent surface-associated motility exhibited on semisolid
media (41, 42). Clemmer et al. demonstrated that strain M2 was
capable of surface-associated motility (32). In their study, surface-
associated motility was impaired but not absent in a pilT mutant.
To further explore the role of TFP in A. baumannii strain M2
surface-associated motility, we assessed the isogenic TFP mutant
strains for their ability to translocate across the surface of semi-
solid media. Interestingly, the surface-associated motilities of the

pilA, pilD, and pilT mutants were similar to that of the parental M2
strain (Fig. 7).

DISCUSSION

Several investigators have noted that A. baumannii genomes con-
tain genes that likely encode proteins required for the biogenesis
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FIG 5 The strain M2 PilD homolog acted as a prepilin peptidase. Whole-cell
lysates of the M2�pilA::kan(pilA-FLAG�) and M2�pilA::kan�pilD::strAB-
(pilAFLAG

�) strains were examined by Western blot analysis for processed and
unprocessed PilA-FLAG. The nonspecific band around 50 kDa was included to
demonstrate equal migration of proteins. PilA-FLAG from the M2�pilA::
kan(pilA-FLAG�) migrated to a slightly lower position than PilA-FLAG from
M2�pilA::kan�pilD::strAB(pilAFLAG

�). The leader peptide of PilA is predicted
to be six amino acids. FIG 6 Twitching motility is reliant upon the pil gene products. (A) Twitching

motility was observed at the agarose/plastic interface for M2 and the comple-
mented mutants but not for the pilA, pilD, and pilT mutants. Each strain was
inoculated by stabbing through the agarose to the surface of a plastic petri dish
followed by incubation at 37°C for 18 h. The agarose was removed, and the
nonadherent bacteria were removed by washing with PBS. The adherent bac-
teria were visualized by staining with 0.1% crystal violet. Each square in the
grid on the plate is 13 mm wide. (B) The C-terminal FLAG tag on PilA did not
impede twitching motility. The pgyA mutant retained the twitching motility
phenotype.
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FIG 7 The pil gene products were not required for surface-associated motil-
ity. Strain M2 and the pilA, pilD, and pilT mutants were inoculated on the
surface of a semisolid agarose plate (0.5%) and incubated for 18 h at 37°C. The
pilA, pilD, and pilT mutant strains demonstrated no defect in surface-
associated motility compared to the parental strain. Grids measure 13 mm2.
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of TFP, and it has been suggested that TFP might be involved in
the surface-associated motility phenotype demonstrated by some
A. baumannii isolates (32). We sought to definitively demonstrate
the production of TFP in an A. baumannii clinical isolate and
determine whether the classically defined TFP-associated pheno-
types, transformation and twitching motility, required A. bau-
mannii TFP.

In A. baumannii strain M2, we identified several genes whose
products were known to be involved in TFP biogenesis in other
organisms (27, 43). We demonstrated that strain M2 was naturally
transformable and exhibited twitching motility; both phenotypes
were absent in the pilA, pilD, and pilT mutants. The pilA, pilD, and
pilT mutations were then complemented, restoring the TFP-
dependent phenotypes.

Major and minor pilins are processed prior to being polymer-
ized into a fiber by the removal of a leader peptide by a dedicated
prepilin peptidase, PilD (44). We tested for the predicted PilD
activity by constructing strains that expressed C-terminal FLAG-
tagged PilA in a pilA mutant and a pilA pilD mutant background.
When examined by Western blot, PilA-FLAG produced in the
pilA pilD mutant ran with a slightly higher apparent molecular
weight than the protein produced in the pilD� strain, consistent
with cleavage of the predicted six-amino-acid leader peptide.

Downstream of the pilA gene is a gene encoding a hypothetical
protein containing an O-antigen ligase (Wzy_C) domain. This
gene is found in a subset of genomes of the clinical isolates that
have been sequenced. These include A. baumannii strain ACICU
(accession no. CP000863), TYTH-1 (accession no. CP-003856),
MDR-TJ (accession no. CP003500), MDR-ZJ06 (accession no.
CP001937), TCDC-AB0715 (accession no. CP002522), and
1656-2 (accession no. CP001921). It is possible that PgyA is a pilin
glycosylase, as PilO produced by P. aeruginosa 1244 also contains
a Wzy_C domain, and catalyzes the addition of a trisaccharide to
serine 148 of PilA (45). Eleven serine residues are present in the
M2 PilA; however, the location of serines within the strain M2
protein are not the same as those identified as glycosylation targets
in the P. aeruginosa 1244 pilin. Additional studies are required to
determine the activity of PgyA.

The pgyA gene is not to be confused with the recently charac-
terized pglL gene identified in A. baumannii ATCC 17978, al-
though the pglL gene is present downstream of the pilA gene in
strain ATCC 17978. In strains whose genomes contain the pgyA
gene, the pglL gene is found immediately downstream of pgyA, as
is the case in strain M2. In strain ATCC 17978, the pglL gene
product is required for the O-glycosylation of several proteins of
unknown function (14).

Type IV pili are surface appendages that have diameters rang-
ing from 5 to 8 nm and can measure several micrometers in length.
TFP have been visualized on, and purified from, many Gram-
negative organisms (36). We employed numerous strategies to
visualize TFP on the surface of strain M2, including using immu-
nogold labeling and TEM to view pili on M2 strains expressing
PilA-FLAG. These attempts were unsuccessful. However, when
we examined the pilT mutant strain by negative-stain transmis-
sion electron microscopy, we were able to visualize structures em-
anating from the surface of the outer membrane that resembled
TFP. These structures were present on a subset of the cells in the
pilT mutant population and found free on the grid surface. In
addition, these structures were rarely on the parent and absent in
a pilT pilA mutant, indicating that these structures are most likely

TFP. These observations are expected, given the increase in rela-
tive abundance of surface exposed PilA on the pilT mutant com-
pared to the parental M2 strain.

Enrichment for bacterial extracellular appendages by shearing
bacteria in suspension without excessive cell lysis has been dem-
onstrated for many organisms, including P. aeruginosa and non-
typeable H. influenzae (27, 46). Therefore, sheared cell superna-
tants from the parental M2 as well as the pilA and pilT mutant
strains were examined by Coomassie blue-stained SDS-PAGE. An
additional band was present in the fraction from strain M2 when
compared to the fraction from the pilA mutant. This same band
was present in the fraction from the pilT mutant along with an-
other lower molecular weight band which was absent in both the
fraction from the strain M2 and the pilA mutant. Our observation
was concordant with those obtained by Han et al., where a pilT
mutant in D. nodosus demonstrated an increase in surface-
exposed PilA compared to the parental strain (35). The upper
band present in the fraction from the parent and the pilT mutant
contained PilA when analyzed by MALDI-TOF mass spectrome-
try, confirming that strain M2 is able to export PilA to the surface
of the cell and, by inference, assemble TFP. Interestingly, the low-
est band in the fraction from the pilT mutant also contained PilA.
We hypothesized that PilA in the lower band could simply be
truncated or a proteolysis product; however, when we analyzed
the mass spectrometry data for differential peptide identification,
we found that the same peptides were present in both fractions. All
peptides, with the exception of the hydrophobic amino terminal
peptide, were present.

Genes predicted to encode TFP biogenesis proteins have been
identified in all of the fully sequenced genomes of A. baumannii
clinical isolates; however, most of the A. baumannii clinical iso-
lates do not exhibit twitching motility (31), a classic phenotype
associated with functional TFP. Additional work will be required
to determine if the TFP-associated genes in these genomes are
transcribed and under what conditions.

Recently, Eijkelkamp and coworkers reported that surface-
associated motility and twitching motility were not always ob-
served together and concluded that there are different mecha-
nisms accounting for the different motility phenotypes displayed
by A. baumannii clinical isolates (31). Twitching motility is a form
of bacterial motility independent of flagella that requires the TFP
to assemble, bind to a substratum, and then disassemble, resulting
in movement of the cell body toward the point of attachment (22).
Twitching motility was observed with strain M2, and this pheno-
type was dependent on the pilA, pilD, and pilT gene products, as
twitching motility was absent in the mutant strains but restored to
parental levels in the complemented strains. Eijkelkamp et al.
demonstrated that there is sequence conservation between the
PilA protein of A. baumannii clinical isolates within the same
clonal lineage and that strains within the same clonal lineage ex-
hibited similar motility patterns. Thus, their data suggested that
specific PilA sequences might partially influence the ability of a
strain to exhibit twitching motility. However, when we compared
the sequence of strain M2’s PilA to those identified in the study by
Eijkelkamp et al., we found that M2’s PilA sequence had 92%
identity to that of A. baumannii strain 19606, a clinical isolate that
did not exhibit twitching motility. Thus, it appears that PilA se-
quence does not correlate with ability of a particular strain to
exhibit twitching motility.

Many strains of A. baumannii have also been shown to exhibit
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a unique surface-associated motility on semisolid media that re-
sembles swarming motility of P. aeruginosa; however, swarming
motility, as defined by Henrichsen, is flagellum-coordinated
movement of groups of cells across a solid surface (47). Acineto-
bacter baumannii surface-associated motility is a flagellum-
independent, multifactorial, complex process that is partially de-
pendent on 1,3-diaminopropane synthesis, quorum sensing, iron
concentration, the composition of lipopolysaccharide and is sen-
sitive to blue light when cells are grown at 24°C (30, 32, 41, 42). It
has been speculated that TFP might be involved in the surface-
associated motility of this bacterium. Recently, Clemmer et al.
demonstrated, in strain M2, that a mutant deficient in expression
of the PilT protein was partially impaired with respect to surface-
associated motility (32). In contrast, the pilT mutant we charac-
terized as well as the pilA and pilD mutants exhibited parental
levels of surface-associated motility. Occasionally, the pilD mu-
tant exhibited a variable motility compared to the parental strain
as well as the other mutant strains. Rather and coworkers (unpub-
lished data) have observed two subtle but distinct colony mor-
phologies, opaque and translucent, when M2 is streaked on 1%
L agar. These colony morphologies are independent of the TFP
phenotype. When a translucent clone containing the pilT muta-
tion was tested, surface-associated motility of the pilT mutant was
impaired. In contrast, an opaque clone containing a pilT mutation
retained parental levels of surface-associated motility. When
streaked on a plate, colonies of the pilT mutant described by
Clemmer et al. are primarily translucent (32). Colonies of the pilT
mutant described herein were primarily opaque, which partially
explains the discrepant results. Overall, however, it is clear that
surface-associated motility is not strictly dependent on the expres-
sion of TFP in the opaque form. A complete understanding of the
basis for the surface-associated motility will, in part, depend on
the identification of the molecular basis for the translucent and
opaque colony types.

Herein, we have provided genetic evidence that twitching mo-
tility and surface-associated motility are distinct phenotypes con-
firming and extending the observations of Eijkelkamp and co-
workers (31). We also have demonstrated that PilA sequence does
not correlate with the ability to exhibit twitching motility. Impor-
tantly, we have provided the first visual evidence of TFP produc-
tion by an A. baumannii strain through the observation of TFP on
the surface of the strain M2 pilT mutant, a phenotype that is de-
pendent upon the pilA gene product. In addition, we demon-
strated that PilA is a major surface-exposed protein, and taking
these data together with the TEM images, we conclude that PilA is
the major pilin subunit. Natural transformation and twitching
motility were dependent on expression of TFP, while the mecha-
nisms responsible for surface-associated motility remain to be de-
termined; however, our data emphatically illustrate that TFP are
not required for surface-associated motility of strain M2. Impor-
tantly, our study demonstrated that TFP are produced by and have
a role in the biology of an A. baumannii clinical isolate. Future
studies will be directed at defining the conditions that promote
TFP expression and determining the role of TFP in the virulence
of this emerging pathogen.

MATERIALS AND METHODS
Strains, plasmids, and growth conditions. Bacterial strains and plasmids
used for this study are listed in Table S1 in the supplemental material. All
bacterial strains were grown on L agar or in LB broth. When appropriate,

antibiotics were added to the A. baumannii cultures at the following con-
centrations: 750 �g ampicillin/ml, 20 �g kanamycin/ml, 50 �g strepto-
mycin/ml, or 12.5 �g chloramphenicol/ml. When appropriate, Esche-
richia coli cultures were supplemented with antibiotics at the following
concentrations: 50 �g ampicillin/ml for strains containing plasmids other
than pGEM derivatives, 100 �g ampicillin/ml for strains containing
pGEM derivatives, 25 �g streptomycin/ml, or 20 �g kanamycin/ml.

Construction of the pilA, pilD, and pilT mutants. Primers for this
study were obtained from Integrated DNA Technologies (Coralville, IA)
and are listed in Table S2 in the supplemental material. We constructed a
mutant deficient in expression of the pilA gene as follows. The pilA gene
plus approximately 1 kb of DNA 5= and 3= of pilA was amplified by PCR
using primer set 1. The amplicon was then ligated into pGEM-T-Easy
(Promega, Madison, WI), and the ligation products were transformed
into E. coli DH5�. A plasmid with the correct insert was saved as pGEM-
pilA, and the sequence of the insert was verified by sequencing. The pilA
gene in pGEM-pilA was then replaced with a kanamycin resistance cas-
sette flanked by FRT sites from pKD13 using a lambda recombinase-based
strategy (48, 49). An amplicon was generated that contained 47 nucleo-
tides (nt) of DNA 5= of pilA along with the translational start site, the
cassette, the last 21 nt of the pilA gene and 29 nt downstream of pilA using
primer set 2 and pKD13 as the template. The amplicon and pGEM-pilA
were electroporated into E. coli strain DY380 that had been heat shocked
at 42°C for 15 min prior to electroporation to induce expression of the
lambda recombinase genes. Clones containing a plasmid with the pilA
gene replaced by the cassette were identified on L agar supplemented with
kanamycin. Plasmids were isolated and characterized; a plasmid contain-
ing FRT-kan-FRT (Flp recombination target) in place of the pilA gene was
saved as pGEM-�pilA::kan.

Natural transformation was then used to move the �pilA::kan frag-
ment into M2. The plasmid pGEM-�pilA::kan and primer set 1 were used
to generate an amplicon containing �pilA::kan and flanked by 1 kb of
DNA up- and downstream of pilA. An overnight culture of strain M2 was
diluted 1:10 in 500 �l of LB broth and incubated at 37°C with shaking at
180 rpm for 2 h. Following the 2 h incubation, 1 �g of the amplicon was
added to the bacterial culture. Cells were then transferred to an L agar
plate and incubated at 37°C for 4 h. Cells were collected from the plate and
resuspended in 500 �l of LB broth, and dilutions were plated on L agar
supplemented with kanamycin at 37°C. Kanamycin-resistant clones were
characterized by PCR analysis and sequencing to verify allele exchange. A
clone was saved as M2�pilA::kan. The identical strategy was used to con-
struct M2� pilD::kan using primer sets 3 and 4.

Since a mutation in pilT might be polar on pilU, we modified our
strategy to remove the cassette, leaving a short open reading frame con-
taining the translational start site of pilT, a small scar left by the excision of
the cassette, and the last 21 nt of pilT. For this construction, pilTU were
amplified from M2 genomic DNA with primer set 5 and cloned as de-
scribed above. A clone was saved as pGEM-pilTU.

To construct an unmarked mutation in pilT, a derivative of pKD13
containing FRT-kan-sacB-FRT, pRSM3542, was used as the template in a
PCR with primer set 6 (50). The amplicon, along with pGEM-pilTU, was
electroporated into heat-shocked E. coli DY380 as described above. Re-
striction digest analysis and sequencing were performed on plasmid pu-
rified from kanamycin-resistant clones. A correct clone was saved as
pGEM-�pilT::[kan-sacB] pilU. To introduce this mutation into strain
M2, a PCR was performed using pGEM-�pilT::[kan-sacB] pilU as the
template and primer set 5. This amplicon was introduced into strain M2
by natural transformation as described above. A kanamycin-resistant
clone with the correct sequence was saved as M2�pilT::kan-sacB.

A triparental mating strategy was employed to transiently introduce
the pFLP2 plasmid, which expresses the FLP recombinase, into M2�pilT::
kan-sacB as described by Carruthers et al. (50). Briefly, 100 �l of stationary
cultures normalized to an optical density at 600 nm (OD600) of 2.0 of each
of DH5�(pFLP2), HB101(pRK2013), and M2�pilT::kan-sacB were added
to 700 �l of warm LB broth. The bacterial suspension was washed twice by
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centrifugation at 7,000 � g followed by resuspension of the bacterial pellet
in 1 ml of 32°C LB broth. On the final wash, the bacterial pellet was
resuspended in 25 �l of LB broth, and the suspension was spotted on a
prewarmed L agar plate and incubated for 16 h at 32°C. The plates were
then transitioned to 37°C for 2 h to transiently induce the FLP recombi-
nase. Bacteria were then scraped from the plate and resuspended in 1 ml of
LB broth. Serial dilutions were plated on L agar containing 10% sucrose
and 12.5 �g of chloramphenicol/ml and incubated at 26°C to select for
transconjugants that had lost sacB and to select against E. coli strains.
Strain M2 is naturally resistant to chloramphenicol at the concentrations
used in this study. Clones demonstrating sucrose resistance were analyzed
by PCR to verify loss of the kan-sacB cassette. A correct clone was se-
quenced and saved as M2�pilT.

Construction of the pgyA mutant strain. The pGEM-pilA vector was
constructed so that it contained the pilA gene as well as flanking DNA,
which included the pgyA gene. Thus, to construct a pgyA mutant strain,
the following strategy was employed. EcoRV, a unique restriction site 64
bp from the 5= end of pgyA, was used to digest pGEM-pilA. The kanamy-
cin cassette from pUC4K was excised with HincII and ligated to the
EcoRV-linearized pGEM-pilA and transformed into DH5�, and clones
were selected for on L agar supplemented with kanamycin. A clone dem-
onstrating the correct restriction pattern was used to generate a PCR am-
plicon containing the interrupted pgyA gene along with approximately 1
kb of flanking DNA using primer set 1. The resulting amplicon was trans-
formed into strain M2 via natural transformation as described above.
Transformants were selected for on L agar supplemented with kanamycin.
A clone with the correct insertion was verified with colony PCR and se-
quencing to confirm the mutation.

Construction of complemented mutant strains. A mini-Tn7 trans-
poson system was used to complement mutations made in strain M2 in
single copy, under the control of each gene’s predicted promoter. Con-
struction of the mini-Tn7-containing plasmid, pRSM3510, employed for
this study has been described (50). The pilA gene along with 430 bp up-
stream of the start codon was amplified with primer set 7. The forward
primer contained a BamHI site on the 5= end, while the reverse primer of
each primer set contained KpnI on the 3= end. The amplicon was digested
with BamHI and KpnI and ligated to pRSM3510 that had been digested
with the same enzymes. The ligation mixture was electroporated into
E. coli EC100D, and clones were selected on L agar containing ampicillin.
Plasmids containing the pilA gene were identified by restriction digestion
and verified by sequencing. A clone was saved as pRSM3510-pilA. Simi-
larly pRSM3510-pilTU, which contains 312 bp upstream of the start
codon of pilT, was constructed using primer set 8 with the following
exceptions. The reverse primer did not have a KpnI site on the 3= end and
was instead phosphorylated for use in a blunt cloning strategy. pRSM3510
was digested with BamHI and StuI, the pilTU amplicon was digested with
BamHI, and the two were subsequently ligated together.

Since pilD is the last gene in a cluster of TFP-related genes (Fig. 1), we
assumed that pilD transcription would be driven from a promoter 5= of
pilB. Thus, we constructed a clone containing the putative pilB promoter
driving expression of pilD. Plasmid pGEM-pilBCD was generated using
primer set 3 and M2 genomic DNA as the template as described for
pGEM-pilA. Inverse PCR using pGEM-pilBCD as the template and
primer set 9 was utilized to create an in-frame deletion of pilBC, which left
the putative promoter, the start codon of pilB, and the last 21 bp of pilC
immediately 5= to the pilD gene. This amplicon was self-ligated and elec-
troporated into DH5�. Clones were selected for on L agar supplemented
with ampicillin, and a plasmid containing the pilBC deletion was saved as
pGEM-pilD. pGEM-pilD was used as a template in a PCR with primer set
10 to produce an amplicon that was cloned into pRSM3510 as described
above for pRSM3510-pilA. Ligations were electroporated into EC100D,
and clones were selected for on L agar supplemented with ampicillin. A
correct clone was saved as pRSM3510-pilD.

Primer set 11 was used to amplify the template, pRSM3510-pilA, with
a FLAG tag immediately upstream of the stop codon of the pilA gene. The

amplicon was self-ligated and electroporated into EC100D. Transfor-
mants were selected on L agar supplemented with ampicillin and a correct
clone was sequence verified and saved as pRSM3510-pilA-FLAG.

Insertion of the mini-Tn7 constructs into the A. baumannii mu-
tants. The pRSM3510 derivatives expressing the pilA, pilD, or pilTU genes
were introduced into the respective A. baumannii M2 mutants via a four-
parent conjugal strategy modified from that described by Kumar et al.
(51). Briefly, 100 �l of stationary cultures normalized to an OD600 of
2.0 of the recipient strain (A. baumannii mutant), HB101(pRK2013),
EC100D(pTNS2), and EC100D containing the appropriate pRSM3510
derivative were added to 600 �l of warm LB broth. Each suspension was
washed twice by centrifugation at 7,000 � g followed by resuspension of
the bacterial pellet in 1 ml of warm LB broth. On the final wash, the
bacterial pellet was resuspended in 25 �l of LB broth, and the suspension
was spotted on a prewarmed L agar plate and incubated overnight at 37°C.
The bacteria were scraped from the plate and resuspended in 1 ml of LB
broth, vortexed for 8 s, and serial dilutions were plated on L agar plates
supplemented with chloramphenicol to select against E. coli strains and
ampicillin to select for A. baumannii strain M2 exconjugants that had
received the mini-Tn7 constructs. To verify that mini-Tn7 had success-
fully transposed downstream of the glmS2 gene, primer set 12 (Tn7L for-
ward and downstream glmS2 reverse) were used to amplify a 400-bp frag-
ment that would produce a product only if mini-Tn7 had been inserted at
the predicted attTn7 in the correct orientation. The four strains were
saved as M2�pilA::kan(pilA�), M2� pilD::kan(pilD�), M2�pilT(pilTU�),
and M2�pilA::kan(pilA-FLAG�).

Construction of pGEM-blsA::strAB. The blsA gene along with 1 kb of
upstream and downstream DNA was amplified by PCR with the primer
set 13 using A. baumannii strain M2 genomic DNA as the template. The
amplicon was A tailed, TA cloned into pGEM-T Easy, and electroporated
into DH5�. Transformants were selected on L agar supplemented with
ampicillin, and correct clones were verified by restriction digestion and
sequencing. The strA and strB genes along with approximately 400 bp of
flanking DNA were amplified from A. baumannii strain RUH134 with the
phosphorylated primer set 14. This PCR product was ligated to an EcoRV-
digested pGEM-blsA and electroporated into DH5�. Clones were selected
for on L agar supplemented with streptomycin. A clone with the correct
insertion was saved as pGEM-blsA::strAB. The interruption in the blsA
gene is 72 bp downstream of the ATG start site.

Construction of the pilT pilA mutant. To construct a pilT pilA mu-
tant, an insertionally inactivated pilA gene was introduced into the pilT
mutant strain. Briefly, pGEM-pilA was used as the template to construct
pGEM-�pilA, in which inverse PCR was performed using primer set 16 to
create a deletion of pilA. A PCR product containing the streptomycin
resistance genes strAB was amplified from RUH134 using primer set 14.
The pGEM-�pilA- and strAB-containing PCR products were ligated to-
gether, and this ligation product was transformed into E. coli DH5�. This
plasmid was saved as pGEM-�pilA::strAB. The fragment containing
�pilA::strAB was cut from pGEM-�pilA::strAB and cloned into
pKNOCK-Km. This plasmid was saved as pKNOCK-Km-�pilA::strAB.
E. coli EC100D cells harboring pKNOCK-�pilA::strAB, E. coli HB101 har-
boring pRK2013, and A. baumannii strain M2�pilT were used as donor,
helper, and recipient strains, respectively, in a triparental conjugation.
Exconjugants containing �pilA::strAB were selected for on L agar contain-
ing chloramphenicol and streptomycin. Exconjugants were verified by
PCR to confirm the pilA mutation. A verified clone was saved as
M2�pilT� pilA::strAB.

Construction of the pilA pilD mutant. To construct a pilA pilD mu-
tant, we introduced a marked deletion of the pilD gene into the M2�pilA::
kan(pilA-FLAG�) strain via natural transformation. Briefly, pGEM-
pilBCD was amplified by inverse PCR using primers set 15 to create an
in-frame deletion of the pilD gene, in which the ATG start site as well as the
last 21 nt of the pilD gene was left. The streptomycin cassette from A. bau-
mannii RUH134 was amplified by PCR using primer set 14 which was 5=
phosphorylated. The two amplicons were ligated and electroporated into
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DH5�, and clones were selected for on L agar plates containing strepto-
mycin. A clone demonstrating the correct sequence was used to generate
an amplicon encoding the pilD deletion interrupted with the streptomy-
cin cassette as well as 1 kb of flanking DNA. The PCR product was trans-
formed via natural transformation into the pilA-FLAG complemented
pilA mutant as described above. A correct clone was verified by restriction
digest and sequencing as M2�pilA::kan � pilD::strAB(pilA-FLAG�).

Transformation efficiency assays. A single colony, from plates incu-
bated overnight at 37°C, was used to inoculate 2 ml of LB broth. After
overnight growth at 37°C and 180 rpm, 50 �l of culture was diluted with
450 �l of fresh LB broth and grown for 2 h at 37°C and 180 rpm. One
microgram of pGEM-blsA::strAB, linearized with PstI, was added to cul-
tures. After 2 h, the bacterium-DNA suspension was spotted on an L agar
plate and incubated for 4 h at 37°C. Bacteria were removed from the plate,
resuspended in 500 �l LB broth, and normalized to an OD600 of 50, and
serial dilutions were plated on L agar to enumerate total CFU. In addition,
serial dilutions were plated on L agar supplemented with streptomycin to
enumerate CFU of transformants. Transformation efficiency was calcu-
lated by dividing the CFU of transformants by the total CFU. Experiments
were conducted on at least three separate occasions.

Electron microscopy. M2 and the pilA, pilT, and pilT pilA mutant
strains were streaked onto L agar and incubated overnight at 37°C. One
hundred microliters of Dulbecco’s phosphate-buffered saline (DPBS) was
added to isolated colonies to create a slightly turbid bacterial suspension.
Twenty microliters of the bacterial suspension was pipetted onto a piece of
Parafilm, and a Formvar carbon film on 300 square mesh nickel grids
(Electron Microscopy Sciences) was placed in each droplet for 5 min. The
grids were blotted on filter paper and subsequently incubated in 20 �l of
2% paraformaldehyde in DPBS for 1 h. The grids were washed three times
in DPBS, blotted on filter paper, and then stained in a 2.0% (wt/vol)
ammonium molybdate, 2.0% (wt/vol) ammonium acetate solution di-
luted 1:1 with deionized water for 5 min. The grids were blotted dry on
filter paper and dried overnight. Images were captured on an FEI Tecnai
G2 Spirit transmission electron microscope at the Campus Microscopy
and Imaging Facility at The Ohio State University.

Pilus shear preparations. M2 and the pilA and pilT mutant strains
were each streaked onto six L agar plates and incubated overnight at 37°C.
In order to purify enough surface-exposed protein to visualize by Coo-
massie staining on a polyacrylamide gel, bacteria were collected from agar
plates and resuspended in 5 ml of phosphate-buffered saline containing
protease inhibitor cocktail (Roche), yielding a concentrated cell suspen-
sion. Appropriate dilutions were made, and cell suspensions were normal-
ized via absorbance at 600 nm to an optical density of 50. Cells were
vortexed at high speed for 1 min, followed by incubation on ice for 1 min.
After centrifugation at 16,000 � g for 1 min at 4°C, the resultant super-
natants were removed, and ammonium sulfate was added to the superna-
tants to a final concentration of 30%. The preparations were incubated
overnight at 4°C. The precipitated protein was then collected by centrif-
ugation at 20,000 � g and resuspended in 100 �l of SDS-PAGE loading
buffer. Twenty microliters of each sample was run in duplicate on a 4 to
20% TGX gel (Bio-Rad) for analysis by silver staining and Coomassie
staining. Protein bands were excised and sent off for MALDI-TOF mass
spectrometry analysis at the Campus Chemical Instrument Center Mass
Spectrometry and Proteomics Facility at The Ohio State University.

Processed and unprocessed PilA-FLAG Western blots. To determine
whether PilD was the leader peptidase, M2�pilA::kan(pilA-FLAG�) and
M2�pilA::kan �pilD::strAB pilA(pilA-FLAG�) were streaked onto L agar
and incubated for 16 to 18 h at 37°C. The cells were scraped from the plate
into DPBS and normalized to an OD600 of 5.0. Samples were resuspended
in 1� loading buffer, boiled for 10 min, run on a 4 to 20% TGX gel, and
transferred to nitrocellulose for Western blot analysis with an anti-FLAG
antibody (Agilent) following the manufacturer’s protocol.

Twitching motility. Twitching motility plates, comprised of 10 g tryp-
tone/liter, 5 g NaCl/liter, and 10 g agarose/liter (BP164-100; Fisher), were
prepared fresh for each experiment. Each plate was made by pouring 30

ml medium into a 150-mm petri dish and allowing the medium to air-dry
with the lid off for 20 min in a laminar flow hood. Each twitching motility
plate was stab inoculated with a colony of bacteria at the agarose/petri
plate interface and placed in a 37°C, humidified incubator for 18 h. To
visualize the bacteria at the interface, agarose was removed from each
plate, and the plates were washed with phosphate-buffered saline (PBS)
and stained with 0.1% crystal violet (wt/vol) in water for 5 min. To remove
excess crystal violet, each plate was gently washed with PBS and allowed to
dry. Twitching motility assays were conducted on at least three separate
occasions.

Surface-associated motility. Surface motility plates, comprised of 5 g
tryptone/liter, 2.5 g NaCl/liter, and 5 g agarose/liter (0.3%) as previously
described (30), were prepared fresh for each surface motility experiment.
In order to reduce variation between plates, each plate was poured with 30
ml of surface motility medium in a laminar flow hood with the lids off.
The plates were allowed to dry for 30 min and then promptly used for
motility assays. Motility plates were inoculated on the surface with 2 �l of
a bacterial suspension normalized to an OD600 of 2.0. Each bacterial cul-
ture was started in the morning from an isolated colony and incubated to
stationary phase at 37°C with shaking at 180 rpm. Motility plates were
incubated for 18 h at 37°C. Surface-associated motility assays were con-
ducted on at least three separate occasions.

SUPPLEMENTAL MATERIAL
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