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The fimA gene of Xanthomonas campestris pv. vesicatoria was identified and characterized. A 20-mer degen-
erate oligonucleotide complementary to the N-terminal amino acid sequence of the purified 15.5-kDa fimbrillin
was used to locate fimA on a 2.6-kb SalI fragment of the X. campestris pv. vesicatoria 3240 genome. The nucleo-
tide sequence of a 1.4-kb fragment containing the fimA region revealed two open reading frames predicting
highly homologous proteins FimA and FimB. FimA, which was composed of 136 amino acids and had a
calculated molecular weight of 14,302, showed high sequence identity to the type IV fimbrillin precursors. fimB
predicted a protein product of 135 amino acids and a molecular weight of 13,854. The open reading frame for
fimB contained near the 5* end a palindromic sequence with a terminator loop potential, and the expression
level of fimB in vitro and in Xanthomonas was considerably lower than that of fimA. We detected an efficiently
transcribed fimA-specific mRNA of 600 bases as well as two weakly expressed, longer mRNA species that react-
ed with both fimA and fimB. A homolog of fimA but not of fimB was detected by Southern hybridization in
strains of X. campestris pv. vesicatoria, campestris, begoniae, translucens, and graminis. A fimA::V mutant of
strain 3240 was not significantly reduced in virulence or adhesiveness to tomato leaves. However, the fimA
mutant was dramatically reduced in cell aggregation in laboratory cultures and on infected tomato leaves. The
fimA mutant strain also exhibited decreased tolerance to UV light.

Xanthomonas campestris is a plant pathogen divided into
more than 140 pathovars on the basis of the host plants of
X. campestris isolates (48). Commonly, the pathovars exhibit a
high degree of host specificity in causing the disease, which
makes X. campestris infections an interesting target for studies
on bacterium-plant interactions and pathogenetic mechanisms
of the infections. The ability of X. campestris isolates to cause
disease is controlled by hrp (hypersensitive reaction and patho-
genicity) genes, whose pathogenetic functions have not yet
been characterized. Some of the identified hrp gene products
of X. campestris exhibit sequence homology to proteins func-
tioning in secretion of virulence factors of bacteria causing
infections in animals (reviewed in reference 5), suggesting that
secreted proteins play a role in pathogenesis of X. campestris
infections. Isolates of X. campestris secrete plant cell wall-
degrading enzymes whose function in the pathogenetic pro-
cesses of X. campestris infections, however, has remained un-
clear (reviewed in reference 13).
In contrast to bacterial infections in mammals, the impor-

tance of fimbriae and bacterial adhesion to plant tissue in the
pathogenetic processes of plant pathogens has remained con-
troversial (reviewed in references 4 and 34). Fimbriae have
been indicated to mediate adhesion of Pseudomonas syringae
to bean leaves and to affect the virulence of P. syringae in bean
(35). Recently, van Doorn et al. (47) isolated fimbriae from X.

campestris pv. hyacinthi and showed that they bind to stomata
of hyacinth leaves, suggesting a role for fimbriae in the entry of
X. campestris pv. hyacinthi into its host plant. The N-terminal
amino acid sequence of the X. campestris pv. hyacinthi fimbril-
lin shows identity to that of eubacterial type IV fimbrillins,
suggesting that X. campestris isolates express this class of fim-
brial filaments. Type IV fimbrial proteins have similarity to the
extracellular protein secretory apparatus proteins. X. campes-
tris expresses Xps proteins functioning in the secretion of deg-
radative enzymes, some of which have sequence homology to
N termini of type IV fimbrillins (14, 19). Type IV fimbriae are
virulence factors of several human and animal pathogens and
mediate bacterial adhesion to host epithelial cells (45). They
also are involved in bacterial motility, the so-called twitching
and social gliding motilities (45, 52), as well as in cell aggre-
gation of human pathogens (8, 12, 17, 25, 42). As a step to
analyze the role of fimbriae in X. campestris infections, we
describe here the characterization of the fimA gene encoding
bundle-forming fimbriae and cell aggregation of X. campestris
pv. vesicatoria, the causal agent of spot disease of pepper and
tomato plants, and show that a homologous gene exists in
certain other X. campestris pathovars as well.

MATERIALS AND METHODS

Bacterial strains and media. The X. campestris pv. vesicatoria strain 3240, pv.
campestris strains 528 and 1929, pv. pelargonii strains 2985 and 3119, pv. be-
goniae strains 2226 and 3021, pv. translucens strains 973 and 2929, and pv.
graminis strains 2700 and 3041 have been described earlier (28); the strains were
obtained from the National Collection of Plant Pathogenic Bacteria, Harpenden,
United Kingdom. Strains 75-3 and 85-10 of X. campestris pv. vesicatoria have
been described previously (6). For fimbriae purification and microscopy, X.
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campestris pv. vesicatoria was cultured with shaking at 120 rpm to the early
stationary phase in NYB medium (47); for counting viable cells, it was cultured
on NYG agar (9) at 288C. Escherichia coli DH5a (Bethesda Research Labora-
tories, Gaithersburg, Md.) was used as the host in all cloning experiments. E. coli
cells were cultured in Luria broth at 37 or 288C. Ampicillin (150 mg/ml), tetra-
cycline (15 mg/ml), kanamycin (25 mg/ml), or spectinomycin (50 mg/ml) was
added when appropriate.
Purification of proteins and amino acid sequencing. Fimbriae were isolated

from strain 3240 of X. campestris pv. vesicatoria by use of a deoxycholate-sucrose
density gradient as described by Korhonen et al. (22). The pathovar vesicatoria
3240 fimbriae behaved in the ultracentrifugation in deoxycholate buffer differ-
ently from enterobacterial fimbriae and sedimented to a density equalling ap-
proximately 48% sucrose. The fimbrial preparation was analyzed by polyacryl-
amide gel electrophoresis (PAGE) in sodium dodecyl sulfate (SDS) in slab gels
(15% acrylamide concentration) by the system of Laemmli (23). For N-terminal
sequence analysis, the fimbriae were electrophoresed, blotted on a polyvinyli-
dene difluoride membrane, and stained with Coomassie brilliant blue. The fim-
brial polypeptide was then excised and subjected to Edman degradation in a
gas-pulsed liquid-phase sequencer equipped with an on-line phenylthiohydantoin
(PTH) amino acid analyzer.
DNA techniques. Standard recombinant DNA techniques were used (37).

Enzymes were obtained from Promega or from New England Biolabs (Beverly,
Mass.). Chromosomal DNA from X. campestris pv. vesicatoria 3240 was partially
digested with Sau3A, and fragments of 25 to 30 kb were isolated and used to
construct a genomic library in the wide-host-range cosmid pLAFR3 as described
by Staskawicz et al. (44). The 20-mer oligonucleotide 59-CCIATGTA(T/C)CA
(A/G)GA(T/C)TA(T/C)GT-39 complementary to the sequence 22-PMYQDYV-
28 in the N-terminal amino acid sequence was used as a probe in Southern
hybridization of DNA bound to Hybond-N nylon membranes (Amersham, Buck-
inghamshire, United Kingdom) as described in the manufacturer’s instructions.
Labelling of DNA fragments was performed by the random priming procedure
(15) with [a-32P]dCTP (Amersham), whereas oligonucleotides were end-labelled
with [g-32P]dATP (Amersham). In subcloning of DNA fragments, hybridizations
were also performed by the enhanced chemiluminescence 39-oligolabelling and
detection system (Amersham). The complete open reading frames (ORFs) for
fimA and fimB were used to detect homologous genes in pathovars of X. campes-
tris; hybridization was performed at 658C in a buffer containing 53 SSPE (13
SSPE is 0.18 M NaCl, 0.01 M sodium phosphate, and 1 mM EDTA), 53
Denhardt’s solution, and 0.5% (wt/vol) SDS, and the washes were done at 658C
in 13 SSPE containing 0.1% SDS (37). Two micrograms of digested DNA was
analyzed in each Southern hybridization.
DNA sequencing on both strands of DNA fragments cloned in pBluescript

(Stratagene, La Jolla, Calif.) was performed by the dideoxy chain termination
method (38). The T7 sequencing kit (Pharmacia, Uppsala, Sweden) with
[a-35S]dATP (Amersham) and deaza-dGTP to resolve GC-rich regions was used.
Subclones and a deletion series made with the Nested set deletion kit (Pharma-
cia) were used as templates with M13-specific, antisense, and synthetic sense
oligonucleotides as primers for sequencing.
DNA and protein sequence analyses and homology searches were performed

with the PC/Gene 6.7 package (IntelliGenetics Inc.) and the University of Wis-
consin Genetics Computer Group 8 package (11) with programs BLAST (1),
FSTNSCAN (24), and CLUSTAL (18).
Site-directed gene replacement using the omega fragment (V) (31) or kana-

mycin cassette from pUC4K (Pharmacia) was carried out as described before (6).
The V fragment was inserted into a Tth111I site within fimA, and the kanamycin
cassette was inserted into a PstI site within fimB, both in a 2.6-kb SalI fragment
cloned into pLAFR3, a plasmid named pTMO7. Conjugation between E. coli
and Xanthomonas was performed by a triparental mating with HB101(pRK2013)
as a helper strain (16). The selected marker exchange mutants were analyzed by
Southern hybridization of chromosomal DNA with the wild-type fimA or fimB
and the antibiotic cassettes as probes.
Northern (RNA) blot analysis. RNA from log-phase cells was isolated as

described by Ausubel et al. (3). RNA (10 mg per well) was separated in a 1%
(wt/vol) agarose-formaldehyde gel (37) and transferred to a Hybond-N1 nylon
membrane. The probes and hybridization conditions were the same as in the
Southern hybridizations described above.
Immunological and microscopic methods.Antifimbria antiserum was raised by

immunization of rabbits by routine methods and used in immunoblotting essen-
tially as adapted previously (49). For immunoelectron microscopy, bacterial cells
were applied to copper grids coated with Pioloform and carbon and stained with
the antifimbria antiserum (diluted 1/750 in phosphate-buffered saline [pH 7.1])
and protein A-gold particles (10-nm diameter; Janssen Biotech N.V., Olen,
Belgium) as described in the manufacturer’s instructions. The grids were stained
with 1% (wt/vol) phosphotungstic acid adjusted with KOH to pH 6.5 and exam-
ined in an JEOL CX100 electron microscope at an operating voltage of 60 kV.
For scanning electron microscopy, samples of infected tomato leaves were col-
lected at 2, 24, and 48 h after bacteria were sprayed onto the leaves (see below).
Cut leaf disks were processed for electron microscopy as detailed previously (36).
In vitro expression. For in vitro expression, fimA and fimB were amplified by

PCR with a forward 59 primer that contained an EcoRI restriction site and a
reverse primer with a BamHI restriction site after the stop codon. The oligonu-
cleotides were 59-GGGAATTCATGAAGAACAAAACGTTTTACG-39 and 59-

GGGGATCCCATTAAGCACCCGGGCAACC-39 for fimA and 59-GGGAAT
TCATGGCGGAAAAATGGCTTT-39 and 59-GGGGATCCCTAACAACCAG
CTGGCCGAT-39 for fimB. The obtained fragments were cloned into the pTrc
99A expression vector (Pharmacia), giving plasmids pTMO5 and pTMO6, which
were used in the E. coli S30-coupled transcription translation system (Promega)
as described by Chen and Zubay (7). [35S]methionine (Amersham) was incor-
porated into the polypeptides, and after the reactions, the polypeptides were
precipitated with acetone, dried, and analyzed by SDS-PAGE. For immunopre-
cipitation, 10 to 20 ml of the reaction mixtures was treated with the antifimbria
immunoglobulins and protein A-Sepharose (Pharmacia) as described before
(33). After SDS-PAGE, the polypeptides in the precipitates were visualized by
autoradiography.
Promoter fusions and assays for b-glucuronidase activity. Promoter fusions to

the b-glucuronidase (gusA) gene were obtained after random mutagenesis of
pTMO7 in E. coli with Tn3-gus (6) or cloning a fragment in front of the pro-
moterless gusA gene in pLAFR6GUSB (21). For b-glucuronidase assays, bacte-
rial cells grown in NYB medium to the exponential growth phase were harvested,
and activity was measured as described previously (40).
Plant material and infections. Tomato plants (cultivar Moneymaker) were

cultivated in peat moss-vermiculite at 24 6 28C under low humidity and with a
photoperiod of 18 h. The pathogenicity of X. campestris pv. vesicatoria 3240 was
tested by two procedures. First, young fully expanded leaves were inoculated by
infiltrating a bacterial suspension (104 to 105 CFU/ml) with a plastic syringe into
intercellular spaces of the leaves. The infiltration, pathogenicity assessment, and
growth in planta were performed as detailed previously (6). Second, 80 ml of
bacterial suspension (105 to 108 CFU/ml in 10 mM phosphate buffer [pH 7.2])
was sprayed onto the leaves. For estimation of bacterial growth in planta and for
scanning electron microscopy, the infected leaves were air dried for 2 h and then
washed by spraying with 200 ml of water. Plants were then enclosed in plastic
bags (under conditions of .90% humidity) and cultivated for up to 4 days. The
number of bacteria on tomato leaves was determined as viable counts from
leaves treated in an Ultra-Turrax homogenizer (Janke & Kunkel KG, Breisgau,
Germany). In the determination of bacterial numbers, 10 parallel independent
samples were used. The adhesiveness of Xanthomonas to tomato leaves was
evaluated by scanning electron microscopy as detailed previously (36).
Assessing the tolerance to UV light. The tolerance to UV light was measured

as described before (50). Briefly, bacteria were harvested from NYBmedium and
suspended in phosphate buffer (10 mM, pH 7.2) to a concentration of 108

CFU/ml. Six milliliters of the suspension was placed on a plastic dish (5-cm
diameter), and the dishes were placed on a shaker (100 rpm) at a distance of 20
cm beneath a UV lamp (Desaga UVIS, Heidelberg, Germany; 254-nm wave-
length). Aliquots of 25 ml taken at 2-min intervals were plated on NYG plates to
determine the number of viable cells.
Nucleotide sequence accession number. The nucleotide sequence described in

this article will appear in the EMBL/GenBank/DDBJ Nucleotide Sequence Data
Libraries under accession number Z48759.

RESULTS

Isolation and characterization of fimbriae from X. campes-
tris pv. vesicatoria 3240. When cultured in liquid NYB me-
dium, strain 3240 of X. campestris pv. vesicatoria produced
fimbrial structures. Fimbrial filaments were purified from
strain 3240 cells by deoxycholate solubilization. The resulting
fimbrial preparation contained a major polypeptide, with an
apparent molecular size of 15.5 kDa (Fig. 1A).
Antiserum was raised in rabbits against the isolated fimbriae

of strain 3240 and used in immunoelectron microscopy of the
bacteria. The immunoglobulin molecules reacted with fimbrial
filaments on cells of strain 3240, and in crude extracts, the
reacting filaments were mostly aggregated into 40- to 50-nm-
thick bundles (Fig. 2). As a control, we also stained the cells of
strain 3240 with an antiserum raised against the type IV fim-
briae of X. campestris pv. hyacinthi (47). These immunoglobu-
lins did not react with X. campestris pv. vesicatoria fimbriae
(data not shown). It is noteworthy that the anti-3240-fimbria
antiserum did not bind to flagellar filaments and that a fraction
of the fimbria-like structures present on 3240 cells was not
recognized by the anti-3240-fimbria immunoglobulins (Fig. 2).
In Western blots using crude fimbrial extract as the antigen,
the anti-3240 immunoglobulins reacted strongly with the 15.5-
kDa protein of the strain and showed a weaker reactivity with
diffuse material of larger molecular size, probably lipopolysac-
charide present in the extract (Fig. 1A).
The 15.5-kDa protein was separated by SDS-PAGE, trans-
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ferred to a polyvinylidene difluoride membrane, and subjected
to N-terminal sequence analysis. The obtained 30-residue se-
quence was XTLIELMIVIAIIAILAAIALPMYQDYVA,
where X stands for an unidentified amino acid residue at the N
terminus. The sequence is highly homologous to N-terminal
sequences of type IV fimbrillins, which commonly carry N-
methylphenylalanine as their N-terminal residue (45). The
15.5-kDa protein gave in the first sequencing cycle a residue,
eluting slightly after PTH-leucine, at the suggested position of
PTH-methylphenylalanine. Thus, it is probable that the 15.5-
kDa polypeptide carries a N-methylphenylalanine at its N ter-
minus. It was concluded that the 15.5-kDa protein was a fim-
brial subunit, and the protein was named FimA.
Cloning and sequence analysis of the FimA-encoding DNA

fragment. The oligonucleotide probe 59-CCIATGTA(T/C)CA
(A/G)GA(T/C)TA(T/C)GT-39, deduced from the residues 22-
PMYQDYV-28 of the N terminus of FimA, was used in South-
ern hybridization to locate fimA on a 4.4-kb KpnI fragment
of genomic DNA cloned into pBluescript, giving plasmid
pTMO1. Sequence analysis of pTMO1 revealed an ORF with
homology to the determined FimA sequence but no transla-
tional stop signals, indicating that the 39 end of fimA was
missing (see Fig. 3). To obtain the complete gene, a cosmid
library of the X. campestris pv. vesicatoria 3240 genome was
prepared in pLAFR3. A 607-base SalI-KpnI fragment from
pTMO1 was used as a probe in colony hybridization to detect
fimA-containing colonies. A colony reacting with the probe and
containing a 26-kb insert in pLAFR3 was isolated and termed
DH5a(pTMO3). pTMO3 was digested with SalI, and a 2.6-kb
DNA fragment reacting in Southern hybridization with the
607-base fimA probe was cloned into pBS SK, giving pTMO4.
pTMO4 and its derivatives were used to obtain the nucleotide
sequence of the complete fimA as well as of the flanking se-
quences shown in Fig. 3.
Both strands of the 1,463-bp DNA fragment starting at the

59 end of the SalI fragment in pTMO4 were sequenced. Two
ORFs, one from nucleotides 258 to 665 and the other from
nucleotides 857 to 1261, were identified (Fig. 3). The ORF1
encodes a polypeptide of 136 amino acid residues with a cal-

culated molecular weight of 14,302. Residues 8 through 37 in
the deduced N-terminal amino acid sequence of ORF1 per-
fectly match the determined N terminus of FimA, and since the
calculated molecular weight is reasonably close to the one
determined for FimA by SDS-PAGE analysis (Fig. 1A), ORF1
was concluded to represent the fimA gene. Residue 7 of the
predicted amino acid sequence of fimA is phenylalanine, which
in a methylated form, in analogy to other type IV fimbrillins
(45), most likely was the anomalous N-terminal residue of the
mature FimA peptide. The fimA gene thus encodes a leader
sequence of 6 amino acid residues. The sequence contains a
putative ribosome-binding site (41), AGGGGA, 7 bases up-
stream of the translational initiation codon ATG, and a se-
quence closely similar to the consensus sequence for RpoN
(s54)-dependent promoters (2) at nucleotides 151 to 165 was
found. A potential transcriptional terminator hairpin loop
(DG, 29.6 kcal) is present between nucleotides 772 and 792
(Fig. 3).
ORF2 (nucleotides 857 to 1261) predicts a polypeptide

product of 135 amino acids with a molecular weight of 13,854.
The deduced amino acid sequence of the gene product showed
similarity to sequences of type IV fimbrillins (see below) but
differed at five residues from the N-terminal sequence deter-
mined from the isolated FimA protein (Fig. 3). At the nucle-
otide level, the sequences of fimA and fimB are 58% identical.
Due to the high homology of the predicted amino acid se-
quence with that of type IV prefimbrillins (see below), this
ORF was named fimB. A weak potential ribosome-binding
site, AGGGCG, is located 4 nucleotides upstream of the ini-
tiation codon ATG of fimB. A palindromic sequence capable
of forming a transcriptional terminator loop structure (DG,
28.6 kcal) was identified close to the 59 end of the fimB ORF
(Fig. 3).
Homologs of FimA and FimB. The deduced amino acid

sequences of FimA and FimB were used to conduct a search of
the sequences in the GenBank database. The FimA and the
FimB sequences showed highest homology to the type IV pre-
fimbrillin sequences of Pseudomonas aeruginosa, Pseudomonas
putida, and Moraxella bovis (10, 20, 26) as well as of a number
of other type IV fimbria producers. Figure 4 shows that over
their entire lengths, FimA and FimB of X. campestris pv. vesi-
catoria and the PilA sequences of P. putida and P. aeruginosa
are 22% identical. The homology is highest in the 30 N-termi-
nal amino acid residues. The predicted sequences of FimA and
FimB are 49% identical to each other. As is typical for a
number of type IV fimbrillins (reviewed in reference 32), the N
termini of FimA and FimB also exhibited homology to the N
termini of proteins active in eubacterial protein secretion, such
as the Xps proteins of X. campestris pv. campestris (14, 19).
The N terminus of FimA contains the consensus cleavage site
for the P. aeruginosa type IV prefimbrillin peptidase PilD (45),
GFTLIE. The corresponding sequence in FimB is GFSLIE
(Fig. 4). Both predicted sequences also contain a 6-residue
sequence very similar to the leader sequences found in Pseudo-
monas type IV prefimbrillin, and the leader sequence is fol-
lowed by a stretch of 20 amino acids typical for type IV fim-
brillins (Fig. 4).
In vitro expression of fimA. To confirm that fimA encodes

the fimbrillin subunit, we tested the reactivity of the in vitro-
synthesized FimA with the immunoglobulins raised against the
isolated fimbriae. fimA and fimB were amplified by PCR and
cloned into the IPTG (isopropyl-b-D-thiogalactopyranoside)-
inducible expression vector pTrc 99A, giving plasmids pTMO5
and pTMO6, respectively. Peptides encoded by pTMO5 and
pTMO6 were expressed by use of the E. coli S30-coupled
transcription translation system. Autoradiographic analyses

FIG. 1. Electrophoretic analyses of the X. campestris pv. vesicatoria 3240
fimbrial preparation (A) and the in vitro transcription and translation of fimA
(B). (A) Lanes: 1, SDS-PAGE analysis of the purified 3240 fimbriae; 2, immu-
noblotting of a crude fimbrial extract with antiserum raised against the 3240
fimbrial preparation. It is important to note the intensive binding of the immu-
noglobulins to the FimA protein of 15.5 kDa. (B) Autoradiographic analysis of
the polypeptides expressed by pTMO5 containing fimA in the expression vector
pTrc 99A (lane 1), the immunoprecipitate obtained from the expression mixture
with anti-3240-fimbria immunoglobulins (lane 2), the immunoprecipitate ob-
tained from the expression mixture with plasmid pTrc 99A alone (lane 3), and
the polypeptides expressed by pTrc 99A (lane 4). The migration distances of
marker proteins (sizes in kilodaltons) are indicated on the left and the right.
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showed that pTMO5 expressed a ca. 16.5-kDa peptide that was
precipitated by the anti-3240-fimbria antibodies and not ex-
pressed by the vector pTrc 99A alone (Fig. 1B). The expressed
FimA contained the leader sequence, which probably explains
its high apparent molecular weight. No expression of fimB
from pTMO6 was detected (data not shown). Various condi-
tions for expression of peptides from pTMO6 were tested;
these included different concentrations of template DNA (1 to
2 mg per reaction) and of inducer (0 to 2 mM IPTG) as well as
different incubation temperatures (30 to 378C). We also con-
firmed by nucleotide sequencing of the fimB insert and its
flanking sequences in pTMO6 that fimB was correctly inserted
in pTrc 99A and that the coding sequence did not contain any
polymerase-induced changes.
Expression of fimA and fimB in Xanthomonas. The expres-

sion of fimA and fimB was studied by Northern blotting the
total RNA from strain 3240. The main transcript shown in Fig.

5, lane 1, is approximately 600 nucleotides long and close to the
predicted size of a transcript starting after the putative pro-
moter at nucleotides 151 to 165 and extending to the putative
termination loops (at nucleotides 772 to 792 and 893 to 910).
fimB did not hybridize with this transcript (Fig. 5, lane 3). Both
fimA and fimB gave a weaker signal with two minor transcripts
about 1.5 and 2.5 kb in size (Fig. 5, lanes 2 and 3); these
transcripts were visible only in overexposed autoradiograms.
We constructed a site-specific mutant by introducing an V
cassette into the Tth111I site of fimA (Fig. 3). The resulting
mutant strain, designated 3240 fimA::V, did not produce FimA
as assessed by immunoblotting and immunoelectron micros-
copy of whole cells with anti-3240-fimbria antibodies (details
not shown). The total RNA of 3240 fimA::V was analyzed by
Northern blotting with fimA and fimB as probes. fimA reacted
with a transcript 300 bases in size; this size is to be expected for
a transcript terminated at the V DNA. Neither of the two

FIG. 2. Immunoelectron microscopy of bacterial samples treated with diluted anti-3240-fimbria serum and then with protein A-gold particles. (A) Reactivity with
the immunoglobulins of fimbrial bundles (arrow) detached from cells; (B) reactivity of X. campestris pv. vesicatoria 3240 cells with the antiserum, showing the intense
staining of fimbrial bundles (arrow) and the lack of reactivity of flagella. Portions of the fimbria-like structures in panels A and B were not reactive with the antiserum
(arrowheads). Bars, 200 nm. F, flagellum.
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minor transcripts were detected. The total RNA from 3240
cells was also analyzed in dot blots, and the signals given by the
fimA and the fimB probes were quantitated by counting the
radioactivity hybridized onto the blots. The signal by fimA was
over 10 times higher than that obtained by fimB (5,050 versus
420 cpm).

The expression levels of fimA and fimB in Xanthomonas
were also compared by measuring the b-glucuronidase activity
of gus fusions in both genes. fimA was fused into promoterless
gusA by cloning the 4.4-kb KpnI fragment from pTMO1 into
pLAFRGUSB to obtain the plasmid pTMO33. In this con-
struct, gusA is fused into the KpnI site at nucleotide 608 (see

FIG. 3. Nucleotide sequence of the 1,463-bp fragment from the SalI insert in pTMO4 and predicted amino acid sequences of FimA and FimB. The fimA coding
region starts at nucleotide 258 and ends at nucleotide 665. Ç, cleavage site for prefimbrillin peptidase; rbs, consensus sequence for a ribosome-binding site. A consensus
RpoN-dependent promoter sequence is indicated by boldface type between nucleotides 151 and 165. Between nucleotides 772 and 792, a palindromic sequence with
potential for a terminator hairpin loop is indicated by underlining. The fimB coding region starts at nucleotide 857 and ends at nucleotide 1261. Within the coding
sequence, a palindromic potential terminator loop is underlined between nucleotides 892 and 913. The SalI and KpnI restriction sites used in cloning the genes are
indicated, the Tth111I site used to insert the omega (V) cassette is indicated by the symbol v, and the PstI site used to insert the kanamycin cassette is indicated by
the symbol V. The symbols 7 and 9 indicate the Tn3-gus insertions and their orientations.
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Fig. 3). fimB fusion was obtained by a Tn3-gus insertion into
pTMO7 16 bp downstream of the fimB stop codon, giving
plasmid pTMO32 (Fig. 3). The b-glucuronidase activity of
strain 3240(pTMO33) was 13 1025 U/CFU, and the activity of
the strain 3240(pTMO32) varied between 2 3 1027 and 1 3
1026 U/CFU in different experiments. A control strain con-
taining the pTMO7 with Tn3-gus inserted in the fimA in the
opposite 39-59 direction did not show detectable gus activity
(Fig. 3).
Presence of fimA and fimB homologs in pathovars of X.

campestris. We have earlier shown that surface antigens, lipo-
polysaccharides and outer membrane proteins, are conserved
within X. campestris pv. graminis, begoniae, and pelargonii
isolates but variable within X. campestris pv. campestris, trans-
lucens, and vesicatoria (28). We tested by hybridization the
presence of fimA- and fimB-related DNA in 13 strains repre-
senting these six pathovars of X. campestris (Fig. 6). Under the
conditions used, fimA did not hybridize to fimB and vice versa
(Fig. 6A). fimA hybridized very weakly with total DNA from
the two X. campestris pv. pelargonii strains but more strongly

with DNA from the other pathovar strains (Fig. 6B). fimB
hybridized only with DNA from the homologous X. campestris
pv. vesicatoria strain 3240. We performed Southern hybridiza-
tion of genomic DNAs digested with SalI, KpnI, or SacII-SmaI
with fimA as the probe; the results are shown for SalI-digested
genomic DNAs in Fig. 6C. The Southern hybridizations con-
firmed the presence of fimA-like DNA in pathovars translu-
cens, begoniae, campestris, vesicatoria, and graminis, whereas
only a poor signal was obtained with the two pathovar pelar-
gonii isolates. In each hybridization, the signal was clearly
strongest with DNA fragments from the homologous X.
campestris pv. vesicatoria 3240 DNA. In the three hybridiza-
tions with DNA digested with different restriction enzymes, the
isolates within the pathovar begoniae and those within the
pathovar campestris carried the fimA homolog in fragments of
similar sizes, whereas the three pathovar vesicatoria isolates
each exhibited reactive fragments of different sizes. The patho-
var vesicatoria genomes also differed from the others in exhib-
iting two reacting fragments.
Phenotype of the fimA mutant. Strains 3240 and 3240

fimA::V were compared for their infectiveness and pathoge-
nicity on tomato plants under humid conditions by two proce-
dures: infiltration or spraying of bacterial suspensions onto the
tomato leaf surface. We did not observe any significant differ-

FIG. 4. Sequence alignment of FimA and FimB with PilA of P. putida
(PspPilA) (10) and PilA of P. aeruginosa (PsaPilA) (20). An asterisk indicates
identical amino acid residues; a period indicates similar amino acid residues.

FIG. 5. Northern hybridization analysis of the total RNA from X. campestris
pv. vesicatoria 3240 with fimA (with a short [lane 1] or long [lane 2] exposure
time) or fimB (with a long exposure time; lane 3) as a probe. RNA size markers
(in kilobases) are indicated on the left.

FIG. 6. DNA hybridizations with the coding region of fimA or fimB as a
probe. (A) The lack of hybridization between fimA and fimB is shown. The target
DNA was fimA (panels 1 and 4) and fimB (panels 2 and 3); the probe used was
fimA (panels 1 and 2) or fimB (panels 3 and 4). (B) Reactivity in dot blot
hybridization of fimA and fimB with total DNA from strains representing six
pathovars of X. campestris. The strains represented are X. campestris pv. vesica-
toria 75-3 (lane 1), 85-10 (lane 2), and 3240 (lane 3); X. campestris pv. campestris
528 (lane 4) and 1929 (lane 5); X. campestris pv. pelargonii 2985 (lane 6) and 3119
(lane 7); X. campestris pv. begoniae 2226 (lane 8) and 3021 (lane 9), X. campestris
pv. translucens 973 (lane 10) and 2920 (lane 11); and X. campestris pv. graminis
2700 (lane 12) and 3041 (lane 13). It is important to note that fimB reacted only
with the homologous pathovar vesicatoria strain 3240 and fimA reacted poorly
with the two pathovar pelargonii DNAs. (C) Southern hybridization of the
SalI-digested target DNAs with fimA as a probe. The genomic DNAs in lanes 1
to 13 are the same as those described for panel B. The migration distances of
standard DNA fragments (in kilobases) are indicated on the left.
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ence in the numbers of the two strains when measuring their
initial colonization ability as viable counts from leaves washed
at 30, 60, or 180 min after the infection (data not shown).
Furthermore, no significant difference in bacterial multiplica-
tion (from 2 to 48 h after the infection) on tomato leaves was
detected between the strains (data not shown). Neither were
there any significant differences between the strains in the
onset of disease symptoms on tomato leaves (data not shown).
However, a striking difference between the laboratory cul-

tures of the strains was observed. The cells in cultures of the
wild-type strain 3240 were strongly aggregated, whereas those
of the strain 3240 fimA::V remained in suspension. Under the
microscope, large and compact cell aggregates in cultures of
strain 3240 were observed (Fig. 7A), whereas the cells of strain
3240 fimA::V remained individual. Occasionally, loose aggre-
gates of 3240 fimA::V cells that were distinct phenotypically
from those made by the strain 3240 were observed (Fig. 7B).
Complementation of the fimA::V mutation with the plasmid
pTMO3 or pTMO32 restored the formation of the compact
cell aggregates (Fig. 7C). Unlike 3240 fimA::V, the comple-
mented strain also reacted with anti-3240-fimbria antibodies in
immunoblotting and immunoelectron microscopy of whole
cells (details not shown). A fimB mutant constructed by insert-
ing a kanamycin cassette into the PstI site of fimB (Fig. 3)
formed compact cell aggregates similar to those formed by the
wild-type strain (data not shown). The fimB mutant formed
fimbriae that reacted with the antiserum raised against the
purified 3240 fimbriae (data not shown).
Adhesion to and colonization of tomato leaves by the wild-

type and the fimAmutant strain were also assessed by scanning
electron microscopy of leaves collected 30 min as well as 24
and 48 h after infection. We observed two differences between
strain 3240 and its fimAmutant: 3240 colonized leaf surfaces in
cell aggregates (Fig. 8A), whereas the fimA mutant strain did
not (Fig. 9). Furthermore, strain 3240 adhered and efficiently
colonized trichomes of tomato leaves (Fig. 8B), a phenomenon
not observed with strain 3240 fimA::V (Fig. 9) during the 48-h
tests. Both strains adhered and colonized other leaf surfaces
with similar efficiencies.
Tolerance of bacteria to UV light. It has been proposed that

aggregation of plant-associated bacteria affects their sensitivity
to environmental factors such as drying or UV light (51). We
therefore assessed the survival of the 3240 derivatives after
exposure to UV light (Fig. 10). The fimA::V mutant exhibited

an increased sensitivity to UV light. The complementation of
the mutation by pTMO3 restored the tolerance to UV light
close to the wild-type level.

DISCUSSION

The importance of fimbriae for bacterial pathogens infecting
plants has remained controversial, in part due to the lack of
well-characterized bacterial adhesins. In this communication,
we report the characterization of a novel gene, fimA, encoding
bundle-forming fimbriae and cell aggregation of the plant
pathogen X. campestris pv. vesicatoria that infects pepper and
tomato plants. We also show that a related gene is present in
X. campestris isolates belonging to other pathovars and infect-
ing other host plants. The predicted FimA and FimB proteins
of X. campestris pv. vesicatoria exhibit several structural char-
acteristics considered typical for type IV fimbrillins (reviewed
in references 30 and 45). These involve their size of 136
(FimA) or 135 (FimB) amino acid residues and the presence of
the basic leader sequence MKKQNG or MARKNG followed
by a sequence [GF(T/S)LIE] homologous to the sequence rec-
ognized by PilD prefimbrillin leader peptidase as well as the
high similarity of FimA and FimB primary structure to those of
the previously described type IV fimbrillins. The fimA gene
product here characterized is a determinant of cell aggregation
and differs serologically and functionally from the recently
described fimbriae of X. campestris pv. hyacinthi (47).
The fimA and fimB genes of X. campestris pv. vesicatoria

3240 appear to be complete and transcribed in the same di-
rection. The genes are separated by 192 nucleotides. fimA is
preceded by a sequence matching the consensus sequence for
RpoN-dependent promoters (2). To date, only a few promoter
sequences of X. campestris have been characterized, and it
remains to be established whether such an activator-regulated
promoter indeed functions in fimA transcription. It is likely
that the hairpin loop structure with transcriptional terminator
potential identified 104 nucleotides downstream of the fimA
stop codon will significantly reduce expression of fimB. Indeed,
the major fimA transcript detected in a Northern blot of strain
3240 RNA corresponded to a transcript of fimA only. Another
putative terminator loop was identified within the fimB coding
region close to the 59 end. In contrast to fimA, no in vitro
expression of fimB was detected when it was cloned under the
control of trc promoter of E. coli in pTrc 99A. This gives

FIG. 7. Light microscopy of bacterial cultures. (A) X. campestris pv. vesicatoria 3240; (B) X. campestris pv. vesicatoria 3240 fimA::V; (C) X. campestris pv. vesicatoria
3240 fimA::V(pTMO3). Arrowheads (A and C) indicate the compact bacterial aggregates; an arrow (B) indicates the loose aggregates occasionally observed in cultures
of the fimA mutant strain. Bar, 10 mm.
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evidence that the hairpin loop has the capacity to function as a
terminator structure. In addition, the amino acid sequencing of
the purified fimbrillin from X. campestris pv. vesicatoria cells
did not reveal any FimB-specific residues among those of the

determined FimA sequence. In Xanthomonas, however, fimB
was transcribed but at a low level compared to that of the
expression of fimA. Comparison of the expression levels of
fimA and fimB by using gus fusions gave a 10- to 50-fold

FIG. 8. Scanning electron microscopy of colonization of tomato leaves by X. campestris pv. vesicatoria 3240. (A) Arrows indicate bacterial aggregates on the tomato
leaf surface collected 24 h after the infection. (B) The sample was taken 48 h after the infection; the arrow indicates massive bacterial growth on trichomes. Bars, 10 mm.
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difference in their transcription activity. The day-to-day vari-
ability of the observed expression level of fimB::gusA probably
resulted from cell aggregation in the suspensions used to mea-
sure the b-glucuronidase activity. The sizes of the two minor
transcripts reacting with both the fimB and fimA probes are
close to 1.5 and 2.5 kb. These transcripts were not detected in
the fimA::V mutant. We detected only a single putative pro-
moter site upstream of fimA, and our results suggest that the
three transcripts are transcribed from the same promoter. This
means that the long transcripts are terminated 0.5 to 1 kb
downstream of the fimB stop codon. The nucleotide sequence
obtained from one DNA strand revealed no additional fim
homologs or potential termination loops 0.5 kb upstream or 0.5
kb downstream of the sequence shown in Fig. 3 (data not
shown). We detected, upstream of fimA, a partial ORF encod-
ing a product homologous to PilC which is needed for the
biogenesis of type IV fimbriae in P. aeruginosa (27).
By using the complete fimA and fimB ORFs as probes in

Southern and dot blot hybridizations, we detected a fimA ho-
molog in X. campestris isolates, whereas fimB was present only
in the homologous pathovar vesicatoria strain 3240. These
hybridizations were performed under conditions where fimA
and fimB did not hybridize with each other; fimA and fimB are
58% identical at the nucleotide level and show 55 to 61%
identity with a number of genes encoding type IV prefimbril-

lins of other bacteria. It therefore seems that the DNA frag-
ments hybridizing with fimA represent fimbria-encoding DNA
that is more homologous to fimA of X. campestris pv. vesica-
toria than to the previously described type IV fimbrillin genes
from other bacteria, including the closely related genus Pseu-
domonas. Hybridization analysis with fimA as a probe also
revealed that the DNA regions surrounding fimA are con-
served in pathovars begoniae and campestris and variable in
pathovar vesicatoria. This is compatible with the findings show-
ing that isolates within the pathovar begoniae and those within
the pathovar campestris share conserved phenotypic charac-
teristics, whereas isolates within the pathovar vesicatoria ex-
hibit variability (43, 48).
The Southern hybridizations with fimA as a probe revealed

the presence of two hybridizing DNA fragments in the three
pathovar vesicatoria isolates. This suggests that these strains
possess at least two fimbrial variants. The expression of mul-
tiple fimbriae in X. campestris pv. vesicatoria 3240 is further
suggested by our finding that a subset of fimbria-like structures
that were observed by electron microscopy showed no reactiv-
ity with antibodies raised against the 3240 fimbriae. These
structures were also produced by the 3240 fimA::V, indicating
that they do not represent FimA or FimB (29).
Timmer et al. (46) described that X. campestris pv. vesicato-

ria colonizes tomato leaf surfaces in bacterial aggregates. Our

FIG. 9. Scanning electron microscopic analysis of the colonization of tomato leaf surface by X. campestris pv. vesicatoria 3240 fimA::V. It is important to note the
even growth of bacteria on the leaf surface and the poor colonization of trichomes. The leaf sample was processed for microscopy 24 h after infection. Bar, 10 mm.
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demonstration that X. campestris pv. vesicatoria 3240 forms
compact aggregates, or microcolonies, on tomato leaf surfaces
is in agreement with those findings. Furthermore, our results
indicate that FimA of X. campestris pv. vesicatoria 3240 is
involved in determining the cell-to-cell aggregation. We ob-
served that the fimA mutant strain failed to form the compact
aggregates that were formed efficiently by strain 3240 in vitro
and in planta. The adhesion and the initial colonization of
tomato leaves by strain 3240 were not significantly affected by
the fimA mutation, suggesting that FimA is not a primary
determinant of the initial colonization on tomato leaf surface.
We observed, however, that in contrast to the wild-type strain
3240, the fimA mutant poorly colonized the trichomes of to-
mato leaves, suggesting that adhesiveness to these plant struc-
tures involves FimA. In two laboratory assays, i.e., involving
infiltration of bacteria into or spraying of bacteria onto tomato
leaves, we did not observe any effect by the fimA mutation on
the pathogenicity of strain 3240. The lack of detectable viru-
lence differences between 3240 and 3240 fimA::V suggests that
such an adhesiveness to trichomes has no significant effect on
the infectiveness of X. campestris under the conditions we used.
It is interesting to note that P. syringae pv. tomato forms resi-
dent populations in the basals of the trichomes (39) and that
the adhesiveness of X. campestris pv. vesicatoria to trichomes
can have a function in the natural environment.
Wilson and Lindow (51) have provided evidence that high

cell densities and aggregation of P. syringae on bean leaves
increase the bacterial survival rate under field conditions.
These authors concluded that agglomeration, or aggregation,
of bacterial cells on the plant leaf surface is a mechanism to
protect epiphytic bacteria against environmental stress, i.e.,
factors such as UV light or desiccation. We demonstrate here
that the fimA-dependent cell aggregation indeed protects X.
campestris pv. vesicatoria 3240 against UV light. Our results
suggest a pathogenetic function for the fimA-encoded bundle-
forming fimbriae of X. campestris pv. vesicatoria in creation of
bacterial microcolonies on the leaf surface and in thus increas-

ing epiphytic survival and stress tolerance of Xanthomonas
under field conditions. Type IV fimbriae of certain human
pathogens have been associated with cell aggregation and abil-
ity to form adherent colonies on the surface of the target
epithelial cells, a phenomenon called localized adherence (17,
25, 42). The autoagglutination caused by a member of type IV
family fimbriae, the toxin-coregulated pilus of Vibrio cholera,
has been correlated with serum resistance and colonization
ability (8). These results offer an intriguing example of how
plant and human pathogenic bacteria may use similar surface
structures to increase their colonization potential in different
environments.
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