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ABSTRACT 

Feil, H., Feil, W. S., Detter, J. C., Purcell, A. H., and Lindow, S. E. 2003. 
Site-directed disruption of the fimA and fimF fimbrial genes of Xylella 
fastidiosa. Phytopathology 93:675-682. 

Xylella fastidiosa causes Pierce’s disease, a serious disease of grape, 
citrus variegated chlorosis, almond and oleander leaf scorches, and many 
other similar diseases. Although the complete genome sequences of 
several strains of this organism are now available, the function of most 
genes in this organism, especially those conferring virulence, is lacking. 
Attachment of X. fastidiosa to xylem vessels and insect vectors may be 
required for virulence and transmission; therefore, we disrupted fimA and 
fimF, genes encoding the major fimbrial protein FimA and a homolog of 
the fimbrial adhesin MrkD, to determine their role in the attachment 
process. Disruption of the fimA and fimF genes in Temecula1 and STL 
grape strains of X. fastidiosa was obtained by homologous recombination 
using plasmids pFAK and pFFK, respectively. These vectors contained a 

kanamycin resistance gene cloned into either the fimA or fimF genes of 
X. fastidiosa grape strains Temecula1 or STL. Efficiency of transforma-
tion was sufficiently high (�600 transformants per µg of pFFK DNA) to 
enable selection of rare recombination events. Polymerase chain reaction 
and Southern blot analyses of the mutants indicated that a double cross-
over event had occurred exclusively within the fimA and fimF genes, 
replacing the chromosomal gene with the disrupted gene and abolishing 
production of the corresponding proteins, FimA or FimF. Scanning elec-
tron microscopy revealed that fimbriae size and number, cell aggregation, 
and cell size were reduced for the FimA– or FimF– mutants of X. fastidiosa 
when compared with the parental strain. FimA– or FimF– mutants of X. 
fastidiosa remained pathogenic to grapevines, with bacterial populations 
slightly reduced compared with those of the wild-type X. fastidiosa cells. 
These mutants maintained their resistance to kanamycin in planta for at 
least 6 months in the greenhouse. 

 
Xylella fastidiosa is a gram-negative bacterium which causes 

serious diseases of plants, such as Pierce’s disease (PD) of grape 
(Vitis vinifera L.), citrus variegated chlorosis (CVC), and almond 
leaf scorch; it colonizes many other plant hosts as well as insect 
vectors (28). X. fastidiosa colonizes exclusively the xylem vessels 
of plants and, in species like grape, it multiplies rapidly, blocking 
the xylem, which results in the water stress symptoms characteris-
tic of PD (8). 

A striking feature of X. fastidiosa is its polar attachment to xy-
lem cells via the production of fimbriae (3,8,20,29,30). Fimbriae 
are hair-like appendages that extend from the bacterial surface 
(36) and can serve as an anchor to substrata as well as a means of 
cell–cell aggregation. Mechanisms for fimbrial assembly of sev-
eral gram-negative bacteria are diverse, typified by the P and type 
I pili systems of Escherichia coli (6,36). 

Fimbriae- and pili-mediated attachment of bacteria to host tis-
sues is important for bacterial colonization and pathogenicity (19). 
Virulence and adhesion of Pseudomonas syringae to leaves were 
facilitated by the presence of fimbriae (32). Similarly, fimbriae 
aided the adhesion of X. campestris pv. hyacinthi to plants and en-
hanced entry of the pathogen into bean leaves (39). The role of 
fimbriae in the virulence of X. fastidiosa to plants such as grape 
could be complex. Colonization of plants by X. fastidiosa proba-
bly involves both attached and mobile phases in the population of 
pathogen cells. Movement of the pathogen within the plant after 
inoculation by sucking insects such as sharpshooters (Cicadelli-

dae: subfamily Cicadellinae) likely requires that it degrade pit 
membranes to allow passage between xylem vessels. Fimbriae 
production might allow bacteria to attach to xylem vessels and for 
cell aggregates to form after attachment to such a surface. Local 
production of plant cell wall-degrading enzymes then could re-
main concentrated to the site of production rather than become di-
luted by the xylem sap. In contrast, movement along xylem ves-
sels and between cells could be inhibited if adhesion was too 
strong or irreversible, keeping the bacterial cells tightly bound to 
one location. Thus, a careful examination of cells of X. fastidiosa 
altered in fimbriae production should provide insight into the 
colonization process and events that lead to symptom develop-
ment. 

In the P, type I, and type III pili systems of E. coli and of Kleb-
siella pneumoniae, the fimbrial genes are clustered in operons 
(11,23). Within the operons, the genes have similar placement and 
share the same functions in the fimbriae assembly (11,23). The 
fimbrial operon of X. fastidiosa is homologous to the type I fim-
brial operon of E. coli (4). The first gene of the X. fastidiosa fim-
brial operon is homologous to the fimA gene of the type I system 
of E. coli or to the papA gene of P pili of E. coli (4). This operon 
contains several genes responsible for the assembly of fimbriae 
and genes, such as fimA, which are responsible for the production 
of proteins called fimbrins. These fimbrins make up the core of 
the fimbrial rod and the fibrillar tip of the fimbriae. The last three 
genes of the X. fastidiosa fimbrial operon have homology to the 
mrkD gene of the type III fimbriae of K. pneumoniae (4). The 
MrkD gene product was named for mannose-resistant Klebsiella, 
as described by Gerlach et al. (11), and has been shown to mediate 
binding of K. pneumoniae to eukaryotic cells (34,37,38). Among 
the mrkD-homologs, we arbitrarily chose the last gene of the X. 
fastidiosa fimbrial operon, fimF, for disruption. We hypothesized 
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that both FimA and FimF are important in the adhesion of X. 
fastidiosa to xylem vessels and that the virulence to grape of 
FimA– and FimF– mutants of X. fastidiosa would be affected. 

Efficient gene replacement strategies as well as the availability 
of genome sequences for several X. fastidiosa strains will facili-
tate analysis of virulence determinants in this pathogen. Genome 
sequences of the X. fastidiosa citrus strain 9a5c (35), almond 
strain Dixon, oleander strain Ann1 (Joint Genome Institute, 
Walnut Creek, CA), and grape strain Temecula1 (Onsena, Uni-
camp, Brazil) now are available. Two annotations of the X. fas-
tidiosa citrus strain 9a5c genome (4,35) now are completed. In ad-
dition, the annotations of the gapped sequences of X. fastidiosa 
almond Dixon and oleander Ann1 strains have been completed by 
Integrated Genomics (4). 

Transformation of the X. fastidiosa citrus strain with oriC plas-
mids has been demonstrated (27) and random transposon muta-
genesis of X. fastidiosa has been described (13). Recently, site-
directed gene disruption of an X. fastidiosa citrus strain using a 
modified Ori vector was described (7). One drawback of this ap-
proach to obtain gene replacements was the need to subculture X. 
fastidiosa for many generations in the laboratory, conditions 
which have been shown to reduce the virulence of the pathogen 
(17). In this report, we described a site-directed gene disruption 
method, which does not require subculturing of X. fastidiosa. We 
describe two narrow host range replicons for X. fastidiosa derived 
from pUC18 and demonstrate their utility in disrupting the fimA 
and fimF genes of X. fastidiosa grape strain Temecula1. 

MATERIALS AND METHODS 

Bacterial strains. Electrocompetent E. coli DH10B (Invitro-
gen, Carlsbad, CA) cells were used for electroporation and propa-
gation of plasmids. X. fastidiosa grape strains Temecula 1 (ATCC 
700964) and STL (ATCC 700963), isolated from a diseased grape-
vine (Vitis vinifera) in Temecula and in Napa, CA, respectively, 
were used in all experiments. 

Map of the genomic region encompassing the fimA of X. fas-
tidiosa. The names of the genes of the X. fastidiosa fimbrial op-
eron were derived from the names of their conserved homologs of 
the fimbrial operons of E. coli. The first three genes are conserved 
and were named fimA, ecpD, and fimC, like the first three genes of 
the type I fimbrial operon of E. coli. The last three genes of the X. 
fastidiosa fimbrial operon share homology to the mrkD gene of 
the type III fimbrial operon of K. pneumoniae; however, because 
these genes were not named in the annotation of the citrus, al-

mond, or oleander sequences, we chose to name them fimD, fimE, 
and fimF. The sequence of the X. fastidiosa grape Temecula1 
strain was used to determine the positions of fimA and fimF rela-
tive to neighboring genes. The annotation of the 11.4-kb region of 
the grape strain Temecula1 of X. fastidiosa depicted in Figure 1 
was determined by comparing the annotated sequences of citrus, 
almond, and oleander strains of X. fastidiosa of Integrated 
Genomics (Integrated Genomics website) to the X. fastidiosa Te-
mecula1 sequence (Onsona, Unicamp website). The identification 
numbers of the fimA and fimF homologs to the X. fastidiosa 
Temecula1 grape strain genes chosen for the study and located in 
the genomes of the X. fastidiosa citrus strain 9a5c, almond strain 
Dixon, and oleander strain Ann1 are presented in Table 1. 

Polymerase chain reaction. The list of plasmids and primers 
used in the study are presented in Table 2. The primers for the 
genes used in the study were designed prior to the availability of 
the X. fastidiosa grape strain sequence and were based on the con-
served regions between the citrus (35), almond, and oleander X. 
fastidiosa strains. Polymerase chain reactions (PCRs) were con-
ducted using Taq DNA polymerase (Amersham Pharmacia Bio-
tech, Inc., Piscataway, NJ), except for isolation of kan, which was 
amplified with High Fidelity DNA polymerase (Roche Biodiag-
nostics, Indianapolis, IN), according to the manufacturer’s instruc-
tions (Amersham Pharmacia Biotech, Inc.) in a thermal cycler 
(GeneAmp PCR System 9700; Perkin-Elmer Applied Biosystems, 
Foster City, CA). � DNA/HindIII number 2 and �X174 DNA/ 
BsuRI (HaeIII) (MBI, Fermentas, Hanover, MD) were used as 
molecular size standards in gel electrophoresis. 

Vector construction. A 1,197-bp fragment containing a portion 
of fimA and the 5� flanking region was obtained by PCR ampli-
fication of genomic DNA from X. fastidiosa Temecula1 or STL 
with primer pairs FA1 and FA2 (Table 2). This PCR product was 
digested with SacI and ligated into the dephosphorylated, SacI-
linearized pUC18 to yield pFA or pSA. The EZ:TN (KAN-2) 
transposon was inserted into pUC19/3.4 according to the manu-
facturer’s instructions (Epicentre, Madison, WI) to generate 
pEZ19. A 965-bp fragment composing the kan gene along with its 
5� and 3� flanking regions was amplified from pUCEZ:TNK with 
primer pairs KAN1 and KAN2 (Table 2). This fragment was 
ligated into the dephosphorylated, MfeI-linearized pFA or pSA to 
yield pFAK or pSAK, respectively. 

To determine the transformation efficiency as a function of tar-
get gene size, primers internal to the fimA PCR product were de-
signed. A 1,520-bp fragment containing fimA with the kan gene 
inserted at the MfeI restriction site was obtained by PCR ampli-

TABLE 1. Identification numbers for the fimA and fimF genes in the sequences of the citrus, almond, and oleander strains of Xylella fastidiosa 

Gene name Citrus strain 9a5c Almond strain Dixon Oleander strain Ann1 

fimA RXFA00083a RXFX00292 RXFY00112 
fimF RXFA00077 RXFX00812 RXFY00292 

a Based on the annotation from Integrated Genomics, Chicago.  

 

Fig. 1. Fimbrial operon within a portion of the genome of the Xylella fastidiosa grape strain Temecula1, including the location of the kan gene inserted into the 
fimF gene in the FimF– mutant strain. The fimbrial operon starts with fimA and finishes with fimF. fimFa and fimFb are the two fragments of the fimF gene that 
were separated by the kan gene insertion. adl, 4-amino-4-deoxychorismate lyase; cdp, competence-damage protein; kgtP, �-ketoglutarate permease. Thick 
arrows indicate the orientation of transcription. Small arrows indicate position and orientation of primers. Restriction sites used for the Southern blot analysis 
are marked below the disrupted region of the operon. 
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fication of pFAK with primer pairs FA3 and FA4 (Table 2). This 
product was digested with SacI and ligated into dephosphorylated, 
SacI-linearized pUC18 to yield pFA2. 

A vector similar to pFAK in which fimF was replaced by fimA 
was constructed. The fimF gene from the chromosome of X. fas-
tidiosa Temecula1 or STL was amplified using primers FF1 and 
FF2 (Table 2). A 1,097-bp fragment containing a portion of fimF 
and sequences flanking the 5� region of fimF was obtained by 
PCR amplification of genomic DNA from X. fastidiosa Temecula1 
or STL with primer pairs FF1 and FF2 (Table 2). The fimF PCR 
product was digested with SacI and ligated into dephosphorylated, 
SacI-linearized pUC18 to yield pFF or pSF. The 965-bp fragment 
composing the kan gene described above was digested with MfeI 
and ligated into the dephosphorylated, MfeI-linearized pFF to 
yield pFFK (Fig. 2) or pSFK. 

Electroporation. Cells of X. fastidiosa grape strains Temecula1 
or STL grown on periwinkle wilt medium with gelrite (PWG) 
solid medium (16) for 7 days at 28°C were resuspended in 1 ml of 
PW broth and made electrocompetent as described by Ausubel et 
al. (2). To determine the optimal cell concentration needed for 
successful gene replacement, the cell suspension was serially di-
luted and aliquots plated on PWG to determine the cell concen-
trations (Table 3). An aliquot of 50 µl of each cell suspension was 
mixed with 5 µl of pFAK, pFA2, pFFK, pSAK, or pSFK (�1.25 µg 
of DNA) and placed in a 0.1-cm cuvette. The electroporation 
parameters were 1.6 kV, 200 �, and 25 µF using a BioRad 
GenePulser II (BioRad, Hercules, CA). The time constant was 
approximately 4.5 milliseconds. Electroporated cells were resus-
pended in 1 ml of PW broth and incubated at 28°C for 24 h 
without agitation. The cells then were plated on PWG supple-
mented with kanamycin at 50 µg/ml (PWG-kan) and grown at 
28°C for 8 days. Twenty-four of these kanamycin-resistant 
colonies were selected and restreaked three times on PWG-kan. 

Sequence analysis of cloned genes. Aliquots (1 µl) of template 
DNA at 100 ng/µl were cycle sequenced with vector-specific 
primers PU1 and PU2 and gene-specific primers KAN1, KAN2, 
FA1, FA2, FF1, and FF2 (Table 2). The reactions contained 1 µl of 
template DNA, 4 pmoles primer, 5 µl of dH2O, and 4 µl of DYE-
namic ET terminator sequencing kit (Amersham Biosciences). 

Cycle sequencing conditions were 30 rounds of 95°C for 25 s, 
50°C for 10 s, 60°C for 2 min, hold at 4°C. The reaction products 
then were ethanol precipitated or purified by a magnetic bead 
protocol as described. Sequences were obtained on a MegaBACE 
1000 (Amersham Biosciences) capillary DNA sequencer. The se-
quence of the kan gene in pFAK and in pFFK was compared to 
the sequence provided by Epicentre and was found to be identical. 
The sequences of the fimA and fimF portions included in pFAK 
and pFFK respectively, also were the same as the sequence of 
their respective region of X. fastidiosa version 4 sequence given 
by the Organization for Nucleotide Sequencing and Analysis in 
Brazil. The rest of the sequence of pFAK and of pFFK was identi-
cal to that of pUC18. 

Confirmation of gene replacement by PCR. We arbitrarily 
selected two putative kanamycin-resistant FimA– mutants of X. 
fastidiosa to characterize the genetic change that had occurred. We 
amplified the entire fimA gene and flanking fimC regions using 
primers FA1 and FC2 (Table 1) from the DNA of the FimA– mu-
tant of X. fastidiosa to determine if that region of the chromosome 
contained the kan gene used to disrupt fimA in vitro. We also used 
primers pairs FA1 and FA2 or KAN1 and KAN2 (Table 2) to de-
termine the presence of fimA and kan, respectively, in putative 
mutant and wild-type cells. To determine the orientation of the 
kan gene within fimA, we used a combination of fimA- and kan-
specific primers in PCR amplification. 

A similar PCR-based strategy was used to confirm that putative 
FimF– mutants were the result of a double crossover event. To am-
plify the entire fimF gene and flanking regions from the DNA of 
two FimF– mutants of X. fastidiosa, we used primers FF3 and FF4 
(Table 2). To determine the orientation of the kan gene within 
fimF, we used a combination of fimF- and kan-specific primers in 
PCR amplification. pUC18-specific primers were used in PCR to 
determine if pFAK or pFFK remained in the FimA– or FimF– mu-
tants. Similar PCR were conducted on the FimA– and FimF– mu-
tants of the X. fastidiosa grape strain STL. 

Southern blot. The presence of a kan insertion in fimF in the 
FimF– X. fastidiosa mutants was confirmed by Southern blotting 
with digoxygenin-labeled fimF as a probe as per the manufacturer 
of the kit (Roche Molecular Biochemicals). Total genomic DNA 

TABLE 2. Plasmids and primers used in the study 

Plasmids, primers Relevant characteristics or primer sequence Source or reference 

Plasmids   
pUC18 pMB1 derivative, rep (pMB1), bla (ApR), lacZ Roche 
pUC19/3.4 pUC19 containing a 3.4-kb HpaII fragment Epicentre 
pEZ19 pUC19/3.4 containing EZ:TN™ <KAN-2> transposon insertion This work 
pFA pUC18 containing 1,197-bp fimA fragment of Temecula1 This work 
pSA pUC18 containing 1,197-bp fimA fragment of STL This work 
pFAK pFA containing 965-bp fragment with kan gene This work 
pSAK pSA containing 965-bp fragment with kan gene This work 
pFA2 pUC18 containing 1,520-bp fimA/kan fragment of pFAK This work 
pFF pUC18 containing 1,097-bp fimF fragment of Temecula1 This work 
pSF pUC18 containing 1,097-bp fimF fragment of STL This work 
pFFK pFF containing 965-bp fragment with kan gene This work 
pSFK pSF containing 965-bp fragment with kan gene This work 

Primers   
PUC1 5�-CTTTACACTTTATGCTTCCGG-3� … 
PUC2 5�-GCAAGGCGATTAAGTTGG-3� … 
KAN1 5�-CTAGCAATTGCTGTCTCTTATACACATCTCAACCA-3� … 
KAN2 5�-TTGCCAATTGAACCAATTCTGATTAGAAAAACTCA-3� … 
FA1 5�-GTCTGAGCTCCAACATCAAGTCGACCAAGTG-3� … 
FA2 5�-TATGGAGCTCCGACTCGACTGATAGGAGGC-3� … 
FA3 5�-AGAGGGATCCCATGAAAATCATGAAAAATTTCGTACTCT-3� … 
FA4 5�-TGACGGATCCTTATTGGTAGATGATGGTGTACTGAATG-3� … 
FC1 5�-GGAAGCTGTCACTTGCATGA-3� … 
FC2 5�-ATGCACCAACTGGGGTAGAG-3� … 
FF1 5�-GTCTGAGCTCCAACTTTGGAAACCAGATGTCG-3� … 
FF2 5�-TATGGAGCTCACTGGTATTCAATCGTGAAGGTT-3� … 
FF3 5�-TCATCCAGATGGCATAACCA-3� … 
FF4 5�-TTTGCTTGGCGATTTTCTTT-3� … 
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from wild-type and FimF– X. fastidiosa strains, digested with ei-
ther NspI or MslI (New England Biolabs), and DNA of pFFK 
were used as target DNA on these blots. The absence of plasmid 
DNA sequences in the FimF– X. fastidiosa mutants was confirmed 
by Southern blotting with digoxygenin-labeled pUC18 as probe. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
To determine the expression of fimbrial genes in wild-type X. fas-
tidiosa Temecula1 and FimA– and FimF– mutants, extracellular 
proteins were examined by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE). Bacteria grown on a modi-
fied PWG (bovine serum albumen was replaced with 0.5% fruc-
tose) for 7 days at 28°C were resuspended in 200 µl of double 
distilled water by gently pipetting for 5 min. The suspensions then 
were centrifuged at 5,000 rpm for 10 min at 4°C. The supernatant 
of each cell suspension was mixed with 8× protein sample buffer 
according to the protocol outlined by Bollag and Edelstein (5). Af-
ter denaturation, the proteins were separated on a 4 to 20% ready 
mix SDS-PAGE gradient gel (Bio-Rad), and then stained with 
Coomassie brilliant blue. A band with a mobility corresponding to 
approximately 15 kDa present in wild-type but not in the FimA� 
mutant then was eluted, and digested using standard protocols de-
scribed by Bollag and Edelstein (5). The digested protein was sub-
jected to sequence analysis using a Voyager Biospectrometry 
Workstation (Perspective Biosystems, Framingham, MA) accord-
ing to the method described by Hack and Benner (15). No band 
was analyzed for the FimF� mutant. 

Test for plasmid linearization. We observed 100% double 
crossover events using our mutagenesis method; therefore, we 
tested the hypothesis that linearization of pFFK occurred upon en-
try into X. fastidiosa cells. To test whether X. fastidiosa grape 
strain Temecula1 had a restriction enzyme that would linearize 
pFFK, we incubated pFFK with the supernatant of X. fastidiosa 
Temecula1 cell lysate under conditions typical for restriction 
digestion (2). 

Scanning electron microscopy. We have examined X. fas-
tidiosa Temecula1 wild-type, FimA�, or FimF� cells grown on PW 
liquid broth. Suspensions of cells were suspended, lightly centri-
fuged, and washed in Na-Cacodylate buffer. The cells were again 
centrifuged, suspended in 2% glutaraldehyde in Na-Cacodylate 
buffer, and filtered through 0.45-µm silver filters (Millipore, Bed-
ford, MA). Buffer, osmium tetroxide, buffer, and then ethanol (35, 
50, 70, 95, and 100%) rinses of the cells were done by passing the 
solutions through the filter. After fixation, the filters were then 
critical point dried and coated with a 2-nm film of platinum stabi-
lized by a second coating of 12 nm of carbon in a Balzers 301 
freeze fracture unit (Balzers, Balzers, Lieschtenstein). Samples were 
viewed with a Hitachi S5000 SEM (Hitachi, Japan) at the Electron 
Microscopy Laboratory, University of California, Berkeley. 

Pathogenicity tests. Grapevines of the cv. Cabernet sauvignon, 
which is moderately susceptible to PD (12), were rooted in the 

greenhouse from cuttings provided by the Foundation Plant Mate-
rial Service, University of California, Davis. These grapevines 
were needle inoculated with FimA–, FimF– mutants, or with wild-
type X. fastidiosa Temecula1 in the leaf petiole according to the 
method of Hopkins and Adlerz (18). The inoculated grapevines 
were placed in a greenhouse and visualized for symptoms weekly. 
Infection of vines by X. fastidiosa was confirmed by reculturing of 
the pathogen from symptomatic vines by the method of Hill and 
Purcell (16). After 2 months, three infected petioles per infected 
vine per inoculation with either FimA–, FimF– mutants, or wild-
type cells of X. fastidiosa Temecula1 grape strain were tested for 
number of bacterial cells per gram of petiole tissue by the method 
of Hill and Purcell (16). 

RESULTS 

Transformation of X. fastidiosa with pFAK, pFFK, pSAK, 
and pFAK. The chromosomal fimF gene of X. fastidiosa grape 
strain Temecula1 was disrupted after introduction of plasmid 
pFFK harboring fimF containing an insertion of the kan gene. 
Gene replacement apparently occurred by a double crossover 
event mechanism (Fig. 2). Because this strategy involved use of a 
nonreplicating vector, high transformation efficiencies were needed 
to observe recombinational rescue of marker genes. Maximum 
electroporation efficiencies (�600 transformants/µg of pFFK 
DNA) were observed when 3.0 × 108 to 1.5 × 109 cells in a 50-µl 
suspension were treated with 1 µg of plasmid DNA (pFFK) (Table 
2). Electroporation efficiency decreased when using either higher 
or lower cell concentrations (Table 3). Similar recombination effi-
ciencies were found when a disrupted fimA fragment was substi-
tuted for fimF (data not shown). Efficiency of recovery of putative 
FimA– mutants was reduced by �10-fold when the DNA region 
containing the kan-disrupted fimA gene in pFA2 was reduced by 
approximately 50%. Apparent gene replacement using a similar 
strategy with cloned fimA and fimF homologs of X. fastidiosa 
grape strain STL occurred at a frequency similar to that in strain 
Temecula1. The efficiency of recovery of FimA– and FimF– mu-
tants of strain STL was �10-fold lower when the fimA or fimF 
gene from Temecula1 (pFAK and pFFK, respectively) were used 
compared with the genes from strain STL itself (pSAK and pSFK, 
respectively). 

Confirmation of gene replacement by PCR. The amplified 
fragment containing the fimA/fimC region using primers FA1 and 
FC2 from the parental strain was approximately 3.0 kb in size, 
while that for the putative marker exchange mutant was 4.0 kb, 
consistent with the presence of an inserted kan gene within fimA. 
The PCR fragment containing fimA obtained using primers FA1 
and FA2 was approximately 1.0 kb in the wild-type strain but  
2.0 kb in the transformants. Similarly, primers FA3 and FA4, 
internal to fimA, yielded a fragment of approximately 500 bp in 

 

Fig. 2. Schematic representation of the double crossover event between the plasmid-borne disrupted fimF gene on pFFK and the Xylella fastidiosa
chromosomal fimF gene. kan, kanamycin resistance gene; PnptII, kan promoter; bla (ApR), ampicillin resistance gene; rep (pMB1), origin of replication of 
pMB1; SacI, restriction site. The textured rectangle represents the fimF sequences. 
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the wild-type strain but 1.5 kb in the transformant, consistent with 
the presence of an inserted kan gene within the internal portions of 
fimA in the mutants. The kan gene could be recovered by PCR 
amplification using the kan primers only from the putative FimA– 
mutants. 

Similarly, the amplified fragment containing fimF using primers 
FF3 and FF4 was approximately 1.2 kb in the parental Temecula1 
strain but 2.2 kb in the two putative FimF– mutants of X. fas-
tidiosa. This difference in size is consistent with the presence of 
an inserted 1.0-kb kan gene within fimF in the mutants. The 
amplified fragment containing the fimF gene using primers FF1 
and FF2 in the wild-type X. fastidiosa Temecula1 yielded a frag-
ment of approximately 1.0-kb, and a fragment of approximately 
2.0-kb in the FimF– mutants. The kan gene could be recovered by 
PCR amplification only from the putative FimF– mutants. PCR 
analysis revealed that the kan gene is oriented in the opposite ori-
entation from that of the transcription of fimA or fimF, suggesting 
that the mutations would be polar. We could not amplify a 3.0-kb 
fragment corresponding to pUC18 amplified using primers PUC1 
and PUC2 from either parental strain or FimA– or FimF– mutants, 
indicating that the plasmid vector had been evicted from the mu-
tants, presumably as a result of a double crossover event. Similar 
PCR on the FimA– or FimF– mutants of X. fastidiosa grape strain 
STL indicated that the mutation occurred via a double crossover 
event. 

Confirmation of transformation by Southern blots. To con-
firm the insertion of the kan gene into the fimF gene of putative 
FimF– mutants, Southern blot hybridizations were performed us-
ing digoxygenin-labeled fimF gene as the probe (Fig. 3). Diges-

tion of total genomic DNA from FimF– X. fastidiosa cells with 
MslI yielded a 2.46-kb fragment with homology to fimF, which is 
consistent with the insertion of the kan gene into fimF (Fig. 3). 
Based on sequence alignment, there is a 308-bp portion of the 
fimF gene with 80% homology to fimD, which can explain the hy-
bridization of the fimD gene to the digoxygenin-labeled fimF 
probe. This may explain the 1.58-kb MslI fragment in the parental 
strain, which includes both the fimD and fimE genes with homol-
ogy to fimF, while a 1.50-kb fragment corresponds to the fimF 
gene itself (Fig. 3). Similar results using Southern blotting were 
obtained when we used the restriction enzyme NspI to digest the 
DNA of wild-type or mutant strains (data not shown). The absence 
of pFFK DNA in both the parental and FimF– mutants of X. fas-
tidiosa was confirmed by the lack of hybridization of total ge-
nomic DNA from parental and transformed X. fastidiosa cells with 
digoxygenin-labeled pUC18 DNA (data not shown). 

Analysis of fimbrial gene expression using SDS-PAGE. To 
determine if disruption of fimA and fimF resulted in altered fim-
briae production, extracellular proteins, which should include fim-
brial components, were recovered from cells grown on agar media 
and subjected to SDS-PAGE. A 15-kDa protein, observed in cul-
tures of both parental and FimF– mutant strains (Fig. 4), was 
identified as FimA by protein sequencing. This band was greatly 
reduced in cultures of the FimA– mutant of X. fastidiosa (Fig. 4). 
Although there is some protein present corresponding to the FimA 
protein band in the FimA– mutant of X. fastidiosa, this probably 
was due to residual proteins other than FimA but of the same size. 
A protein with a mass of approximately 14 kDa was present in 
both parental and FimA– mutant strains but was missing in the 
FimF– mutant strain. The abundance of FimA was much greater 
than that of the putative FimF (Fig. 4). 

Scanning electron microscopy. Wild-type cells of X. fastidiosa 
Temecula1 had an extensive network of fimbriae serving to attach 
bacterial cells to the surface of the silver filter and to each other 
(Fig. 5A). These cells also formed large aggregates and most cells 
had fimbriae measuring approximately 3 nm in diameter (because 
the carbon/platinum coat was 17 nm thick) and ranging in length 

 

Fig. 4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of 
proteins recovered from the supernatant of cultures of Xylella fastidiosa. 
Lane 1, molecular size markers; lane 2, grape parental strain Temecula1; lane 
3, FimF– mutant of strain Temecula1; lane 4, FimA– mutant of strain 
Temecula1. The arrows indicate the 15-kDa protein identified as FimA and 
the putative 14-kDa FimF protein. 

 

Fig. 3. Southern blot analyses of two putative FimF– mutants of Xylella
fastidiosa using a digoxygenin-labeled fimF probe. DNA of the parental 
strain (lane 2) and two FimF– mutants (lanes 3 and 4) were digested with 
MslI before hybridization with the probe. Lane 1 represents the molecular 
size standard digoxigenin-labeled � DNA/HindIII number 2. 

TABLE 3. Efficiency of recovery of FimF– mutants of Xylella fastidiosa
strain Temecula1 that acquired a kanamycin resistance gene after electro-
poration of different concentrations of bacterial cells 

Number of cells 
electroporateda 

Number of transformants per 
microgram of plasmid DNAb 

1.5 × 1010 166.00 � 38.66 
3.0 × 109 400.67 � 44.31 
1.5 × 109 470.67 � 148.96 
3.0 × 108 599.33 � 33.00 
1.5 × 108 380.00 � 62.23 
1.5 × 107 42.00 � 4.71 

a Numbers are cell counts per 50 µl of cell suspension; 50 µl of cell sus-
pension plus 5 µl of vector plasmid DNA (�1.25 µg of DNA) was added to 
a 0.1-cm cuvette for electroporation at 16 kV/cm and 25 ohms for 
�4.5 milliseconds. 

b Mean numbers of transformants � standard deviation of two separate 
experiments. 
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from 0.2 to 2 µm. Cells of the FimA– mutant of X. fastidiosa Te-
mecula1 were, on average, half the length of wild-type cells and 
appeared to have a much reduced number of fimbriae (Fig. 5B). 
The appendages seen on a few cells appeared different (thicker 
and shorter) than those on the parental strain. The mutant cells ag-

gregated much less than wild-type cells. Cells of the FimF– mu-
tant of X. fastidiosa were, on average, �80% the length of wild-
type cells and appeared to have only a few, very short fimbriae 
(Fig. 5C). Large cell aggregates of FimF– mutants did not occur. 

Pathogenicity of the FimA– and FimF– mutants of X. fas-
tidiosa. Disease onset and severity of grapevines inoculated with 
FimA– or FimF– mutants of the X. fastidiosa grape strain Temec-
ula 1 were similar to that of the plants inoculated with the parental 
strain. Visible symptoms in vines inoculated with the parental 
strain or with the mutants appeared 4 weeks after inoculation. We 
were able to reisolate the FimA– or FimF– mutants of X. fastidiosa 
from infected grape on PWG-Kan 2 and 6 months after inocula-
tion, indicating that the cells retained the kanamycin resistance 
gene in planta without selection. After 2 months, the average X. 
fastidiosa population in infected petioles was 9.6 � 9.8 × 107,  
1.6 � 1.7 × 108, and 2.2 � 2.3 × 108 CFU/g of petiole tissue for the 
vines inoculated with FimA� or FimF� mutants and wild-type cells 
of the X. fastidiosa grape strain Temecula 1, respectively. 

DISCUSSION 

This study confirms that site-directed gene disruption is possi-
ble in the pathogen X. fastidiosa, an organism previously not ame-
nable to molecular techniques. Marker-exchange mutagenesis in 
this species occurs at a low frequency compared with that of other 
phytopathogenic bacteria that have been studied, such as Clavi-
bacter michiganense subsp. michiganense (25) or Agrobacterium 
tumefaciens (26). However, a gene replacement process similar to 
that used in other species, after optimization, yielded knock-out 
mutants appropriate for further analysis. Given that the genome 
sequence of this pathogen is now available, the ability to disrupt 
specific genes will be a useful technique for determining the role 
of specific genes in this pathogen. 

Transformation of X. fastidiosa pv. citrus 9a5c occurred only 
when plasmids containing both the oriC and an rRNA gene of X. 
fastidiosa were used in electroporation (27). Although quite unsta-
ble, this vector did allow limited replication, thus facilitating re-
combination between genes on the vector and the chromosome. 
This resulted exclusively in single crossover events in which the 
entire plasmid integrated into the chromosome of the citrus strain 
of X. fastidiosa at the site of the homologous rRNA gene (27). Re-
cently, site-directed gene disruption in this same X. fastidiosa 
strain was achieved using a semistable hybrid plasmid containing 
sequences from pXF1.3, a native X. fastidiosa plasmid (7). This 
vector is maintained stably in X. fastidiosa, necessitating exten-
sive culturing of the cells on laboratory media to accumulate cells 
in which the marker gene is rescued by integration into the 
chromosome. However, this method required several passages of 
the culture, which may result in the loss of virulence determinants 
(17). We did not include the oriC of the X. fastidiosa grape strain 
Temecula1 or the origin of replication of an X. fastidiosa plasmid 
in our plasmid vectors. Omitting the origin of replication in the 
plasmid vector may have facilitated double crossover events in 
our mutants without the need for serial subculturing. Initially, we 
were surprised to find that our putative mutants were exclusively 
double recombinants rather than cis-merodiploids. In other stud-
ies, similar allelic exchange mutagenesis usually resulted in single 
rather than in double crossover homologous recombination events 
even though double crossover events have been found at a high 
frequency in some systems (9,22,24). We can only speculate as to 
why double recombination events occurred at such a high fre-
quency in both X. fastidiosa Temecula1 and STL using our vector 
system but not in the vector systems used for the citrus strain of 
this species (7,27). The semireplicative vectors used for the citrus 
strain differed substantially from the pUC18-based suicide vector 
used in our study. It is possible that sequences on pUC18, or even 
the fimA or fimF genes themselves, somehow conferred counterse-
lection of cis-merodiploids that may have formed, thus favoring 

 

Fig. 5. Scanning electron micrographs of Xylella fastidiosa grape strain 
Temecula1 cells grown in PW broth and placed on a silver filter. A, Wild-
type cells; B, FimA– mutant cells; C, FimF– mutant cells. Arrows indicate 
fimbriae.  
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retention only of strains in which a subsequent second recombina-
tion event had occurred. The later explanation seems unlikely be-
cause double recombination events were observed in both fimA 
and fimF knockout mutants as well as in several other genes we 
have investigated using this vector (K. L. Newman and S. E. 
Lindow, unpublished data). The origin of replication of pUC18 is 
very active, normally leading to very high plasmid contents in 
cells; thus, this locus might have interfered with normal chromo-
somal replication, leading to counter-selection of strains retaining 
such sequences. Alternatively, X. fastidiosa Temecula1 might con-
tain restriction endonucleases capable of linearizing the plasmid 
DNA that was acquired during electroporation. Two crossovers 
are required to integrate linear DNA into the chromosome, and, al-
though less frequent than single crossover events, such a phe-
nomenon might explain both the low frequency of gene replace-
ment as well as the exclusivity of double recombination events in 
our studies. However, we found no evidence of such an endo-
nuclease in X. fastidiosa Temecula1 when we exposed plasmid 
DNA to cell lysates in vitro. It is significant that both Temecula1 
and STL PD strains exhibited the high frequency of double recom-
bination events that distinguished them from the citrus strain of X. 
fastidiosa. 

In the present study, we chose the fimA and fimF genes as target 
genes because of their central role in the process of fimbriae pro-
duction and adhesion. The X. fastidiosa fimbrial operon contain-
ing these genes is similar to the pap and type I fimbrial operons 
typical of the chaperone-usher pathway (36). By analogy to this 
pathway, the EcpD chaperone of X. fastidiosa is probably a perip-
lasmic immunoglobulin-like chaperone and FimC an usher protein 
located in the outer membrane. Chaperones are known to form pe-
riplasmic preassembly complexes with each pilus or fimbriae sub-
unit, such as the major subunit FimA of X. fastidiosa, before their 
incorporation to form a pilus or fimbriae (36). Once formed, the 
chaperone complexes are targeted to the outer membrane usher, 
which would correspond to FimC (a PapC homolog) in the case of 
X. fastidiosa. PapC, a typical outer membrane pore-forming pro-
tein, translocates pilus subunits across the outer membrane (36). 
Based on sequence homology, the X. fastidiosa FimF and FimG 
located downstream from FimC on the fimbrial operon are pre-
sumed to be, respectively, the fimbrillin or major subunit of the tip 
fibrillum and an adaptor which attaches the adhesin FimF to 
FimD. The X. fastidiosa FimF was found to have highest homol-
ogy to MrkD, an adhesin of K. pneumonia (1). In K. pneumoniae, 
MrkD, which mediates binding of the fimbriae to collagen mole-
cules (33), was found to be unnecessary for efficient biofilm 
formation (21). In this study, both FimA– and FimF– mutants re-
mained pathogenic to grape even though the X. fastidiosa popu-
lations in vines inoculated with the mutants were slightly lower 
than those in vines inoculated with the wild-type X. fastidiosa. It 
is possible that FimF– mutants of X. fastidiosa were still able to 
form a biofilm in the grape xylem vessels, thereby enabling them 
to plug the vessels and cause disease, but further studies are 
needed to characterize the binding properties of such mutants. 
Scanning electron microscopy revealed that FimA– and FimF– 
mutant cells had fewer and smaller fimbriae than wild-type cells 
and that their cell size also was reduced compared with the wild-
type cells. These findings are consistent with the results of the 
SDS-PAGE, which showed that FimA was reduced in FimA– 
mutant cells’ supernatant compared with the wild-type cells. Fur-
ther examination may show differences between mutant and wild-
type X. fastidiosa cells in vitro and in planta. Likewise, detailed 
analyses of the movement of these and other fimbriae mutants, the 
structure of bacterial assemblages inside xylem elements, and the 
relative adhesiveness of mutants to themselves and to plant and 
insect structures should shed light on the role of attachment in the 
process of PD initiation. As speculated earlier, attachment is 
unlikely to be a qualitative virulence factor and may contribute 
only quantitatively to virulence of X. fastidiosa. Now that site-di-

rected disruptions of genes can be readily produced for X. fas-
tidiosa, understanding the pathogenicity of this organism should 
progress rapidly. 
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