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Xylella fastidosa, a gram-negative, xylem-limited bacte-
rium, is the causal agent of several economically impor-
tant plant diseases, including Pierce’s disease (PD) and
citrus variegated chlorosis (CVC). Until recently, the in-
ability to transform or produce transposon mutants of X.
fastidosa had been a major impediment to identifying X.
fastidosa genes that mediate pathogen and plant interac-
tions. A random transposon (Tn5) library of X. fastidosa
was constructed and screened for mutants showing more
severe symptoms and earlier grapevine death (hyperviru-
lence) than did vines infected with the wild type. Seven
hypervirulent mutants identified in this screen moved
faster and reached higher populations than the wild type
in grapevines. These results suggest that X. fastidosa at-
tenuates its virulence in planta and that movement is im-
portant in X. fastidosa virulence. The mutated genes were
sequenced and none had been described previously as anti-
virulence genes, although six of them showed similarity
with genes of known functions in other organisms. One
transposon insertion inactivated a hemagglutinin adhesin
gene (PD2118), which we named HxfA. Another mutant
in a second putative X. fastidosa hemagglutinin gene,
PD1792 (HxfB), was constructed, and further characteri-
zation of these hxf mutants suggests that X. fastidosa he-
magglutinins mediate contact between X. fastidosa cells,
which results in colony formation and biofilm maturation
within the xylem vessels.

Additional keywords: TpsA, TpsB, two-partner secretion path-
way.

Xylella fastidiosa is a gram-negative, xylem-limited bacte-
rium that is phylogenetically most closely related to Xantho-
monas spp. X. fastidosa is transmitted from plant to plant by
several xylem-feeding insect vectors (Hopkins 1989), and
strains of X. fastidosa cause diseases in many economically
important plants, including grapevines, citrus, peach, plum,
oleander, elm, sycamore, oak, maple, and coffee (De Lima et
al. 1998; Purcell 1997). The major symptoms of most X. fasti-
dosa diseases are associated with water stress, due to reduced
xylem flow, which is thought to result from occlusion of the
xylem vessels by bacterial aggregates that likely contains ex-
tracellular polysaccharides (EPS) (da Silva et al. 2001), gums,
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and tyloses (Hopkins 1989). Disease progression in Pierce’s
disease (PD) is characterized by leaf margins that progres-
sively dry inward and scorched leaf blades abscise and fall,
leaving the petiole attached to the cane (matchstick symptom).
The canes lignify irregularly, which produces patches of green
tissues surrounded by mature, brown tissue (green island
symptom). Fruit desiccates and is economically worthless.
Vine cordons die back and eventually all infected Vitis vinifera
grapevines die.

Understanding the complex interactions among the patho-
gen, plant, and insect vector is imperative for the develop-
ment of effective disease controls. However, very little is
known about the basis of host specificity and the mecha-
nisms by which X. fastidosa causes plant disease symptoms
(Purcell and Hopkins 1996). The complete genome sequences
of a citrus strain causing citrus variegated chlorosis (CVC)
and a grapevine strain causing PD (X. fastidosa Temecula
isolate) have been determined (Simpson et al. 2000; Van
Sluys et al. 2003). Additionally, draft sequences of the al-
mond- and oleander-infecting X. fastidosa strains also are
available through the Joint Genomics Institute (JGI) of the
United States Department of Energy (Bhattacharyya et al.
2002). Approximately 40% of the identified open reading
frames (ORFs) in the various X. fastidosa strains encode pro-
teins with no assignable function, whereas other designa-
tions, based solely on sequence homology, may not be cor-
rect (Bhattacharyya et al. 2002; Simpson et al. 2000; Van
Sluys et al. 2003). Comparisons between the X. fastidosa PD
and CVC strains showed that the PD Temecula strain has 41
strain-specific genes (1.9% of the genome), whereas the
CVC strain has 152 such genes (6.8% of the genome) (Van
Sluys et al. 2003). Those strain-specific genes may have
evolved to facilitate differences in X. fastidosa pathogenicity.

The inability to transform or produce transposon mutants of
X. fastidosa had been a major impediment to understanding the
pathogen and its plant and insect-vector interactions. However,
we developed a transposome-mediated mutagenesis system
(Guilhabert et al. 2001) and constructed a random transposon
(TnS) library of X. fastidosa (this study). We demonstrated how
screening of X. fastidosa random mutants in grapevines can
identify X. fastidosa pathogenicity, movement, and regulatory
genes that are important in the disease process. Here, we report
the identification and characterization of seven X. fastidosa mu-
tants that showed hypervirulence; mutants that produced more
severe and earlier disease onset than the parental strain when
they were inoculated into several V. vinifera cultivars. These
results validate our strategy of using a random mutagenesis



approach to unbiasedly screen the entire X. fastidiosa genome
for pathogenesis-related genes.

One of the hypervirulent mutations occurred in a hemag-
glutinin adhesin (PD2118), which we named HxfA (H for he-
magglutinin, xf for X. fastidiosa, A for the first hemaggluti-
nin described in X. fastidosa). We also constructed another
mutant in a second putative X. fastidosa hemagglutinin gene,
PD1792, which we named HxfB. We propose that HxfA and
HxfB are secreted through a two-partner secretion pathway
(TPS) with X. fastidosa PD1933 gene product being the cog-
nate secretion partner, TpsB. We show that bacterial hemag-
glutinins, which are involved in several animal and plant dis-
eases (Locht et al. 2001; Rojas et al. 2002), also are involved
in the virulence of X. fastidosa in grapevines. Further charac-
terization of the hxfA and hxfB mutants revealed that their
cell-to-cell aggregation and biofilm maturation was altered in
vitro and in planta. The correlation between hypervirulence
and movement demonstrates the importance of movement in
X. fastidosa pathogenicity, and the identification of novel
“attenuation” genes provides insight into how X. fastidosa
modulates its parasitism and pathogenicity.

RESULTS

Pathogenicity assays and identification
of X. fastidosa hypervirulent mutants.

In order to understand the mechanisms by which X. fastidosa
causes plant disease, we took a random transposition approach
to disrupt genes potentially involved in X. fastidosa virulence or
movement in grapevine plants. One thousand random X. fasti-
dosa mutants were inoculated individually in grapevines and the
symptoms were rated on a visual scale from O to 5 (Fig. 1; dis-
cussed below). Seven putative hypervirulent X. fastidosa mu-
tants (i.e., grapevines inoculated with these Tn5 mutants devel-
oped more severe disease symptoms than did vines inoculated
with the wild-type Temecula strain 21 weeks after inoculation)
were selected and retested by inoculating three additional Char-
donnay (Fig. 2) as well as three Chenin Blanc and Thompson
seedless grapevines (data not shown). All 7 Tn5 X. fastidosa
hypervirulent mutants showed 1) earlier symptom development,
ii) higher disease scores over a period of 32 weeks, and iii) ear-
lier vine death of all three grapevine cultivars compared with
vines inoculated with the wild-type X. fastidosa strain.

Fig. 1. Pierce’s disease symptoms in grapevines. A, Mock inoculation of Chardonnay grapevines and B through F, Chardonnay grapevines infected with the wild-
type strain Temecula, showing a disease rating of 1, 2, 3, 4, and 5, respectively. Note the general health of the plants and the number of scorched leaves.
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Fig. 2. Disease progression of Chardonnay grapevines inoculated with wild-type Xylella fastidiosa, Temecula strain, or Tn5 mutants of X. fastidiosa. Disease
severity was based on a visual disease scale of 0 to 5 and was assessed 10, 14, 16, 18, 20, and 32 weeks after inoculation. The data is an average of two
independent replications (six plants total). (a) = Disease severity was rated as 0 (healthy) 10 weeks after inoculation. (b) = Water control did not show any
symptoms during 32 weeks, thus the rating was 0. * = Mutant values were not significantly different from wild-type values at the 95% confidence level (P <
0.05) at these time periods.
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Identification of genes associated
with the hypervirulent phenotype and
lipopolysaccharide gel analysis.

In order to determine the identity of the mutated genes, the
transposon insertion sites of the mutants were identified using
a combination of polymerase chain reaction (PCR) and se-
quencing (Table 1). Six of the mutated genes corresponded to
genes with assignable functions and one gave a significant
match with a hypothetical conserved gene. Southern blot
analysis of the hypervirulent X. fastidosa mutants showed
that the clones contained a single transposon insertion (data
not shown). Regions flanking the Tn5 mutated gene sequences
also were the same as the sequences of their respective
regions in the wild-type X. fastidosa Temecula strain, thus
confirming the position of the Tn5 insertion in the hyper-
virulent mutants.

A detailed description of the Tn5 insertion site of each of the
seven mutants is presented in the following paragraphs.

Mutant PD2118. The Tn5 insertion in PD2118 occurred
between the position 2506778 and 2507999 in the genome of
the PD strain of X. fastidosa (Van Sluys et al. 2003). PD2118
gene has 27% amino acid identity to the known hemagglutinin
HecA protein from Erwinia chrysanthemi (Rojas et al. 2002).

Mutant PD1542. The TnJ5 insertion occurred between posi-
tion 1787044 and 1788265 of the X. fastidosa PD genome se-
quence and the disrupted ORF had 25% amino acid identity
with a glycosyltransferase (dmf) gene that is involved in cell
wall synthesis of the bacterium Trichodesmium erythraeum.
Glycosyltransferases are involved in lipopolysaccharide (LPS)

Table 1. Polymerase chain reaction primers and strains used in this study

biosynthesis by adding a sugar onto the O-polysaccharide
chain. In some cases, LPS has been shown to be involved in
bacterial pathogenesis of plants (Dow et al. 2000) by facili-
tating the ability of a bacterial pathogen to infect plants
(Dow et al. 1995; Kingsley et al. 1993); or, in contrast, bac-
terial LPS can be recognized by plants to trigger some plant
defense-related responses (Erbs and Newan 2003). On deoxy-
cholate-polyacrylamide gel electrophoresis (PAGE) gels, puri-
fied LPS from mutant strain Xf1542 grown in vitro did not
show any alteration in its LPS profile when compared with
LPS from wild-type cells (data not shown).

Mutant PD1198. The transposon was inserted within posi-
tions 1394401 and 1395622 of the PD genome sequence. Gene
PD1198 had 42% amino acid identity with an outer membrane
receptor protein involved in ferric ion transport or acquisition
(bfeA) in Pseudomonas syringae pv. syringae. The use of iron
as a cofactor is essential to both pathogenic microorganisms
and their hosts and influences the pathogen—host relationship
(Schaible and Kaufmann 2004).

Mutant PD0218. In PD0218, Tn5 was inserted between po-
sitions 275222 and 276443, in an ORF that has 25% amino
acid identity with a serine protease, pspB, from P. brassicacea-
rum. Serine proteases have been involved in the folding and
maturation of secreted proteins, and mutations in such genes
lead to a change in the biogenesis of other proteins (Lyon and
Caparon 2004).

Mutant PD0680. Tn5 was inserted between positions
833367 and 834588 of the X. fastidosa genome sequence. The
PD0680 gene product has 26% amino acid homology with a

Primers*/mutants Sequences, characteristics”

Putative gene®

Putative function? Source

Used to sequence

kan-2 fp-1 ACCTACAACAAAGCTCTCATCAACC Epicentre Technology
Arbl GGCCACGCGTCGACTAGTACN,, Caetano-Anoles 1993
Poforw CTGGCAGAGCATTACGCTGAC This study
Used to confirm
kan-2 rp-1 GCAATGTAACATCAGAGATTTTGAG Epicentre Technology
kan-2 fp-1° ACCTACAACAAAGCTCTCATCAACC ... Epicentre Technology
6191.2 forw TGCAACCACGCTGAACA Glucose kinase, glk This study
6211.2 rev GGCATCGACCTCATT Glucose kinase, glk This study
PD0219 forw GCTGCACTCCAGATTGAACACTGT  Serine protease, pspB This study
PD0217 forw ACCTACACCTACACCACTGGA Serine protease, pspB This study
23531.2 forw GATCTACCTGCTGTTGC Hypothetical protein, PD1244 This study
23551.2 rev GTGAGGATTATTACGGGTGGTG Hypothetical protein, PD1244 This study
22281.2 forw CGCGTGCTCGCTCTTCAAT Coenzyme F390 synthetase, paaK This study
22311.2 rev TACCGAATGTGGCTTG Coenzyme F390 synthetase, paaK This study
11001.2 forw ATTCACGCTCCATACG Iron receptor, bfeA This study
11021.2 rev ATGTCGAGTCCTGTTGTG Iron receptor, bfeA This study
13991.2 rev AACAGAGTGCTAGTCACC Mannosyltransferase, dmt This study
24521.2 forw ACGACTTGCATAGCAGTAGC Mannosyltransferase, dmt This study
X. fastidiosa mutants
Xf2118 PD2118::EZ::TN<Kan-2>Tnp HL secreted protein, HxfA ~ This study
Xf1198 PD1198::EZ:: TN<Kan-2>Tnp Ferric enterobacyin
receptor, BfeA This study
Xf1542 PD1542::EZ::TN<Kan-2>Tnp Mannosyltransferase (Ips
biosynthesis), Dmt This study
Xf0218 PD0218::EZ:: TN<Kan-2>Tnp Serine protease, PspB This study
Xf0680 PD0681::EZ:: TN<Kan-2>Tnp Glucose kinase, Glk This study
Xf0875 PD0875::EZ:: TN<Kan-2>Tnp Coenzyme F390 synthetase,
PaaK This study
Xf1244 PD1244::EZ:: TN<Kan-2>Tnp Hypothetical protein This study
Xf1792 PD1792::Tn903 kan-2 HL secreted protein, HxfB ~ This study
Xf1246 PD1246::EZ:: TN<Kan-2>Tnp HL secreted protein This study

? Primer used to sequence and confirm the Tn5 insertion sites. Primer kan-2 fp-1 was used for both.
® Primer sequences are presented 5’ to 3'. For relevant characteristics, PD number = identification number of open reading frame (ORF) in Pierce’s disease
strain of Xylella fastidiosa. EZ::TN<kan-2>Tnp = Tn5 derivative (Epicentre Technologies, Madison, WI, U.S.A.); Tn903 kan-2= kanamycin resistance

cassette from EZ::TN<Kan-2>Tnp.

¢ Putative gene function of the ORF based on homology between regions flanking the Tn5 insertion site and other X. fastidiosa gene sequences.
d putative gene function of the ORF based on homology between regions flanking the Tn5 insertion and other X. fastidiosa gene sequences. HL =

hemagglutinin-like.
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glucose kinase (glk) of Brucella melitensis. Glucose kinases
are involved in regulatory functions, in addition to their meta-
bolic functions in various organisms (Kwakman and Postma
1994; Park et al. 2000; Wagner et al. 1995). The inactivation of
glk was shown to reduce the catabolite repression of several
other genes (Spath et al. 1997).

Mutant PD0O875. Tn5 was inserted within positions 1084849
and 1086070. The mutated ORF corresponds to a gene product
with 23% amino acid identity with an anaerobic phenylacetate
CoA ligase in Azoarcus evansii, paaK. CoA ligases are involved
in regulating methanogenesis in response to changes in the
availability of hydrogen (Pennings et al. 1998).

Mutant PDI1244. Tn5 was inserted between the positions
1445349 and 1446570 of the PD genome sequence. The ORF
1244 gene product had been annotated as a hypothetical
protein in the PD genome sequence (Van Sluys et al. 2003;
discussed below).

Sequence analyses of hemagglutinin-like genes
in X. fastidosa and other plant and
animal bacterial pathogens.

Seven ORFs (PD0986, PD0988, PD1246, PD1792, PD2110,
PD2116, and PD2118) have been annotated as hemagglutinin-
like proteins in the PD X. fastidosa genome sequence (Van Sluys
et al. 2003). The gene products PD2118, PD1792 (identified in
our study), and PD1246 possessed 27, 37, and 27% amino acid
identities, respectively, with the HecA protein from E. chrysan-
themi (GenBank accession number AF501263). The gene prod-
ucts PD2116, PD2110, and PD0988 possessed 34, 35, and 26%
amino acid identities, respectively, with a putative hemaggluti-
nin-related protein from Ralstonia solanaceraum (GenBank
accession number Np_522632.1). The last PD X. fastidosa prod-
uct, PD0986, annotated as a hemagglutinin-like protein (Van
Sluys et al. 2003), did not possess any homology with putative
hemagglutinin or adhesin proteins from other bacteria.

GenBank comparisons of the conserved hypothetical
PD1244 OREF, identified in our mutant study (discussed
above), revealed amino acid homology only with putative he-
magglutinin-like products Xf2196 and PD2116 from the CVC
and PD strain of X. fastidosa, respectively (Simpson et al.
2000; Van Sluys et al. 2003). However, the homology among
PD1244, X£2196, and PD2116 occurred only on a small re-
gion, 79 amino acids (aa), of these large proteins.

Filamentous hemagglutinin (FHA), the major adhesin of the
whooping cough agent Bordetella pertussis, is one of the most
efficiently secreted proteins in gram-negative bacteria (Clantin
et al. 2004). The 230-kDa FHA is secreted by a TPS system
involving a specific outer membrane transporter, FhaC. The
FHA-FhaC system has served as a prototype for the definition
of the TPS pathway (Jacob-Dubuisson et al. 2001). TPS sys-
tems are composed of two separate proteins, with TpsA being
the secreted protein and TpsB being its specific transporter
(Jacob-Dubuisson et al. 2001). The TPS system has been pro-
posed to belong to the type V secretion pathway (Henderson et
al. 2000; Jacob-Dubuisson et al. 2001), in which secretion
involves the translocation of secreted substrates (TpsA)
through a B-barrel structure formed by a specific cognate outer
membrane protein (TpsB). The N-proximal secretion domain
of the secreted protein (TpsA) is proposed to interact with the
secretion partner protein (TpsB), allowing secretion of the un-
folded TpsA protein (Henderson et al. 2000; Jacob-Dubuisson et
al. 2001). Despite their limited overall sequence similarities,
proteins secreted through the TPS pathway share similar “se-
cretion domains” in a 110-aa conserved region in their N-proxi-
mal region (Jacob-Dubuisson et al. 2001; Schonherr et al. 1993).
TpsB proteins have the characteristic signature of integral
outer membrane proteins and a C-terminal amphipathic 10-

residue region that likely forms a transmembrane [-strand
(Konninger et al. 1999). Another feature of TPS systems is that
genes for both partners typically, but not always, are found
adjacent to each other in the same operon (Henderson et al.
2000; Jacob-Dubuisson et al. 2001).

The Tps secretion domains are conserved in HecA, a hemag-
glutinin protein in E. chrysanthemi (GenBank accession number
AF501263) (Rojas et al. 2002). We analyzed the first 250 aa in
the N-proximal region of the seven gene products that were
annotated as hemagglutinin-like proteins in the PD genome se-
quence (Van Sluys et al. 2003) and aligned them with the
hemagglutinin HecA of E. chrysanthemi (Fig. 3). Amino acid
sequence analyses of the N-proximal 250-aa sequences of X.
fastidosa hemagglutinin-like products revealed that the Tps se-
cretion domains were conserved in only three X. fastidosa
hemagglutinin-like genes, PD2118, PD1792, and PDI1246
(Fig. 3). We also noted that the putative hemagglutinin-related
protein from R. solanaceraum mentioned above did not con-
tain the Tps secretion domains. No conserved domains were
identified in the PD1244 protein using the NCBI conserved
domain database. Interestingly, PD gene PD1246 has a
frameshift or point mutation in its sequence (Van Sluys et al.
2003); thus, we hypothesized that PD1246 most likely was not
functional in the Temecula strain, which was further confirmed
by our random mutant screening (discussed below).

A BLAST search of the X. fastidosa PD genome sequence
with known TpsB proteins (Jacob-Dubuisson et al. 2001) re-
vealed one putative TpsB-like gene, PD1933 that is located dis-
tant from PD2118, PD1792, and PD1246. By searching the
nonredundant database for similar proteins using BLAST, other
bacterial proteins with homology to TpsB proteins were found.
For example, the PD1933 gene product had 45% amino acid
identity with the known secretion partner FhaC, and their secre-
tion domains shared 92% amino acid homology. FhaC is an
outer membrane protein involved in the secretion of the B. per-
tussis hemagglutinin by forming small-diameter transmembrane
B-barrels in the outer membrane (Jacob-Dubisson et al. 1999;
Konninger et al. 1999). The predicted secondary structure of the
PD1933 protein also provides strong evidence that PD1933 is a
member of the TpsB family. Analyses using a method based on
a hidden Markov model predicts that the C-terminal 400 aa of
PD1933 contain a number of B-structures consistent with the
formation of a 20-stranded [B-barrel as proposed for FhaC by
Guedin and associates (2000) (data not shown). Furthermore,
the membrane-spanning regions of PD1933 and other secretion
partners are likely to be conserved with respect to FhaC, due to
specific structural requirements for protein domains that span
membranes. No other TpsB homolog was found in the vicinity
of PD2118, PD1792, and PD1246.

For the reasons presented above, we chose to name the
PD2118 and PD1792 gene products HxfA and HxfB, respec-
tively. Based on its predicted amino acid homology and secon-
dary structures, the PD1933 gene product is a putative TpsB
partner secretion of TpsA member HxfA and HxfB proteins.

Hypervirulent mutations altered X. fastidosa growth rate
and increased movement in planta.

In vitro growth curves of the Tn5 mutants and wild-type X.
fastidosa strain showed that PD0875 (paaK), PD0681 (gluP),
and PD1542 (dmt) reached their exponential and stationary
phases later than the wild type, whereas PD1244 and PD2118
(hxfA) reached them earlier (data not shown). Mutant
PD1198 (bfeA) reached the exponential and stationary phase
in a manner similar to the wild-type X. fastidosa strain (data
not shown).

The doubling time of Tn5 mutants and the wild-type X. fas-
tidosa strain also was determined. The doubling time of the

Vol. 18, No. 8, 2005 / 859



wild-type X. fastidosa strain was 0.5 day. In contrast, the dou-
bling times of three of the Tn5 mutants (PD0875, PD0681, and
PD1542) were longer than the wild-type strain, whereas the
doubling time of hxfA (PD2118) and PD1244 mutants was
faster than the wild-type strain (Table 2). The doubling time of
the PD1198 X. fastidosa mutant was not significantly different
from the wild-type strain.

In order to evaluate possible mechanisms that could ex-
plain the hypervirulence phenotype, bacterial populations and

movement in infected grapevines was assessed for the seven
mutants and the wild-type strain. The hypervirulent mutants
moved faster in inoculated grapevines than the wild type at
25 cm above the point of inoculation 12 weeks post inocula-
tion. In contrast, the population of the hypervirulent mutants
was not significantly different than the wild type at the point
of inoculation (Table 3). The data suggest that hypervirulent
cells colonize grapevine tissue more rapidly than wild-type
cells.

PD2116 REAKRNLITSIVTGIASTTHTDAATATHAALAAVDNNWLAAKOYVOMVSEELEAATEKDE 120

PD2110 REAKRNLITSIVTGIASTTHTDAATATHAATIAAVDNNWLAAKOYVOMVSEELEAATEKDE 120

*HxfB (PD1792) LTLGWVTITGIATAQVVADPHAPGOQRPTVLAAPNG-——————- TELINIQTPSPAGVSRE 105

*PD1246 LSLGWVSITGMATAQVVADPHAPGQQRPTILTAPNG----——-- APLINIQTPSPAGVSRE 105
*HxfA (PD2118) LTLGWVTITGIATAQVVADPHAPGOORPTVLAAPNG----=-=-= TPLINIQTESFAGVSE 87
*HecA  ALVWLTGLQPVLPAWAAGVTVASGN--TALEAAGNG-------- VEVVNIATPDASGLSH 60
PD0988 ALDHYRVOGGAIQIDGLGLDSHSTDYTALIARTVOLN-—————- AGLWAHTLQTTTGEAT 97

PDO986G ITEIASPASRLEAAAARKELMYNTEQGNYSNLVYLEGHSREGTMTLSNALRVLAGENVGDTE 116

NPNL

PD2116 GRLEEEFKVRAKWREISAR-QDELTADGLLEGLEE{GISNINGLEHLILHPVDVEFHELEKI 179
PD2110 GRLEEEKVRAKWREISAR-QDELTADGLLKGLKEHGISNINGLEHLILHPVDVEHELEKI 179

*HxfB (PD1792) NTYQQFDITPQGAILNN--ARTPTQT-HLAGTVQENPWLAAGTARIILNEVNS——————- 155
*PD1246 NTYQOQFDITPQGAILNN--ARTPTQT-HLAGTVQENEPWLRAGTAKIILNEVNS-~~~~~ - 155
*HxfA (PD2118) NTYQQFDITPOGAILNN--ARTPTOT-HLAGTVOEANPWLAAGTAKIILNEVHNS--—-----— 137
*HecA NRYHDFNVDNRGLILNNG-TARLTPS-QLGGLIQNNEPNLNGRAAAAILNEVVS-——-—~~ 131

PD098% VALDGHPTASLPAPPGDR-PTVALDVSALGGMYARKITLIGTEHGLGVRNAGOLSATS-- 154
PDO986 LEVLAYNPAAEGNRLNTTYQAYTKPTHOLGELVTAGIEELLEITKIASPASRLEARAAKE 176

PD2116 LTHPELLVOLGERAVODLLNEVSRMAEALYVGEG--DOHAKOFJEDLGS

NPYGI CXXC
GFALAAA 237

PD2110 LTHPKLLVQLGERAFQELLNKVSRMSEALIVGG--DOHAKQFGEDLGS CFALAAA 237
*HxB (PDIT92) —— - = —— PTSTQOLHGTMEVAG--ARAQLITANPSGT CVINAHD 194
*PDI24S — e PTSTOLHGETMEVAG--ARAQLIIANPSGT EVINAHQ 194

*HxfA (PD2118) ————==———=———— == STPSOLHESMEVAG--ARAQOLITANPSGT EVINAHO 176
*HechA ——=—====———————————— PHRESRELAGY LEVAG--0AAN VAN PY ST FELNTPRE 170

PD0988 ------=——===——————— APLTVTVDGLLENTGRLOSATDTQINATAE
PD0986 LMYN-======—=—————— TEQGNY SNLVYLEG-HSRGTMTL4NALRV

LISAAQT 196
VLSDTLE 220

Fig. 3. Alignment of the N-terminal region of seven putative hemagglutinin-like proteins from Xylella fastidiosa and the hemagglutinin protein HecA from Er-
winia chrysanthemi. Letters and numbers on the left indicate the name of the X. fastidiosa genes as described in the X. fastidiosa Pierce’s disease genome web
site. HxfA and HxfB indicate the newly named X. fastidiosa hemagglutinin proteins, PD2118 and PD1792, respectively. HecA indicates the name of the hemag-
glutinin protein from E. chrysanthemi (GenBank accession number AF501263). Numbers on the right indicate amino acid residues. The two conserved secretion
domains, NPNL and NPYGI, of proteins secreted through the two-partner secretion (TPS) pathway are boxed (Schonherr et al 1993). N, P, L, Y, G, and I indicate
asparagine, proline, leucine, tyrosine, glycine, and isoleucine, respectively. Several Tps proteins, including HecA, harbor a CysXXCys motif, which is absent in
others. These cysteines (Cys) are not essential for secretion (Schonherr et al 1993). * = Tps secretion domains were conserved in these amino acid sequences.

Table 2. Physiological properties of the Xylella fastidiosa Tn5 mutants and wild-type strain

Phenotypes®

Attachment assay”

Genotype Doubling time (days)® Cell-to-cell aggregation Surface attachment
Wild type 0.50+£0.018 +++ 4+

HxfA (PD2118) 0.45 + 0.005 - ++

BfeA (Xf1198) 0.48 +£0.003 +++ ++

Dmt (Xf1542) 0.93 £ 0.01 +++ +++

PspB (Xf0218) ND 4+ N

Gk (PD0680) 0.88 % 0.13 et e

PaaK (PD0875) 1.14 + 0.224 +++ 4+
hypothetical (PD1244) 0.24 + 0.003 +++ ++

* Data is an average of two independent repetitions (six data points total).
b Frequency of attachment: —, absent; +, low; ++, moderate; +++, high.

¢ Doubling time calculated as described by Madigan and associates (1970). Significant difference indicated in bold; significance defined as P < 0.01; ND =

not determined (PspB mutant lost in storage).
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HxfA is involved
in cell-to-cell aggregation in vitro and in planta.

To evaluate whether the hypervirulence phenotype affected
cell-to-cell attachment, the ability of each hypervirulent mu-
tant to aggregate in culture was investigated. We first visually
assessed cell-to-cell aggregation of each mutant in 125-ml
glass Erlenmeyer flasks placed on an orbital shaker. The wild-
type X. fastidosa strain and six of the Tn5 mutants formed
large aggregates when grown in vitro (Fig. 4A; Table 2). In
contrast, the AxfA mutant was impaired in its ability to form
cell-to-cell aggregates in liquid culture (Fig. 4B; Table 2).

The colony morphology of wild-type and HxfA cells was
examined on solid medium. The HxfA mutant exhibited a ho-
mogenous distribution of cells, forming a continuous lawn of
cells, whereas the wild type grew in separate clumps com-
posed of small and medium-size individual colonies (Fig. 4C
and D), further confirming the inability of HxfA cells to self-
aggregate.

An optical density assay (Burdman et al. 2000) was used to
quantify the effect of the HxfA mutation on cell-to-cell aggre-
gation. This assay further confirmed that cell-to-cell aggrega-
tion of the HXfA mutant was decreased (Table 4).

The aggregates of wild-type and AxfA mutant cells grown
in PD3 medium and in planta were observed by scanning
electron microscopy. Wild-type cells grown in vitro were ag-
gregated together typically by cell-to-cell contact along the
length of the cells (data not shown). The AxfA mutant cells
did not appear to be aggregated in such a manner (data not
shown). This result was further observed in planta (Fig. 4).
HxfA cells did not form large clumps in the plants, but
rather, hxfA cells typically formed a monolayer of cells on
the surface of the xylem vessels (Fig. 4F and H). In contrast,
wild-type cells formed a multiple layer of cells that clearly
aggregated to each other (Fig. 4E and G).

HxfA is not involved in surface attachment in vitro.

Adhesion properties of the hypervirulent mutants were in-
vestigated further by examining surface attachment. All seven
X. fastidosa Tn5 mutants and wild-type cells were grown in
liquid PD3 medium in glass Erlenmeyer flasks on an orbital
shaker to visualize bacterial aggregates that formed a ring on
the inside of the flask. The wild-type X. fastidosa strain and
six of the seven Tn5 mutants still were able to attach on the
surface of the flasks (Table 2). In contrast, this assay suggested
that the ability of the hxfA mutant to adhere to a glass surface
was slightly reduced (Table 2).

To further quantify the role of HxfA on X. fastidosa adhe-
sion to a surface, we used a crystal violet staining assay
(Espinosa-Urgel et al. 2000) to assess cell attachment on vari-
ous surfaces. A slight reduction in surface attachment for the
hxfA mutant compared with the wild type was observed; how-

Table 3. Bacterial populations of Thompson seedless grapevines 12 weeks
after inoculation with wild-type or Tn5 Xylella fastidiosa cells

Populations (CFU/g of tissue)?

Genotype At the point Above the point
Wild type 10.6 (£15) x 10° 0

HxfA (PD2118) 6 (£7) x 10° 5.3 (+8) x 10°
BfeA (PD1198) 4.3 (+4.6) x 10° 4.6 (+4.4) x 10*
Dmt (PD1542) 36.6 (£5.2) x 10° 3.6 (+1.8) x 10°
Glk (PD0680) 2.8 (+2.6) x 10° 1.4 (0.9) x 107
PaaK (PD0875) 25 (£10) x 10° 1.8 (+0.1) x 107
hypothetical (PD1244) 6.3 (+4.5) x 10° 2.4 (x16) x 10*

# Data is an average of two independent replications at the point or 25 cm
above the point of inoculation. Significance indicated in bold type;
significance was defined as P < 0.01.

ever, the differences were not significantly different (Table 4).
Thus, HxfA does not appear to play a central role in X. fasti-
dosa surface attachment in vitro.

Site-directed mutagenesis of 2xfB and confirmation
of the observed hxfA phenotypes.

To confirm that hemagglutinins are involved in X. fastidosa
virulence and cell-to-cell aggregation, a mutant in the second

HxfA mutant

Wild ype

Fig. 4. HxfA-dependent aggregation of Xylella fastidiosa cells in vitro and
in planta. A, C, E, and G, X. fastidiosa wild-type cells; B, D, F, and H, X.
fastidiosa hxfA mutant cells. A and B, Wild-type and hxfA mutant cells,
respectively, inoculated into PD3 medium in a 125-ml flask and placed on
a shaker. The degree of self-aggregation was visualized after 10 days of
incubation. C and D, Wild-type and AxfA mutant cells, respectively, plated
onto PD3 medium plates. The colony morphology was examined after 10
days of incubation. E and F, Wild-type and hxfA cells in xylem vessels.
Note the lack of a three-dimensional array in the HxfA mutant compared
with the wild type. G and H, Higher magnification of wild-type and AxfA
cells in a biofilm. Note that the wild-type cells typically aggregated
together side to side, whereas the AxfA mutant cells did not aggregate in
this manner. Scale bar equivalent to 5 microns in every panel.
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hemagglutinin identified above, HxfB (PD1792), was gener-
ated. The disruption of gene hxfB was confirmed by a PCR
procedure (data not shown). The mutated PD1792 strain was
inoculated twice into three Chardonnay grapevines and it con-
sistently showed i) earlier symptom development, ii) higher
disease score over a period of 32 weeks, and iii) earlier death
of the grapevines compared with vines inoculated with wild-
type cells (Fig. 2), thus confirming that hemagglutinins are
involved in attenuating X. fastidosa pathogenicity. An optical
density assay (Burdman et al. 2000) was used to quantify the
effect of the HxfB mutation on cell-to-cell aggregation. Re-
sults confirmed that HxfB also is involved in X. fastidosa cell-
to-cell aggregation (Table 4).

An Xf1246 mutant strain was found when insertion sites of
mutants from the X. fastidosa Tn5 library were identified. The
identity and disruption of the gene PD1246 was confirmed by
Southern blot analysis. Its cell-to-cell aggregation was not al-
tered (data not shown), supporting the hypothesis that gene
PD1246 is not functional in X. fastidosa (discussed above).

DISCUSSION

The random-mutagenesis approach used here identified
seven loci that attenuate X. fastidosa virulence in a susceptible
host. Our study confirms, for the first time, that screening a ran-
dom library of Tn5 X. fastidosa mutants in susceptible hosts
can identify genes mediating X. fastidosa pathogenicity. Our
study also demonstrates that the two-step procedure presented
here, direct PCR on X. fastidosa colony and direct sequencing
of the PCR product, can rapidly identified X. fastidosa Tn5
insertion sites. Despite numerous attempts (Guilhabert and
Kirkpatrick 2003; Qin and Hartung 2001), a stable X. fastidosa
plasmid for in planta complementation of mutated genes with
their wild-type copy has not been developed. Furthermore,
given the relatively large number of X. fastidiosa mutants in-
volved in this study, the fastidious nature of X. fastidiosa, and
the long incubation period for symptom development in grape-
vines, it was not feasible to demonstrate for each mutant that
the altered pathogenicity phenotype was caused by the Tn5 in-
sertion rather than caused by the disruption of a downstream
gene expression due to polar effects of the transposon inser-
tion. Nevertheless, one mutant (PD2118) of particular interest
(i.e., involved in cell-to-cell attachment, biofilm maturation,
and pathogenicity) was chosen for additional genetic analysis,
and validation of the agglutination function of PD2118 was
confirmed by reengineering the mutation using site-directed
mutagenesis in another hemagglutinin gene, PD1792.

There is some controversy about the mechanisms involved
in X. fastidosa pathogenicity. The rate and extent of X. fasti-
dosa colonization correlate with susceptibility of grapevines to
PD and symptom development (Fry and Milholland 1990;
Hopkins 1985; Purcell and Hopkins 1996). Resistance to X.
fastidosa infection in grapevines correlates with the restriction
of X. fastidosa to fewer xylem vessels and a decrease in the
ability of X. fastidosa to translocate throughout the plant (Fry

and Milholland 1990). Newman and associates (2003) also
documented that X. fastidosa vessel-to-vessel movement is a
critical step in systemic infection and disease development. De
Souza and associates (2003) showed that a pathogenic CVC
strain of X. fastidosa had a greater ability to colonize plant tis-
sue than a nonpathogenic strain. The movement of X. fastidosa
between xylem cells is restrained by xylem pit membrane
(Hearon et al. 1980; McCoy 1982; Mollenhauer and Hopkins
1974). Therefore, it is not possible that passive movement in
the xylem sap stream would allow X. fastidosa to move sys-
temically throughout grapevines and subsequently reach the
high bacterial populations that are found in symptomatic
grapevines. Based on these observations, it is presumed that
active movement of X. fastidosa from one xylem vessel to an-
other one through the production of pit-membrane-degrading
enzymes plays a critical role in X. fastidosa virulence (Fry et
al. 1994; Roper et al. 2002). A previous study suggested that
the production of X. fastidosa-degrading enzymes was under
the control of a diffusible signaling factor, DSF, which is pro-
duced in response to cell density (Newman et al. 2004). How-
ever, the rpfF mutant produced in that study was able to sys-
temically move and cause severe PD, which suggests that DSF
is not needed for the production of pit-membrane-degrading
enzymes. In addition, our laboratory has shown that a mutant
impaired in its ability to produce DSF still expressed at least
one cell-wall-degrading enzyme (M. C. Roper, unpublished
data).

Symptoms of water stress in grapevines affected by PD occur
when the xylem system becomes occluded by tyloses pro-
duced by plants, by gums of unknown origin, and by bacterial
masses (Fry and Mollenhauer 1990; Hopkins et al. 1974;
Mollenhauer and Hopkins 1974; Roper et al. 2003; Stevenson
et al. 2004). X. fastidosa characteristically is embedded in an
extracellular translucent matrix, thought to be made of EPS
that form aggregated biofilms within xylem vessels (Marques
et al. 2002; Purcell and Hopkins 1996). Previous studies suggest
a correlation between loss of virulence and X. fastidosa aggre-
gation within xylem vessels (De Souza et al. 2003; Hopkins
1985; Koide et al. 2004).

Antivirulence and pathogenicity.

Historically, pathogenesis research has focused on the iden-
tification and characterization of virulence factors. Recently, a
new class of genes has been recognized as antivirulence genes
(Foreman-Wykert and Miller 2003). Disruption of antiviru-
lence genes increases pathogen virulence and overall fitness
(Foreman-Wykert and Miller 2003). Antivirulence genes in
Leishmania major maximize the probability of transmission
(Cunningham et al. 2001) and facilitate survival in a nonhost
environment in Salmonella enterica (Mouslim et al. 2002).

In contrast to our finding, other studies showed that muta-
tions in several of the bacterial genes we identified, including
hemagglutinin, serine protease, ferric receptor, and LPS, de-
creased virulence or colonization in other plant and animal
hosts, suggesting that these genes have a different role in dis-

Table 4. Cell-to-cell aggregation and cell-surface attachment of Xylella fastidiosa wild-type, hxfA, and hxfB Tn5 mutants®

Cell-surface attachment on indicated surface®

Genotype Cell-to-cell aggregation® Polystyrene Polypropylene
Wild type 36.2+£8.9 09+0.7 0.07 £0.02 0.25 £0.04
HxfA (PD2118) 8.9+6.5 0.5+0.3 0.06 £ 0.01 0.20 £0.03
HxfB (PD1792) 92+1.0 ND ND

 Data is an average of two independent replications (six data points total).

b Cell-surface attachment was assessed by the crystal violet staining method as described by Espinosa-Urgel and associates (2000); ND = not determined.
¢ Percentage of cell-to-cell aggregation was assessed as described by Burdman and associates (2000). Numbers in bold type are significantly different than

wild type; significance was defined as P < 0.01.
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ease development for X. fastidosa (Cotter et al. 1998; Dow et
al. 1990; Lyon and Caparon 2004; Newman et al. 2002; Rojas
et al. 2002). We hypothesized that HxfA and HxfB hemagglu-
tinin proteins facilitate X. fastidosa self-aggregation and attenu-
ate X. fastidosa pathogenicity by limiting its colonization ca-
pacity, which reduces the rate of xylem vessel occlusion. Our
results also suggest that the plant host may recognize X. fasti-
dosa LPS and respond with defense mechanisms that slow its
colonization (Erbs and Newan 2003). An in planta modifica-
tion of X. fastidosa LPS structure might be modulated in re-
sponse to host-derived signals, a phenomenon well known in
other bacterial systems (Kannenberg et al. 1994; Skurnik and
Toivanen 1993). Such a hypothesis would explain why we did
not see any differences in LPS composition between the wild-
type and Xf1542 mutant strains growing in vitro.

The potential role of the other five ORFs in attenuating X.
fastidosa pathogenicity remains unclear. The hypothetical
ORF PD1244 is in the vicinity of other conserved hypothetical
genes in the PD strain. Its function in X. fastidosa remains un-
known. Mutagenesis analysis of the other conserved hypotheti-
cal genes that are in the vicinity of PD1244 may clarify the
function of these genes in X. fastidosa.

Antivirulence genes may provide the most advantageous
balance between pathogenicity and symbiosis in order to in-
crease its chance of survival in a plant host and its probability
of insect transmission to new plant hosts. Analysis of the in-
sect transmissibility of the hypervirulent mutants may further
clarify the functions of these X. fastidiosa genes.

Movement and pathogenicity.

Motility solves many of the problems that confront microbes:
it allows them to obtain nutrients, avoid toxic substances or
unfavorable environments, and find a host. Motility contributes
to the virulence of various plant-pathogenic bacteria in the
early stages of host plant invasion and colonization (Bayot and
Ries 1986; Hatterman and Ries 1989; Hawes and Smith 1989;
Panapoulos and Schroth 1974; Tans-Kersten et al. 2001). How-
ever, in contrast to animal pathogens (Ottemann and Miller
1997), the role of movement in plant-associated bacteria is not
as well understood (VandeBroek and Vanderleyden 1995).

Our observations support previous reports that movement is
a key component of X. fastidosa pathogenicity (De Souza et al.
2003; Hopkins 1985). Hypervirulence associated with the
HxfA and HxfB mutants suggests that, because X. fastidosa
cells are reduced in their ability to self-aggregate and are
planktonic cells, they are freer to move within the xylem ves-
sels and, subsequently, colonize other vessels more rapidly
than the wild-type cells. We hypothesize that the monolayered
biofilm observed in vines inoculated with the HxfA mutant
would be sufficient to reduce water transport from one xylem

element to another. In addition, the presence of mutant cells
likely would still trigger plant-defense response such as tyloses
and gels formation in the effort to limit pathogen colonization
(Clerivet et al. 2000; Stevenson et al. 2004), which would fur-
ther contribute to xylem blockage.

Attachment and LPS genes may have evolved to enhance
colonization of specific plant hosts, thus mediating X. fas-
tidiosa—plant host interactions. For example, among the genes
that showed a higher degree of divergence between the PD and
CVC strains, genes involved in the production of fimbrillin
and hemagglutinin were identified (Van Sluys et al. 2003).
These genes most likely play a role in X. fastidosa cell attach-
ment. Furthermore, one of the genes found in the X. fastidosa
CVC strain but absent in the X. fastidosa PD strain is an O-
antigen acetylase, which is involved in LPS modification (van
Sluys et al. 2003). Kingsley and associates (1993) showed that
LPS were involved in Xanthomonas campestris pv. citrumelo
host range. However, recent work has shown that CVC strains
can infect and cause a mild PD-like disease in V. vinifera (Li et
al. 2002), suggesting that attachment and LPS genes alone do
not mediate host specificity.

Possible mechanisms involved in producing the hyperviru-
lent phenotype of the other mutants identified in this study are
unknown; however, their enhanced movement and virulence
demonstrates that movement is important in Xylella fastidosa
pathogenicity and disease development.

Attachment and pathogenicity.

In contrast to bacterial infections in mammals (Sohel et al.
1993; Strom and Lory 1993), the relative importance of adhe-
sion in plant-pathogenic bacteria has remained controversial
(Beattie and Lindow 1994). One exception is Agrobacterium
tumefaciens, where it is clear that attachment to plant cells is a
prerequisite for efficient plant transformation and disease de-
velopment (Matthysse and McMahan 1998).

Plant-pathogenic bacteria have been shown to produce a va-
riety of potential fimbrial and nonfimbrial adhesins (Rojas et
al. 2002; Van Sluys et al. 2003). Fimbrial adhesins, fimbriae,
and type IV pili have been shown to contribute to the virulence
and attachment of various bacteria (Kang et al. 2002; Ojanen-
Reuhs et al. 1997; Romantschuk and Bamford 1986; van
Doorn et al. 1994). Two nonfimbrial adhesins, HecA from E.
chrysanthemi and XadA from Xanthomonas oryzae pv. oryzae,
are involved in virulence (Ray et al. 2002; Rojas et al. 2002).
HecA from E. chrysanthemi also is involved in self-aggrega-
tion and surface attachment (Rojas et al. 2002).

The PD Xylella fastidosa genome contains multiple putative
fimbrial and afimbrial adhesins, such as EPS, typelV fimbriae,
and hemagglutinin-like proteins (Van Sluys et al. 2003). De
Souza and associates (2003) showed that the expression of a

Fig. 5. Model of possible mechanisms involved in Xylella fastidiosa adhesion to xylem vessels of grapevines. A, X. fastidiosa bacteria attach to the surface,
probably using fimbrial and nonfimbrial adhesins other than FimA, FimF, and hemagglutinins (this study, Feil et al. 2003); B, HxfA, HxfB, and other
adhesins mediate secondary contact between X. fastidiosa cells, which leads to C, microcolony formation. Based on our results, hemagglutinins appear to be
important mediators for cell-cell aggregation. D, Bacterial cells finally aggregate to each other via hemagglutinins HxfA and HxfB, fimbriae, and
exopolysaccharides to form matured biofilms within the xylem vessels (this study, Feil et al. 2003).
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fimbriae gene, fimA, was upregulated in a pathogenic CVC
strain of X. fastidosa, whereas Koide and associates (2004)
showed that a fimbrial adhesion precursor was absent in a non-
pathogenic CVC strain of X. fastidosa. However, mutations in
fimbriae products FimA and FimF did not alter the pathogenic-
ity and surface attachment of X. fastidosa (Feil et al. 2003). In
contrast, cell-to-cell aggregation seemed reduced in fimA and
fimF mutants of X. fastidosa compared with the parental strain
(Feil et al. 2003).

Our results suggest that hemagglutinins HxfA and HxfB
(PD2118 and PD1792, respectively) in PD strains of X. fastidosa
play a major role in biofilm maturation. De Souza and associates
(2004) recently showed that the expression of the CVC gene
Xf0889, homolog to PD gene hxfB, was upregulated during
biofilm formation in vitro. Based on the phenotype of the X.
fastidosa HxfA and HxfB mutants, we propose the following
model for attachment to xylem vessels (Fig. 5). The first attach-
ment process most likely involves fimbrial and nonfimbrial ad-
hesins, other than FimA and FimF and hemagglutinins HxfA
and HxfB (Tables 2 and 4; Figs. 4F and H and 5A) (Feil et al.
2003), because hemagglutinin and fimbriae mutants can still
attach to xylem walls. HxfA and HxfB adhesins then are in-
volved in the secondary contact (Fig. 5B) between X. fastidosa
cells mediating microcolony formation (Fig. 5C). Finally, bacte-
rial cells aggregate to each other via hemagglutinins, fimbriae,
and, most probably, EPS to form a mature biofilm within the xy-
lem vessels (Tables 2 and 4; Figs. 4 and 5D) (Feil et al. 2003).
Hemagglutinins appear to be essential for cell-to-cell aggrega-
tion. Because mutations in either hxfA or hxfB alter X. fastidosa
aggregation, we hypothesize that both HxfA and HxfB proteins
need to be functional to allow X. fastidosa self-attachment, and
it is quite possible that cell aggregation is mediated by a direct
interaction between HxfA and HxfB proteins. However, it is
likely that other surface proteins besides hemagglutinins and
fimbriae are involved in surface adhesion.

Our study of random Tn5 X. fastidosa mutants represents an
unbiased strategy for identifying X. fastidosa genes involved in
plant pathogenicity. Results indicate that X. fastidosa has ac-
tive mechanisms to attenuate its virulence in planta, and that
movement is a key component of X. fastidosa disease develop-
ment. Our study also contributes to better understanding the
importance of attachment and xylem blockage in X. fastidosa
pathogenicity.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and primers.

The PD X. fastidosa strain Temecula was isolated and stored
as previously described (Guilhabert et al. 2001). For all experi-
ments, the wild-type and Tn5 Temecula X. fastidosa mutants
were grown at 28°C in PD3 medium (Davis et al. 1981) with or
without kanamycin at 5 pg/ml. For the growth, aggregation, ad-
hesion, and colony morphology assays, X. fastidosa cells, previ-
ously seeded on PD3 plates, were harvested, transferred into 2
ml of PD3 liquid medium, and adjusted to optical density at 600
nm (ODgy) = 0.25 (10% cells mI™). The adjusted X. fastidosa
suspension was diluted 1:100 with fresh PD3 medium and used
for all growth kinetics, adhesion, and colony morphology as-
says. Culture volumes did not exceed 20% of the capacity of the
flasks or tubes to ensure adequate aeration of the culture. The
cultures were established in duplicate. All the PCR and sequenc-
ing primers used in this study are presented in Table 1.

Random transposon mutagenesis, identification
of mutated genes, and sequence analysis.

All the X. fastidosa mutants are described in Table 1. Elec-
trocompetent X. fastidosa Temecula cells were prepared as
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previously described (Guilhabert and Kirkpatrick 2003). The
X. fastidosa Temecula strain was mutagenized using the trans-
posome protocol previously described (Guilhabert et al. 2001)
and a random insertion library of 1,000 Tn5 X. fastidosa mu-
tants was generated.

After assessing pathogenicity in greenhouse-grown grape-
vines (discussed below), the Tn5 insertion site of the mutants
exhibiting enhanced virulence (hypervirulent X. fastidosa
mutants) was identified by a two-step procedure. The chro-
mosomal region flanking the Tn5 element first was amplified
using an oligonucleotide, Poforw, that binds specifically to
the transposon sequence in combination with a degenerate
primer, Arbl, that anneals to sequences flanking the Tn5 in-
sertion. Then, following PCR amplification, direct sequenc-
ing was accomplished using a second oligonucleotide, kan-2
fp-1 that primes the PCR fragment downstream of Poforw
near the right border of the transposon (Chun et al. 1997,
Hermann et al. 2000). One colony of each Tn5 X. fastidosa
mutant was transferred into 10 pl of deionized water and 3 ul
of the suspension was used as template in the PCR reaction.
All PCR reactions were conducted with conditions described
by Hermann and associates (2000) using a Tag DNA poly-
merase (Promega Corps., Madison, WI, U.S.A.) diluted in a
TaqgStar antibody (BD Biosciences Clontech, Palo Alto, CA,
U.S.A.). Only the first step of a modified two-step PCR pro-
tocol was used (Chun et al. 1997). Briefly, the first 12 cycles
included an annealing step of 30 s, initially at 36°C, then
increasing 1°C per cycle; the last 25 cycles included a
primer-annealing step of 30 s at 65°C. After amplification,
the PCR products were purified using the Qiaquick PCR
purification kit (Qiagen, Valencia, CA, U.S.A.) and were se-
quenced in a 2X Big Dye Terminator sequencing reactions
(Applied Biosystems, Foster City, CA, U.S.A.), using the
outward primer kan-2 fp-1 by the Division of Biological Sci-
ences DNA sequencing facility at the University of Califor-
nia, Davis.

Tn5 insertion sites were confirmed using, as forward prim-
ers, kan-2 fp-1 and kan-2 rp-1 that bind close to the right and
left borders of the transposome, respectively, and reverse prim-
ers derived from the sequences we obtained in the mutated
OREF. The identity of the two putative hemagglutinin mutated
genes, PD2118 and PD1246, was confirmed further by South-
ern Blot analysis (discussed below). All PCR reactions were
conducted and cycled with standard conditions (Smart et al.
1996). The 35 cycles of PCR included an annealing step of 1
min at 58°C. The resulting PCR products were sequenced to
further confirm the location of the TnJ5 insertion sites.

DNA sequences were analyzed with the program Bioedit
(version 5.0.6; Tom Hall, North Carolina State University, De-
partment of Microbiology) and database searches were per-
formed with the BLAST program accessed through the Na-
tional Center for Biotechnology Information (NCBI) (Altschul
et al. 1990). GenBank comparisons in the NCBI conserved do-
main were performed to identify conserved domains in hypo-
thetical proteins. The CLUSTALW method (Thompson et al.
1994) was used for the protein alignments.

Site-directed mutagenesis.

A 680-bp region of X. fastidosa Temecula genome, includ-
ing a small coding sequence of the PD1792 gene, was ampli-
fied using primers PD1792rev and PD1792forw and cloned
into the pCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA,
U.S.A.). The plasmid then was digested with EcoRI and the
PD1792 insert was ligated into EcoRI-digested pUC18 plas-
mid, creating pXFO012. Plasmid pXF012 was linearized at the
unique restriction site BstBI of the cloned, PCR-amplified
PD1792 fragment. Two annealed BstBI adaptators carrying a



Mfel restriction site (5'-CAATTGACGT-3") were ligated in
BstBl-digested pXF012. The Tn903 kanamycin resistance
gene (Guilhabert et al. 2001) was cloned into pXF012 digested
with Mfel to make pXF013. Insert and junction sequences of
pXF013 were determined. pXF013 plasmid DNA (2 pg) was
electroporated into X. fastidosa and transformants were selected
as described (Guilhabert et al. 2001). Disruption of the PD1792
locus was confirmed by using the Expand Long Template PCR
system (Roche, Mannheim, Germany) with primers PD1791rev
and PD1793forw binding to the flanking ORFs of the mutated
PD1792 gene. Briefly, the annealing temperature in both cycles
was 58°C and the elongation times in the first and second set
of cycle were 4 min for 10 cycles and 4 min 20 s per cycle for
25 cycles, respectively. The identity of the PCR product was
confirmed using Hindlll that cuts only once into the Tn903
kan-2 cassette.

Southern blot analysis of putative X. fastidiosa mutants.

X. fastidosa genomic DNAs were isolated from the mutant
strains as described (Zhang et al. 1998). Genomic DNAs
from the transformants obtained by random mutagenesis
were individually digested by the two restriction enzymes,
EcoRI and Eagl. PD2118 and PD1246 genes are highly ho-
mologous to each other. To confirm the identity of the two
random hemagglutinin PD2118 and PD1246 mutant strains,
their genomic DNAs were digested with Sa/l and Xmnl. All
digested DNAs were electrophoresed, alkali denatured, and
transferred to a nitrocellulose membrane as previously de-
scribed (Guilhabert et al. 2001). Tn5 DNA was PCR ampli-
fied, purified, and used as a hybridization probe in Southern
blot analyses of genomic DNAs from the X. fastidosa mu-
tants (Guilhabert et al. 2001). Tn5 DNA (25 ng) was labeled
with fluorescein dye using the Gene Images random prime
labeling module kit (Amersham Biosciences, Bucks, U.K.).
Hybridizations and detection were carried out according to
the recommendations of the Gene Images CDP-Star detec-
tion module kit (Amersham Biosciences). Stringent posthy-
bridization wash conditions (15 min per wash) were once in
I1x SSC (1x SSC is 0.15 M NacCl plus 0.015 M sodium cit-
rate) and 0.1% sodium dodecyl sulfate (SDS) at 60°C and
once in 0.5x SSC and 0.1% SDS at 68°C.

Pathogenicity assays.

Each Tn5 X. fastidosa mutant was inoculated individually
into Chardonnay, Chenin Blanc, and Thompson seedless grape-
vines to assess pathogenicity. We first screened all 1,000 Tn5
X. fastidosa mutants in Chardonnay for altered symptom de-
velopment. This screen identified seven X. fastidosa Tn5 mu-
tants that showed a pronounced hypervirulence phenotype 21
weeks after inoculation (i.e., grapevines inoculated with these
Tn5 mutants developed more severe disease symptoms than
did vines inoculated with the wild-type Temecula strain). In
order to confirm their hypervirulence phenotype, we retested
in a similar manner the seven mutants and wild-type controls
for i) earlier symptom development, ii) more severe symptom
development during a period of 32 weeks, and iii) earlier death
of the inoculated grapevines. The disease progression of the
seven mutants and wild-type controls was performed in three
plants each of Chardonnay, Chenin Blanc, and Thompson seed-
less grapevines (nine plants total for each mutant). The Xf1792
mutant strain was tested twice in a similar manner in three
Chardonnay grapevines (six plants total).

Inoculum was prepared from plates of PD3 medium (with or
without kanamycin) seeded with wild-type or mutated X. fasti-
dosa cells. After 10 to 12 days at 28°C, X. fastidosa cells were
harvested and transferred into 2 ml of sterile deionized water,
and the suspension was adjusted to ODgy, = 0.25 (10® cells mI™).

Two 20-ul drops of the X. fastidosa suspensions were used to
inoculate two canes on each grapevine using a pinprick inocu-
lation procedure (Hill and Purcell 1995; Purcell and Saunders
1999). The parental Temecula strain served as a positive con-
trol and a water inoculation served as a negative control. The
6-month-old vines were grown in a greenhouse using a nutri-
ent-supplemented drip-irrigation system. Beginning 2 months
after inoculation, the vines were observed for symptom devel-
opment approximately every 2 weeks for 6 more months (32
weeks total after inoculation). The symptoms were rated on a
visual scale from 0 to 5 (Fig. 1), where 0 = no scorched leaves
and no abscised leaf blades (healthy), 1 = only one or two
leaves with the scorching symptom starting on the margins of
the leaves, 2 = two to three leaves with more developed scorch-
ing, 3 = all the leaves with some scorching and a few attached
petioles whose leaf blades had abscised (matchsticks), 4 = all
the leaves with heavy scorching or numerous matchsticks, and
5 = leaves only at the end of the cane and numerous match-
sticks.

LPS gel analysis.

LPS fractions were prepared using a protocol described by
DeLoney and associates (2002). Briefly, X. fastidosa Tn5 mu-
tant Xf1542 and wild-type cells grown for 7 to 10 days in PD3
medium were harvested by centrifugation, extracted with hot
phenol, and desalted by using MicroSpin G-25 columns
(Amersham Biosciences). The volume was reduced and the
isolated LPS fractions were resuspended in 20 ul of sample
buffer (0.3% Tris Base, 0.2% glycerol, 0.05% Bromophenyl
Blue), separated by deoxycholic acid-PAGE on 18% acryla-
mide using a bilayer stacking gel, and silver stained (Inzana
and Apicella 1999; Tsai and Frash 1982).

X. fastidosa growth curves and
in planta bacterial population determinations.

In vitro growth curve determinations were performed in 15-
ml polystyrene tubes containing 3 ml of PD3 medium. In all,
14 tubes were prepared for the wild type and each Tn5 mutant,
so as to allow destructive sampling of two tubes at every sam-
pling time. Two independent growth curve determinations
were performed. Due to the aggregate nature of X. fastidosa
liquid cultures, immediately after inoculation and after 2, 4, 6,
8, 12, and 16 days the cultured cells were completely dispersed
using a tissue homogenizer (Heidolph RzR 50) and the cell
growth was monitored by measuring turbidity at ODgy. The
doubling time of the bacterial populations was calculated
using a standard equation (Madigan et al. 1970).

The bacterial populations (number of cells per gram of peti-
ole tissue) of the X. fastidosa wild-type and Tn5 mutants in-
oculated into Chardonnay vines were determined in the fol-
lowing manner: 14 weeks after inoculation, petiole tissues
from each vine inoculated with either a Tn5 mutant or wild-
type X. fastidosa cells were harvested at the point of inocula-
tion and 25 cm above the point of inoculation. Petiole tissues
were surface sterilized (1 min in 0.6% sodium hypochlorite
and 1 min in 80% ethanol), rinsed three times in sterile deion-
ized water, and ground in 2 ml of sterile phosphate-buffered
saline buffer using a grinding machine (Bioreba AG, Basel,
Switzerland). Serial dilutions were prepared and three repli-
cates of 10 pl each were plated on PD3 agar medium with or
without kanamycin. After incubating for 7 to 10 days at 28°C,
the number of bacteria was quantified.

Surface attachment, cell-to-cell aggregation, and
colony morphology assays.

The Tn5 mutants or wild-type X. fastidosa cells were grown
in 25 ml of PD3 medium in 125-ml glass Erlenmeyer flasks on

Vol. 18, No. 8, 2005 / 865



an orbital shaker at 120 rpm to visualize the formation of bac-
terial cell clumps within the liquid medium and the formation
of aggregated cells that attached to the inside of the flask
(Marques et al. 2002).

Additional surface attachment and aggregation assays were
performed in polystyrene (15 ml; Falcon 2051 tubes; Becton
Dickinson Labware, Oxnard, CA, U.S.A.), polypropylene (5
ml; Falcon 2063 tubes, Becton Dickinson Labware), and boro-
silicate glass (10 ml) tubes containing PD3 medium. The cul-
tures were incubated at 28°C in a vertical position without
shaking for 10 days. Attachment on the surface walls of the
tubes was assessed by a crystal violet staining method
(Espinosa-Urgel et al. 2000; Leite et al. 2004). Briefly, after
the incubation period, the PD3 medium was discarded and a
1% (wt/vol) aqueous solution of crystal violet was added to
each tube, allowed to incubate for 15 min, then rinsed with de-
ionized water. The remaining stain was eluted from the bacte-
rial ring by ethanol. The absorbance of the ethanol-crystal violet
solution was measured at 600 nm.

The cell-to-cell aggregation assay was performed as described
by Burdman and associates (2000) and Leite and associates
(2004). After 10 days of static incubation, the X. fastidosa cul-
tures were gently agitated and the aggregates were allowed to
settle for 20 min. The turbidity of the remaining upper culture
medium, composed mostly of dispersed cells, was measured
using a spectrophotometer at 540 nm. The culture medium was
returned to the original tube, the aggregate masses were dis-
persed using a tissue homogenizer (Heidolph RzR 50) for 1
min, and the total cell culture was measured (ODt). Relative
percentage of aggregated cells was estimated as follows: per-
cent aggregated cells = (Odt — ODs)/ODt x 100 (Burdman et
al. 2000).

The colony morphology of the wild-type or mutant cells was
assessed by plating 100 ul of a 108 CFU/ml solution onto two
PD3 plates (four plates total). Colony morphology of the mu-
tants was compared with the wild type after 10 days of growth
at 28°C.

Scanning electron microscopy.

We examined X. fastidosa wild-type and mutant cells in
grapevine xylem or grown in PD3 broth using scanning elec-
tron microscopy. Petiole samples were collected from sympto-
matic grapevines 3 months after inoculation. Petiole sections
and bacterial aggregates, harvested by centrifugation from X.
fastidosa liquid cultures grown in a glass Erlenmeyer flask,
were fixed overnight in a 2.4% glutaraldehyde, 0.3% parafor-
maldehyde solution. Fixed samples then were dehydrated by
increasing concentrations of ethanol, critically point dried in a
Tousimis Samdri-780A, placed on aluminum specimen mounts
with carbon conductive tabs, and sputter-coated with gold
using a Denton Vacuum Desk II cold sputter-etch unit. The
morphology of the mutant or wild-type X. fastidosa grown in
grapevines or PD3 broth was observed at 5 to 12 kHz with a
Hitachi S-3500N scanning electron microscope and images
were recorded digitally.
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