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Xylella fastidiosa is a phytopathogenic bacterium that causes serious diseases in a wide range of economically
important crops. Despite extensive comparative analyses of genome sequences of Xylella pathogenic strains
from different plant hosts, nonpathogenic strains have not been studied. In this report, we show that X.
Jastidiosa strain J1al2, associated with citrus variegated chlorosis (CVC), is nonpathogenic when injected into
citrus and tobacco plants. Furthermore, a DNA microarray-based comparison of J1al12 with 9a5¢, a CVC strain
that is highly pathogenic and had its genome completely sequenced, revealed that 14 coding sequences of strain
9a5c are absent or highly divergent in strain J1al2. Among them, we found an arginase and a fimbrial adhesin
precursor of type III pilus, which were confirmed to be absent in the nonpathogenic strain by PCR and DNA
sequencing. The absence of arginase can be correlated to the inability of J1al2 to multiply in host plants. This
enzyme has been recently shown to act as a bacterial survival mechanism by down-regulating host nitric oxide
production. The lack of the adhesin precursor gene is in accordance with the less aggregated phenotype
observed for J1al2 cells growing in vitro. Thus, the absence of both genes can be associated with the failure of
the J1al2 strain to establish and spread in citrus and tobacco plants. These results provide the first detailed
comparison between a nonpathogenic strain and a pathogenic strain of X. fastidiosa, constituting an important
step towards understanding the molecular basis of the disease.

Xylella fastidiosa is a gram-negative bacterium, limited to the
plant xylem vessels, which is responsible for worldwide eco-
nomic losses due to diseases caused in a variety of plants of
agricultural relevance. This bacterium is transmitted to new
host plants during xylem sap feeding by insect vectors and
spreads from the site of infection to colonize the xylem, a water
transport network of vessels composed of lignified dead cells.
Bacterial cells attach to the vessel wall, forming biofilm-like
colonies that, depending on the size, can occlude the xylem
vessels, blocking water transport and causing water stress
symptoms (22, 35).

Different strains of X. fastidiosa have been reported to infect
a wide range of plants, including grapevines and citrus, al-
mond, and pear trees, among others (26). In the United States
for instance, Pierce’s disease prevents profitable viticulture
if leafhopper vectors are present at high densities (1, 14). In
Brazil, citrus variegated chlorosis (CVC) is responsible for
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great financial losses to the citrus agroindustry, being detected
in one-third of the citrus trees. Orange production quickly
decreases in orchards affected by CVC, as fruits become hard-
ened and of no commercial value. Interestingly, within the
majority of host plants, X. fastidiosa behaves as a harmless
endophyte (27).

Several X. fastidiosa strains have had their genomes com-
pletely or partially sequenced, and genome comparative anal-
ysis with different pathogenic strains of X. fastidiosa pointed to
common candidate virulence determinants as well as strain-
specific genomic signatures (4, 24, 32, 37). However, no infor-
mation is available about the genome composition of non-
pathogenic Xylella strains, which would contribute to more
direct insights on pathogenicity mechanisms.

Genome-wide comparison between pathogenic and non-
pathogenic strains within a species is a useful strategy for
identifying candidate genes important for virulence. DNA
microarray-based genome composition analysis is a good al-
ternative to full genome sequencing and has been used in
comparative studies to analyze various bacterial pathogens in-
cluding Mycobacterium tuberculosis (3), Helicobacter pylori (29),
Pseudomonas aeruginosa (38), Bacillus anthracis (28), Yersinia
pestis, and Yersinia pseudotuberculosis (12).

In this report, we show that X. fastidiosa strain J1al2, which
was isolated from citrus and is suitable for genetic transforma-
tion (6, 23), elicits few or no CVC symptoms when inoculated
into citrus and tobacco plants. Furthermore, a DNA micro-
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TABLE 1. Evaluation of C. sinensis and N. tabacum plants
inoculated with X. fastidiosa CVC strains 9a5c and J1al2

No. of infected plants/total no. of plants
at time (mo) postinoculation

Strain Test C. sinensis N. tabacum
5 8 15 15 3

9a5c PCR” 8/14 14/14 13/13° 5/5 5/5

Symptom evaluation ~ 0/14 314 10/13* 55 5/5

Jlal2 PCR 0/14 1/14 0/14 0/5 0/5

Symptom evaluation ~ 0/14 0/14 0/14 0/5 0/5

“ PCR experiments were performed on samples drawn from the plant xylem by
using primers designed to identify Xylella citrus isolates (25).
> One of the plants died 15 months after inoculation.

array-based genome composition analysis was performed by
comparing J1al2 with strain 9a5c, which produces typical CVC
symptoms (20) but is resistant to transformation with DNA in
vitro (23), a drawback for its genetic manipulation. Our mi-
croarray data revealed that the great majority of the coding
sequences (CDS) are highly conserved on both strains. How-
ever, 14 CDS were shown to be absent or highly divergent in
the nonpathogenic strain. Expression profiling of both strains,
PCR and reverse transcription (RT)-PCR with CDS-specific
primers, and DNA sequence analysis were used to validate the
genomic differences observed.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and pathogenicity tests. Triply cloned X.
fastidiosa strains 9a5c¢ (20) and J1a12 (23) isolated from CVC symptomatic Citrus
sinensis (L.) Osbeck trees (sweet orange) were grown in periwinkle wilt broth
medium (7) at 28°C in the dark with 100 rpm rotatory agitation. As shown in
Table 1, strain J1al2 is nonpathogenic, despite its isolation from a citrus plant
with CVC symptoms. This is possibly due to a mixed population of bacteria
infecting the plant (see “Final remarks” below). A culture started from a single
colony was weekly passaged through serial transfers at a 1/100 dilution in peri-
winkle wilt medium. For citrus plant experiments, 9a5c and J1al2 strains with 9
and 24 weekly passages, respectively, were used; for tobacco plant experiments,
11 weekly passages were used for both strains. Mechanical inoculation of plants
was performed essentially as described in reference 20 for C. sinensis and as
described in reference 21 for Nicotiana tabacum (accession clevelandii). Further
details are found in the supplemental material. The detection of X. fastidiosa in
host plants followed the procedure described in reference 25, which consists of
PCR experiments with a pair of primers (CVC-1 and 272-int) designed to
identify Xylella strains isolated from citrus plants.

Microarray construction and hybridization. A 6,152-element DNA microar-
ray was printed containing unique internal fragments of 2,692 CDS spotted at
least in duplicate, representing 94.5% of all of the 2,848 CDS annotated by
Simpson et al. (32). DNA fragments ranging from 200 to 1,000 bp were PCR
amplified with CDS-specific primers (18- to 23-mers) designed with PRIMER3
(http://www-genome.wi.mit.edu/genome_software/other/primer3.html) and based
on the annotated genome sequence of X. fastidiosa strain 9a5c (http://aeg.lbi.ic
.unicamp.br/xf). A full list of primers, PCR product sizes, and their nucleotide
sequences are available at the project site (http://verjol9.iq.usp.br/xylella
/microarray/). The arrays were hybridized with DNA fragments from strain 9a5c
in combination with itself, J1al12, or grapevine strain Temecula (kindly provided
by Marie-Anne Van Sluys, University of Sdo Paulo) labeled separately with
either Cy3- or Cy5-dCTP analogs (see the supplemental material). Expression
profiling studies were carried out by labeling total RNA with the Cy-Scribe post
labeling kit (Amersham Biosciences) according to the manufacturer’s instruc-
tions.

Data acquisition and normalization. Microarray slides were scanned by using
a Generation III DNA scanner (Amersham Biosciences), and fluorescence in-
tensity values (Iy; and Iys) from each spot were extracted by using Array-
Vision, version 6.0, software (Imaging Research, Inc.). Raw fluorescence inten-
sity and normalized data are available at the project site (http://verjo19.iq.usp.br
/xylella/microarray/). Data normalization was carried out by LOWESS fitting on
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an M versus A plot (39), where M is the ratio of fluorescence intensities of the
two measurements for each spot [defined as M = logy(Icys/lcy3)] and A4 is the
geometric mean of the fluorescence intensities [defined as 4 = 1/2 X log,(Icys X
I¢y3)]- The normalization script is available at the project site.

CDS classification process. To determine hybridization noise and to estimate
dynamic cutoff values for classifying a CDS as equally present in both strains
(9a5c and J1a12) we used the hybridization data collected from three indepen-
dent homotypic experiments (9a5c versus 9aSc). For this kind of experiment, also
called self-self hybridization, the microarrays were cohybridized with strain 9a5c
DNA separately labeled with either Cy3- or Cy5-dCTP analogs. As verified in the
M versus A plot, there is a dependence of the hybridization intensity log ratio of
each spot (M) with the mean log intensity of each spot (4). Thus, we have
determined a cutoff value for each interval in the 4 axis by using kernel density
estimators. We chose kernel density estimators (31) instead of the normal prob-
ability density function (16) because we experimentally derived the null distri-
bution as the result of homotypic experiments and verified that it does not pre-
sent a Gaussian behavior (further information is available at the project site
[http://verjo19.iq.usp.br/xylella/microarray/]). The density distribution was inte-
grated around the mode peak until 0.995 probability was reached, defining
intensity-dependent noise threshold cutoff values (credibility intervals) based on
experimental data from 9a5c versus 9a5c homotypic experiments, thus setting an
interval where the hybridization ratio is considered to be 1:1 (e.g., —=2.5 <M <
1.8, for the lowest accepted intensities at 4 = 2). These credibility intervals were
subsequently used in the analysis of replicas of 9a5c versus J1al2 hybridization
experiments to nonparametrically estimate the null distribution of the statistical
test Hy: CDS is present in both J1al2 and 9aSc strains. Spots outside the
credibility intervals present strong evidence against a 1:1 ratio. Using these
criteria, four categories were defined for the CDS in the J1al2 genome based on
its orthologous 9a5c counterpart: (i) equally present in both strains, (ii) divergent
in strain J1al2, (iii) highly divergent or absent in J1al2, and (iv) higher copy
number in J1al2. Category i includes all of the CDS for which =60% of the
replicas were inside the credibility intervals.

CDS presenting negative log ratio values outside the credibility intervals could
be classified as divergent in strain Jlal2 (category ii) or highly divergent or
absent in J1al2 (category iii). To distinguish between these categories, we per-
formed four control experiments where the microarrays were cohybridized with
DNA from the sequenced grapevine strain Temecula (37) and strain 9aSc labeled
with either Cy3- or Cy5-dCTP analogs. Next, we derived a correspondence
between the hybridization intensity log ratio for each CDS amplicon and its
respective nucleotide sequence identity in both strains. Amplicon sequences
exhibiting nucleotide identities smaller than 20% were defined as category iii,
highly divergent or absent. Their respective log ratio M was taken as the cutoff
threshold (M) of category iii. The log ratio value with the least false callings
was an M« value of —1.7. At this threshold, 19 false positives and 23 false
negatives were observed (0.76 and 0.92%, respectively). Category iii includes
CDS with an M value of <—1.7 and a P value smaller than 0.05 in a 7 test against
the null hypothesis Hy: M = —1.7. Sequencing some amplicons from J1al2 that
were outside the credibility intervals and checking the divergence between 9a5c
and J1al2 sequences further supported the adequacy of the threshold. The
remaining CDS that have a negative log ratio value, with an M value of =—1.7,
were considered divergent (category ii). Those CDS with positive log ratio values
were considered to be present at higher copy numbers in J1al2 (category iv).
CDS with low reproducibility (less than 60% of replicas in a single category) were
excluded from the analysis.

Validation of microarray data. PCR and RT-PCR experiments were per-
formed with CDS-specific primers to further investigate the status of CDS in the
genome of strain J1al2 classified by using the microarray data. The reactions
were carried out with genomic DNA or cDNA from strain 9a5c or J1a12 with 35
cycles of amplification. A sample of CDS presenting log ratios outside the
credibility intervals, as determined by homotypic hybridization experiments
(9a5c versus 9a5c), was chosen to perform the validation. Among the 64 CDS
with negative log ratios (categories ii and iii), the following 33 CDS were ran-
domly chosen for PCR validation: XF0077, XF0496, XF0497, XF0500, XF0663,
XF0684, XF0696, XF0890, XF1250, XF1306, XF1581, XF1588, XF1589, XF1646,
XF1663, XF1664, XF1686, XF1708, XF1709, XF1860, XF1863, XF1874, XF1877,
XF1878, XF1884, XF1968, XF2193, XF2195, XF2307, XF2722, XF2768, XF2772,
and XFb0001. In addition, the following CDS with positive log ratios (category
iv) were also tested by PCR: XF0513, XF0514, XF0515, XF0516, XF0518,
XF0519, XF0521, XF1933, XF1934, XF1935, XF1936, and XF1937. A 4-ul
sample of each reaction mixture was electrophoresed in agarose gels, and DNA
was stained with ethidium bromide. The amplicons were then classified by visual
inspection as absent, same copy number, or more abundant in strain J1al2 in
relation to strain 9a5c. In addition, DNA sequence determination was carried out
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for a few CDS. For that, PCR products obtained with primers based on neigh-
boring CDS were cloned in pGEM-TEasy vector (Promega) and dideoxy se-
quencing reactions were performed with 100 ng of plasmid DNA in Big Dye
Terminator sequencing reactions (Applied Biosystems) according to the manu-
facturer’s instructions. Sequencing reactions were carried out with either CDS-
specific or T7 promoter primers.

RESULTS AND DISCUSSION

X. fastidiosa CVC strain J1al2 is nonpathogenic. In planta
pathogenicity tests were carried out with strains 9a5c and
J1al2, and results are presented in Table 1. Inoculation of
citrus plants with strain 9a5c resulted in multiplication of X.
fastidiosa in all plants analyzed 8 months after infection. Plants
were also evaluated visually for characteristic CVC symptoms,
and positive symptoms were observed in the leaves of 77% of
the citrus plants 15 months after inoculation. In contrast, no
symptoms were observed in the leaves of plants inoculated with
strain J1al2 up to 15 months after infection.

Similar results were observed with tobacco plants as the
experimental host. As shown in Table 1, none of the plants
inoculated with J1al2 presented symptoms or were colonized
by the bacteria. In contrast, all tobacco plants inoculated with
9a5Sc presented the lesions characteristic of X. fastidiosa CVC
infection, as previously described (21).

These results indicate that strain J1al2 shows a nonpatho-
genic phenotype, in contrast to the highly pathogenic behavior
of strain 9a5c. In addition, Table 1 shows that plant coloniza-
tion by strain J1al2 is very inefficient, as no bacteria were
detected in the plant xylem by PCR experiments with a pair of
primers (CVC-1 and 272-int) which are specific for Xylella
isolates from citrus plants (25). This pair of primers amplifies
a genomic region of approximately 500 bp, from chromosome
position 1051239 to 1051745 of the 9a5c genome, encompass-
ing 195 bp of CDS XF1100 and an intergenic region upstream
of this CDS. It is important to stress that these primers can
amplify the correct DNA fragment when directly tested in
J1al2 in vitro cultures (6, 23).

Genotyping by DNA microarray analysis. To investigate
whether the differences in phenotype observed between strains
9a5c and Jlal2 could be associated with differences at the
DNA level, we have constructed a DNA microarray encom-
passing 2,692 CDS, which represents 94.5% of all CDS de-
scribed in the reference strain 9a5c (32). Total DNAs isolated
from strains 9a5c and J1al2 were separately labeled with either
Cy3- or Cy5-dCTP fluorescent analogs, and competitive micro-
array hybridizations were performed. Raw and normalized hy-
bridization data are available at the project site (http://verjo19
.q.usp.br/xylella/microarray/). An initial screening revealed
that 292 CDS presented either low signal intensity or poor
reproducibility and were excluded from further analysis. As
detailed in Material and Methods, the remaining 2,400 CDS
were classified into four categories according to the normalized
hybridization fluorescence intensity ratios of J1al2 over 9aSc
DNA samples determined for each CDS. Among the 2,400
CDS, approximately 96% were found to have a log ratio (M)
around 0 and were classified as equally present in both strains
(category i). One example is shown in Fig. 1A. This figure
shows an M versus A plot, i.e., normalized intensities log ratios
(M) versus the average of log intensities (4) of all the replicas
for a given CDS. This kind of graph shows the dependence of
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the ratio on the overall intensity of each spot, indicating that,
for genes with low hybridization intensity signals (4 values
below 2), the observed ratios have a higher intrinsic dispersion,
as determined by homotypic hybridizations. As a result, differ-
ent cutoff values for M were used for different ranges of inten-
sity (A) when classifying a CDS as equally present in both
strains. M versus A plots showing the reproducibility of the
data for each CDS are available at the project site.

Fifty CDS were found to have a hybridization intensity log
ratio of —1.7 < M < —0.3 and were classified as divergent in
strain J1al2 (category ii, an example is shown in Fig. 1B).
Table 2 lists only the CDS with hybridization intensity log
ratios between —0.5 and —1.7. For the complete list of CDS in
this category see Table S1 in the supplemental material. Four-
teen CDS were found to have the log ratios of <—1.7 and were
classified as absent or highly divergent in strain J1al2 (Table
3). A typical example is shown in Fig. 1C. Within this group,
three CDS, namely XF0077, XF1250, and XF1646, were espe-
cially interesting due to their putative involvement in patho-
genesis and will be discussed in more detail later. Most of the
CDS in this category belong to the previously defined flexible
gene pool of Xylella, which includes integrated prophages and
genomic islands (4, 24). For instance, CDS XF1860, XF1874,
XF1878, and XF1884 belong to genomic island 4 (24). This
region has a different GC content and altered codon bias,
which are common features of laterally transferred elements
(15). However, CDS XF0077, XF1250, XF1646, XF1707, and
XF1708 are not mapped within any genomic island and do not
show altered GC content or codon bias.

In addition, 40 CDS (see Table S2 in the supplemental
material) were found to have a log ratio of >0 and were
considered as possibly presenting a higher number of copies in
J1al2 (an example is shown in Fig. 1D). The majority of the
CDS in this category are of unknown function or have phage-
related functions. Among them, there are 2 groups of contig-
uous CDS (XF0512 to XF0523 and XF1932 to XF1937). The
first set is within genomic island 1 (24). The other group in-
cludes genes that belong to different functional categories such
as DNA metabolism and transport, suggesting them as possible
newborn paralogs in the J1al2 genome.

Despite all the information obtained with DNA microarray
genotyping, it is necessary to stress that frameshifts and point
mutations cannot be identified by this method. In addition, our
DNA microarray experiments will not detect genes present
exclusively in the unsequenced strain J1al2, impairing detec-
tion of genes that would eventually attenuate pathogenicity.

Validation of CDS classification. To further validate the
distinction between CDS potentially absent or highly divergent
and those classified as divergent, a sample of 33 CDS (listed in
Materials and Methods) were analyzed by PCR with CDS-
specific primers. All CDS tested were PCR negative for strain
J1al2, including those with log hybridization intensity ratios
between —0.5 and —1.7.

Figure 2A shows an example of a CDS (XF0077, encoding a
fimbrial adhesin precursor) classified as absent or highly diver-
gent by microarray analysis. PCR and RT-PCR experiments
with CDS-specific primers corroborated its classification in this
category. In addition, a PCR experiment with a pair of specific
primers flanking XF0077 encompassing CDS XF0075 to
XF0079 produced a smaller amplicon in strain J1al2 than in
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FIG. 1. Xylella strain J1al2 CDS classification based on DNA microarray hybridization ratios. Examples of CDS classified in each of the four
categories are shown. (A) XF1621, classified as equally present in both 9a5c and J1al2 strains, category i; (B) XF0262, classified as divergent in
J1al2, category ii; (C) XF0496, classified as absent or highly divergent in strain J1al2, category iii; (D) XF1937, classified as higher copy number
in J1al2, category iv. Orange dots represent the results for all CDS in the microarray from three homotypic control experiments (9aSc labeled with
Cys versus 9aSc labeled with Cy3). Graphs show the fluorescence intensity ratio M = log,(Iys/Icy3) versus the fluorescence intensity mean 4 =
1/2 X logy(Icys X Icy3). Green dots represent the hybridization data (9aSc labeled with Cy3 versus J1al2 labeled with Cy5 or vice versa) from
multiple replicas for the indicated CDS, where the fluorescence intensity ratio M = 10g,(I};412/1o,sc)- Similar graphs for each of the CDS are

available at the project site (http://verjo19.iq.usp.br/cagexylella/private/).

strain 9a5c (Fig. 2A). The exact position of the deleted region
was determined by DNA sequence analysis, as described in the
next section.

Data for XF1968, which encodes a putative methyltrans-
ferase classified as divergent by microarray analysis (mean log
ratio of —1.4), is shown in Fig. 2B. The PCR and RT-PCR
results with CDS-specific primers were negative, suggesting the
absence of the CDS. However, PCR experiments with a pair of
specific primers flanking XF1968 (encompassing XF1967 to
XF1969) showed amplicons with the same size in both strains
(Fig. 2B). Nucleotide sequencing of both amplicons confirmed
that the methyltransferase encoded by XF1968 is divergent
between 9a5c and J1al2 (Table 4).

Three other examples of CDS classified as divergent accord-
ing to microarray experiments and found to be PCR negative
are also depicted in Table 4. Sequence analysis of these CDS

cloned from strain J1al2 has confirmed their divergence, as
they present nucleotide identities between 92 and 55% when
compared to strain 9a5c (Table 4). These results show that
PCR validation can be misleading, given that the primers used
were based on the genome sequence of strain 9a5c. A few mis-
matches in the regions where the primers should anneal in the
J1al2 DNA template can give PCR-negative results, leading to
a wrong conclusion about the presence or absence of a gene.

RNA expression studies by microarray hybridization com-
paring strains J1al2 and 9a5c were performed as an additional
validation of CDS classification. RNA hybridization data are
available at the project site (http://verjo19.iq.usp.br/cagexylella
/private/). Hybridization signals were found to be at the back-
ground level for the 14 CDS classified as absent or highly
divergent in strain J1al2. On the other hand, all of these CDS
showed significant expression levels in strain 9aSc.
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TABLE 2. CDS divergent in strain J1al2

Gene* Product
XF0075 Hypothetical protein
XF0078..... ..Fimbrial adhesin precursor
XF0157.... ..Hypothetical protein
XF0262.... ..Colicin V precursor
XF0263.... ..Colicin V precursor
XF0500.... ..Phage-related repressor protein
XF0501.... ..Conserved hypothetical protein
XF0626.... ..Hypothetical protein
XF0663.... ..Hypothetical protein
XF0665.... ..Hypothetical protein
XF0666.... ..Hypothetical protein
XF0668.... ..Hemolysin-type calcium binding protein
XF0684-.... ..Phage-related protein
XF0696.... ..Phage-related repressor protein
XF1057.... ..Hypothetical protein
XF1306.... ..Hypothetical protein
XF1588.... ..Hypothetical protein
XF1589.... ..Plasmid stabilization protein
XF1590.... ..Plasmid stabilization protein
XF1609.... ..Glucose/galactose transporter
XF1664-.... ..Hypothetical protein
XF1746.... ..Alcohol dehydrogenase
XF1756.... ..Hypothetical protein
XF1758.... ..Hypothetical protein
XF1851.... ..Serine protease
XF1859.... ..Hypothetical protein
XF1862.... ..Conserved hypothetical protein
XF1873.... ..Conserved hypothetical protein
XF1877.... ..Hypothetical protein
XF1883.... ..Hypothetical protein
XF1968.... ..Methyltransferase
XF2193.... ..Hypothetical protein

XF2194....
XF2195....
XF2217

..Hypothetical protein

..Hypothetical protein

Imidazoleglycerolphosphate dehydratase/histidinol-
phosphate phosphatase/bifunctional enzyme

XF2307 Hypothetical protein

XF2406.... ..Hypothetical protein

XF2407.... ..Bacteriocin

XF2542.... ..Fimbrial protein

XF2722 Type I restriction-modification system specificity
determinant

XF2726.............. Type I restriction-modification system specificity
determinant

XF2768
XF2770....
XF2772

Hypothetical protein
..Hypothetical protein
Hypothetical protein

“ Only 44 CDS with log hybridization intensity ratios between —1.7 and —0.5
are shown in this table.

The expression levels of CDS that were classified as equally
present in both strains (category i, see Materials and Methods)
were studied under standard bacterial growth conditions. This
class of CDS was chosen to eliminate possible hybridization
artifacts due to sequence divergence. We found that among the
2,296 CDS in this category, which presented detectable hybrid-
ization intensity values, approximately 97% exhibited compa-
rable RNA expression levels on both strains, i.e., differences in
expression were smaller than twofold, with P values smaller
than 0.05 in a ¢ test. However, about 1% of the CDS presented
a higher RNA expression level (twofold or more) in strain 9a5c
and about 2% had higher expression in strain J1al2 (see Ta-
bles S3 and S4 in the supplemental material). No obvious
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correlation could be made between the CDS presenting differ-
ential expression and the phenotypes of each strain.

Functional characteristics of genes absent or highly diver-
gent in strain J1al2. Among the 14 CDS classified as absent or
highly divergent (Table 3), 10 have no similarity to known
genes and no function could be assigned. Therefore, they will
not be further discussed, although their involvement in patho-
genesis cannot be excluded.

The X. fastidiosa strain 9a5c genome encodes three fimbrial
adhesin subunits from type III pilus (XF0077, XF0078, and
XF0080). Our microarray data classified XF0077 as absent or
highly divergent, and we have confirmed its deletion in strain
J1al2 by DNA sequence analysis. The deleted region, encom-
passing 1,050 nucleotides (Fig. 2A), extends from position
76845 to 77895 (numbers from the strain 9a5c main chromo-
some). XF0078 was classified as divergent in J1al2, and DNA
sequence analysis has shown a 92.2% nucleotide identity with
its ortholog in 9a5c (Table 4). The third fimbrial adhesin para-
log (XF0080) was classified as equally present in both strains
(category i). The three paralogs from 9a5c are similar to mrkD
from Klebsiella pneumoniae and share high similarity with each
other (XF0077 and XF0078 share 70% amino acid sequence
identity and both display around 60% amino acid identity to
XF0080). As reported for the adhesins of K. pneumoniae (30),
the N-terminal region exhibits a greater degree of variability,
probably conferring on strain 9a5c the ability to adhere to
different bacterial and/or host cell components or even pro-
ducing an extracellular matrix with greater bonding capacity.
In K pneumoniae, mrkD null mutants are fimbriate but non-
adhesive (34) and the mrkD gene product is not required for
biofilm formation (18). Proteomic and mass spectrometric
analyses of whole-cell lysates and extracellular components
have demonstrated that structural and adhesive subunits of
fimbriae are ubiquitous in cultures of Xylella strain 9a5c (33).
Despite the presence of two CDS encoding the adhesion sub-
unit precursors XF0078 and XF0080 in J1al2, we have ob-
served that this strain displays a much less aggregated pheno-
type in vitro than 9a5c cells, as shown in Fig. 3. One possible
explanation for this phenotype is that the presence of the

TABLE 3. CDS absent or highly divergent in strain J1al2

Gene® Product M
XF0077 Fimbrial adhesion precursor =2.77
XF0496 Conserved hypothetical protein -231
XF0497 Conserved hypothetical protein —2.08
XF0667 Hypothetical protein —1.99
XF1250 Arginine deaminase —1.96
XF1646 UDP-3-O-(R-3-hydroxymyristoyl)-glucosamine -2.01

N-acyltransferase
XF1707 Hypothetical protein -2.30
XF1708 Conserved hypothetical protein -222
XF1860 Hypothetical protein -2.79
XF1874 Hypothetical protein -2.13
XF1878 Hypothetical protein —3.11
XF1884 Hypothetical protein —2.21
XFb0001 Replication protein —3.55
XFb0002 Hypothetical protein —4.18

“ CDS shown here have a P value smaller than 0.05 in a ¢ test for the null
hypothesis Hy: M = —1.7.

> DNA hybridization intensity ratios [M = log,(I;1.12/lsasc)] Were calculated.
For each gene, the values shown are the means of the results from at least eight
replicates.
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Amplicon
A PCR RT-PCR XF0075 — XF0079
9a5c J1a12  9a5c J1a12 9a5c Jta12

— 3407

395 wa - 2357

Amplicon
B PCR RT-PCR XF1967 — XF1969
9a5c¢ J1a12 9a5c J1a12 9a5¢ J1a12

FIG. 2. Validation of CDS classification. CDS-specific primers for
XF0077 (A) and XF1968 (B) were employed to perform PCR ampli-
fications with DNA from strains 9a5c and J1al2 (left panels) or to
perform RT-PCR amplifications with total RNA (central panels).
PCRs were also carried out with DNA of both strains and primers
based on the sequence of the CDS flanking XF0077 (amplicon XF0075
to XF0079) or XF1968 (amplicon XF1967 to XF1969) (right panels).
The sizes of the amplicons are shown in base pairs.

adhesin encoded by XF0077 is important for the adhesion of
X. fastidiosa cells.

Interestingly, another CDS confirmed to be deleted from
strain J1a12 is XF1250, which encodes a putative arginase. The
deleted region of 963 nucleotides extends from position
1203200 to 1204163 (numbers from the strain 9a5c¢ main chro-
mosome). This enzyme catalyzes the first step of arginine deg-
radation in the urea cycle, which may thus be incomplete in
strain J1al2. Besides being a substrate for arginases, arginine is
also a substrate for nitric oxide (NO) synthase, which converts
L-arginine to L-citrulline, releasing NO. In H. pylori, it has
recently been shown that the arginase (rocF) encoded by this
bacterium inhibits NO production by macrophages at physio-
logic concentrations of L-arginine. H. pylori rocF mutants
cocultured with macrophages were killed due to the restora-
tion of normal levels of NO. These results indicate that bac-
terial arginase down-regulates NO production, acting as a sur-
vival mechanism that contributes to the successful infection of
the host (10). Thus, it is tempting to speculate that the absence
of arginase in X. fastidiosa strain J1al2 is linked to its reduced
growth in planta and its incapacity to colonize the xylem ves-
sels; J1al2 cells would not be able to inhibit NO production by
the plant, analogous to the rocF mutant of H. pylori (10). In
fact, it is known that in plants, NO has an immune protective
role, mediating the plant defense against pathogens and serv-
ing as a signal in hormonal responses. Indeed, two NO-synthe-
sizing enzymes have recently been found in plants, one of
which is pathogen inducible (5, 11).

XF1646, classified as absent or highly divergent in J1al12, was
annotated as a putative UDP-3-O-(R-3-hydroxymyristoyl)-glu-
cosamine N-acyltransferase, which is similar to the IpxD gene
from Rickettsia rickettsii. This enzyme catalyzes the third step in
lipid A biosynthesis, a constituent of lipopolysaccharides from
the outer membrane. In Escherichia coli, an [pxD mutant had
its susceptibility to various antibiotics increased as high as
512-fold, indicating alterations in the outer membrane perme-
ability barrier (36). An altered outer membrane structure due
to the incomplete lipid A biosynthesis may render J1al2 more
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TABLE 4. Nucleotide and amino acid identity of selected divergent
CDS of strain J1al2 compared to strain 9aSc

% %
Gene Product Nucleotide ~Amino acid
identity” identity”
XF0078 Fimbrial adhesin precursor 922 86.4
XF1968 Methyltransferase 78.8 75.5
XF2542 Fimbrial protein 73.6 65.8
XF2726 Type I restriction-modification system 54.9 40.4

specificity determinant

“ Comparison was carried out with the complete sequence of each CDS.

sensitive to antimicrobial agents eventually produced by the
plant host. The increased permeability of its outer membrane
may also explain why J1al2 is amenable to DNA transforma-
tion, whereas 9a5c is not (6, 17, 23).

The two highest DNA hybridization intensity ratios obtained
when comparing 9a5c versus J1al2 were derived from the two
CDS encoded by the mini plasmid pXF1.3 (XFb0001 and
XFb0002). This result reflects the presence of multiple copies
of this plasmid in strain 9a5c (32) and its absence in strain
J1al2, as previously reported (6).

Final remarks. Among the 14 genes classified as absent or
highly divergent, three CDS encoding a fimbrial adhesin pre-
cursor, an arginase, and a UDP-3-O-(R-3-hydroxymyristoyl)-
glucosamine N-acyltransferase are conspicuously absent in the
nonpathogenic strain J1al2. Due to their putative role in bac-
terial survival in infected hosts, they emerge here as important
players in Xylella pathogenicity. The observation that several
other genes are missing in J1al2 gives support to the hypoth-
esis that bacterial pathogenesis is a multifactorial process and
that each of these factors may contribute somewhat quantita-
tively to the development of disease. In fact, inactivation of a
single fimbrial adhesin gene (PDO0058) or a single fimbriae
protein gene (PD0062) in X. fastidiosa grapevine strain Te-
mecula was not sufficient to decrease bacterial pathogenicity,
causing only a slight reduction in the bacterial population (9).

Recent microarray expression studies comparing X. fastid-
iosa 9a5c cells freshly isolated from citrus with bacteria atten-
uated after several passages in axenic culture have shown that
most genes found to be induced in the freshly isolated condi-
tion were associated with adhesion and with possible adapta-
tion to the host environment (8). However, the set of genes
observed in that study is different from the genes found to be
absent in the nonpathogenic strain analyzed in the present
report, reinforcing the multifactorial hypothesis of bacterial
pathogenesis. Furthermore, our results obtained with Jlal2
are independent of the number of passages in culture, since the
microarray experiments were performed with DNA from bac-
terial cells obtained after either 14 or 24 passages and no
differences were observed (data not shown).

Our plant colonization assays showing that strain J1al2 is
unable to induce CVC symptoms or even sustain itself in host
plants raise the question of how strain J1lal2 was originally
isolated from a citrus tree. A recent report about the diversity
of the endophytic bacterial community in citrus trees (2) can
shed light upon this intriguing question. Possibly, the presence
of strain J1al2 in symptomatic plants is dependent on other
microorganisms and/or other X. fastidiosa pathogenic strains
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FIG. 3. X. fastidiosa strain J1al2 has lost the ability to aggregate. Optical microscopy of X. fastidiosa strains 9a5c (A) and Jlal2 (B).

Magnification, x1,000.

eventually present in the biofilms formed by the aggregated
cells and clogging the xylem vessels of infected plant hosts (13,
19).

Among the CDS found to be absent in J1al2 and proposed
here to play a role in disease development, four CDS do have
orthologs in the three other pathogenic Xylella strains that
have been sequenced (see Table S5 in the supplemental ma-
terial). Thus, despite the diversity of hosts, geographical loca-
tion, and disease symptoms, different Xylella strains may
present similar mechanisms of pathogenesis. Our results sug-
gest that common strategies could be undertaken to control
the diseases that are caused by different X. fastidiosa strains
infecting various host plants. Given the importance of the set
of genes found here, further functional characterization is war-
ranted. Towards this end, we are currently trying to comple-
ment strain J1al2 with the CDS shown to be absent from its
genome. Different from 9a5c, the nonpathogenic J1al2 strain
is amenable to DNA transformation with plasmid vectors and
the transposome system (6, 17, 23). Thus, we believe that with
complementation studies it will be possible to evaluate the role
of these CDS in bacterial virulence and the ability to colonize
xylem vessels.
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