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Draft sequencing is a rapid and efficient method for determining the near-complete sequence of microbial
genomes. Here we report a comparative analysis of one complete and two draft genome sequences of the
phytopathogenic bacterium, Xylella fastidiosa, which causes serious disease in plants, including citrus, almond, and
oleander. We present highlights of an in silico analysis based on a comparison of reconstructions of core
biological subsystems. Cellular pathway reconstructions have been used to identify a small number of genes,
which are likely to reside within the draft genomes but are not captured in the draft assembly. These
represented only a small fraction of all genes and were predominantly large and small ribosomal subunit
protein components. By using this approach, some of the inherent limitations of draft sequence can be
significantly reduced. Despite the incomplete nature of the draft genomes, it is possible to identify several
phage-related genes, which appear to be absent from the draft genomes and not the result of insufficient
sequence sampling. This region may therefore identify potential host-specific functions. Based on this first
functional reconstruction of a phytopathogenic microbe, we spotlight an unusual respiration machinery as a
potential target for biological control. We also predicted and developed a new defined growth medium for
Xylella.

[The sequence data from this study have been submitted to GenBank under accession nos. NC_002723 (X.
fastidiosa Almond [Dixon]) and NC_002722 (X. fastidiosa Oleander [Ann-1]).

Xylella fastidiosa is a Gram-negative bacterium belonging to
the gamma subgroup of the proteobacteria (Wells et al. 1987).
This microorganism is an important plant pathogen causing
many economically important crop diseases, such as Pierce’s
disease (PD) of grapevine and citrus variegated chlorosis in
citrus (Moller et al. 1974; Purcell 1997). Almond leaf scorch
was first described in 1974 (Moller et al. 1974), and electron
microscope studies indicated the presence in almond of the
same bacterium previously associated with PD of grapevines
(Mircetich et al. 1976). Cross-inoculation studies showed that
PD and the almond leaf scorch strains were pathogenic to

both almond and grape (Davis and Thompson 1980). Olean-
der leaf scorch was first noticed in 1994 in southern Califor-
nia. The glassy-winged sharpshooter, Homalodisca coagulata,
was found to be the vector for this bacterium. It is possible
that several other varieties of sharpshooters can transmit X.
fastidiosa between oleander plants (Purcell et al. 1999). The
oleander leaf scorch strain could not be reisolated from grape-
vine in a greenhouse after inoculation using needle puncture
(Purcell et al. 1999). This result provides evidence for host
specificity among strains of X. fastidiosa. Previous studies clas-
sified X. fastidiosa as a single species, but differentiated mem-
bers of the species, depending on such criteria as host speci-
ficity and pathogenicity (Hendson et al. 2001 and references
therein). We define each strain of X. fastidiosa to be a patho-
var for a specific plant, as suggested previously (Hendson et al.
2001). We will therefore refer throughout to the citrus, al-
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mond, and oleander strains as Xf pv citrus (XFA), Xf pv almond
(XFX), and Xf pv oleander (XFY).

The complete genome sequence of the X. fastidiosa 9a5c
strain (XFA), which causes citrus variegated chlorosis , was
recently published (Simpson et al. 2000). In this study, we
report the gapped-genome sequences of Xf pv almond (Dixon
strain) (XFX) and Xf pv oleander (Ann-1 strain) (XFY) and com-
pare them to the complete genomic sequence of XFA. Here we
present highlights of the first functional reconstruction of a
phytopathogenic microbe based on the three sequenced ge-
nomes. This approach has led us to the identification of a
putative drug target in the aerobic respiratory chain of this
organism, as well as to a prediction of the specific growth
requirements of this bacterium, which were used to develop a
defined medium for optimal growth. Furthermore, based on a
global alignment of the proteomes for these genomes, we
identified a region in XFA that is absent in the other two
genomes that potentially encodes host-specific functions.
Comparisons of curated pathways and their components pre-
sent in the complete XFA genome relative to the gapped XFY
and XFX genomes allows the prediction of functions poten-
tially missed during gapped-genome sequencing. Such an ap-
proach provides an added level of quality control to the analy-
sis of sequenced genomes.

RESULTS AND DISCUSSION

Gapped-Genome Sequencing of New Xf Strains
The capacity to produce draft genomes based on a random
shotgun approach (Fleischmann et al. 1995) far exceeds our
capacity to produce completely finished genomes. The draft-
sequencing process is faster (two to three weeks compared
with months or years for finished sequence) and much less
expensive. The gapped-genomic sequence of the two new Xy-
lella strains (XFX and XFY) represents more than 95% of the
complete sequence, with 9.4- and 8.1-fold sequence coverage,
respectively (Table 1). As we hereby show, the microbial draft
sequences (high-quality annotated assemblies from >8-fold
coverage) offers an extremely useful form of information,

leading to an effective sampling of >95% of the gene reper-
toire of a given microbial genome. The genome size of both
almond (XFX) and oleander (XFY) strains is very similar to the
completely sequenced XFA genome, with 2.4 Mb (XFX) and
2.6 Mb (XFY), compared with 2.7 Mb for the XFA genome. All
three strains display a similar GC content. We identified 2681
(XFX) and 2870 (XFY) ORFs distributed over 121 and 93 con-
tigs, respectively, compared with the 2985 ORFs of the XFA
genome. Using the ERGO bioinformatics suite, we assigned
functions to 62% of the genes in each of the two new Xylella
genomes, compared with the 58% of genes in the XFA ge-
nome. Of the remaining 38% of the ORFs in the XFX and XFY
genomes, most show sequence similarity to other proteins of
unknown function (hypothetical proteins), and only 3%–4%
of the total ORFs in the two genomes did not show any se-
quence similarity to other known proteins (unique ORFs).

Nearly 59% of the ORFs in any of the three Xylella ge-
nomes can be grouped in ortholog clusters and 22% in para-
log clusters. Interestingly, the number of paralog clusters in
XFY is less than that in XFA, but there are more ORFs in the
XFY paralog clusters compared with the XFA strain. This re-
sult indicates that there is greater functional redundancy in
the oleander strain, XFY.

Identification of Xf Oleander (XFY) Episome
The sequencing and assembly of the XFY genome revealed
that it possesses a putative 30-kb episome (Table 2). The plas-
mid bears 36 ORFs, of which three encode proteins involved
in replication (RXFY0974, RXFY0979) and plasmid mainte-
nance and stability (RXFY0987). A Type IV secretion pathway
(chromosomal cluster) that includes VirB2 (RXFY02430), B4
(RXFY00976), B5 (RXFY00992), B6 (RXFY00989), B8
(RXFY00988), B9 (RXFY00984), B10 (RXFY00977), B11
(RXFY00991), and VirD4 (RXFY00973), as well as a putative
transcriptional regulator (RXFY00983) are encoded on the 30-
kb replicon. The VirB system is designed to mediate the plas-
mid transfer from a donor to a recipient bacterium. Two
members of the DNA conjugative transfer pathway (TraM,
RXFY02499 and TrbN, RXFY00996) have also been found

Table 1. Comparative Statistics of Sequenced Genomes of Xylella fastidiosa Strains

Xf pv citrusa (XFA) Xf pv oleanderb (XFY) Xf pv almondc (XFX)

Affected plants Citrus Oleander Almond
Disease caused Citrus variegated chlorosis Oleander leaf scorch Almond leaf scorch
Sequencing source ONSA This study This study
DNA, total sequenced bases 2,731,748 2,625,581 2,434,849
Contigs 3 93 121
Coverage Complete ∼ 8.1X ∼ 9.4X
G+C content 53% 52% 52%
Total ORFs 2985 2870 2681
Assigned functions 58% (1684 ORFs) 62% (1713 ORFs) 62% (1593 ORFs)
Unassigned functions 42% 38% 38%

Unique Hypothetical Unique Hypothetical Unique Hypothetical
7% 35% 4% 34% 3% 35%

ORFs in ortholog clusters 60% 58% 59%
ORFs in paralog clusters 21% (639) 23% (660) 22% (585)
Paralog clusters 252 230 220
ORFs in chromosomal clusters 32% 29% 26%

aStatistics derived from this study.
bXylella fastidiosa pv almond Dixon strain.
cXylella fastidiosa pv oleander Ann-I strain.
(ONSA) Organization for Nucleotide Sequencing and Analysis.
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along with a “nickase” (RXFY0985), which is responsible for
initiating transposition by introducing single-stranded nicks
in the circular plasmid DNA.

Pathway Analysis
As part of the X. fastidiosa functional reconstruction (de-
scribed later), ORFs were assigned to the appropriate meta-
bolic and nonmetabolic pathways (Kyrpides et al. 2000;
Selkov et al. 2000). Figure 1 shows the statistics of functional
roles in all three organisms according to subsystem in more
detail. Table 3 indicates that a similar number of pathways are
present in all three Xf strains. Because the citrus (XFA) ge-
nome is complete, the percent of functions that appear miss-
ing from pathways (Table 3) is likely to represent instances of
nonorthologous gene replacement, that is, the replacement of
a particular protein function by unrelated protein(s) with the

same cellular function (Forterre 1999; Galperin and Koonin
1999). Therefore, the number of functions missing from path-
ways for XFA represents the relative baseline of functions that
appear as “absent”. Given that ERGO integrates a database of
cellular pathways, it is possible to predict which of the func-
tional roles that appear as missing from the XFX/XFY path-
ways are likely to reside in their nonsequenced regions. We
define a functional role as a step in a pathway, and one func-
tional role may have more than one biochemical function.

Table 2. Comparative Statistics of the Xf pv oleander
(XFY) and Xf pv citrus (XFA; p51) Eplsomes

Plasmid statistics XFY XFAa

Length (bp) 30,270 51,158
G+C ratio 49% 49.6%
Protein-encoding regions 26.9% 86.9%
ORFs 36 70
ORFs with functional assignment 25 (69%) 34 (48%)
Hypothetical proteins 8 31
ORFs without significant database match 3 5

aBased on previously published data (Simpson et al. 2000).

Figure 1 Comparative disposition of functional roles in cellular subsystems in Xf genomes. The number of functional roles present in the each
of the described subsystems was plotted for each of the Xylella genomes.

Table 3. Prediction of Functions Missing from Pathways in
Gapped Xf Genomes

XFA
(citrus)

XFY
(oleander)

XFX
(almond)

Pathways asserted 958 965 938
Functional roles

missing from
pathways 352 359 379

Examples of functions missing from pathways
Ribosomal SSU — 1 10
Ribosomal LSU — 4 17
Aminoacyl tRNA

synthetases — 1 2
Recombinational

repair — — 1 (recF)
Replication, elongation — — 1 (DNA Pol III�)
Total — 6 31

(LSU) large ribosomal subunit; (SSU) small ribosomal subunit.
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For example, there are 40 and 97 functional roles missing
from the genomes of XFY and XFX, respectively, but present
in XFA (Table 3). A comparison of these genomes shows a
similar number of functional roles associated with each sub-
system. Most of the missing functions in almond and olean-
der strains are present in informational processing pathways
(Table 3). Some of these missing functions represent compo-
nents of the core functional machinery (for example, subunits
of the large and small ribosomal complexes), and therefore we
would expect them to be present in the nonsequenced gaps.
More rigorous investigation of these cases indicated that al-
though these functions are indeed present in these genomes,
some are associated with ORFs residing on contigs with <20
reads, which have lower coverage and sequence quality (see
Methods). We speculate that the functional absences present
in the secretion subsystem in XFX (Table 3) are likely due to
the fact that a plasmid-borne ‘pathogenicity island’ was not
clearly identified in XFX, in contrast to the XFA and XFY.
Thus, the pathway analysis approach introduces an addi-
tional quality control step in the reconstruction of a partial
genome and allows a greater degree of functionality to be
assigned to sequenced genomes.

Phage Integration Region Identifies Potential
Host-Specific Functions
During our comparative analysis of the three Xylella genomes,
we noticed that the XFA genome contains two tRNA genes
(encoding glycine and threonine, at 1,638,644 and 1,707,587
bp) that flank a region marked by the presence of prophage
genes absent from the XFX and XFY genomes. This region was
identified in the XFA genome using a comparative genome/
proteome alignment tool called GenomeWalk, the visual ren-
dering of which is shown in Figure 2. The putative phage
encoded in this region is most similar to the Siphophage
group of double-stranded DNA phage based on whole-
genome level and taxonomic comparisons (Rohwer and Ed-
wards 2002). The DNA sequence in this region has a mean GC
content of 65.9%, significantly greater than that found in the
XFA genome as a whole (52.6%), indicating that it has been
inherited relatively recently in the evolution of the Xf ge-
nome. This region also contains genes encoding integrase en-
zymes and DNA replication machinery, as well as genes en-
coding structural proteins such as capsid and tail proteins.

Closer inspection of this prophage region reveals that it
contains two unusual “operons”. These operons are striking
by the presence of oxidoreductase, dehydrogenase, esterase,
hydrolase, and isomerase enzymes, as well as outer membrane
permease/transporter proteins, indicating that they are in-

volved in carbon-utilization pathways. Both operons are com-
pleted by LysR-family transcriptional regulators that presum-
ably control transcription of the genes in response to envi-
ronmental signals. It is unclear which carbon-utilization
pathways these enzymes are involved in, although the limited
distribution (no close orthologs previously identified) indi-
cates that these operons may provide host-specific functions
to XFA that are not present in other Xf strains. The complete-
ness of the proteins encoded in this region, the lack of similar
prophage in related Xf genomes, and the similarity between
this phage and prophage found in the enteric Salmonella typhi
genome recently sequenced (Parkhill 2000) might indicate
that this is still a viable phage and not a cryptic remnant of an
invading parasite.

Functional Reconstruction
We embarked on a functional reconstruction of the X. fastidi-
osa (Xf) genomes based on the genomic DNA sequences. A
more detailed description of how this is done has been pub-
lished previously (Kyrpides et al. 2000; Selkov et al. 2000;
DelVecchio et al. 2002; Kapatral et al. 2002). Here, we present
selected highlights of this analysis specifically pertaining to
respiratory mechanisms and some of the core metabolism
that is relevant to the growth of the bacteria.

Reconstruction of electron transport in Xylella spp. was
performed by analyzing the respiratory complexes, both an-
aerobic and aerobic, as well as proton transport and ATPase.
In contrast to previous interpretations (Simpson et al. 2000),
the resulting overview indicates that the Xf strains possess
quite a simple and unusual aerobic respiratory complex (Fig.
3A,B) that does not have the adaptive capabilities of, for in-
stance, Escherichia coli or Bacillus subtilis. Functional analysis
in silico shows the presence of the least energy-efficient type of
aerobic respiration of any known organism reported to date.
The ORF numbering corresponds to the XFA genome, but
orthologs in the XFX and XFY strains are present. All three Xf
possess cytochrome o (bo) ubiquinol oxidase (EC 1.10.3.-) as
the only terminal oxidase (RXFA01387–1390). Such a limited
system of aerobic respiration indicates that this type of energy
metabolism is not a prevalent pathway for this bacterial fam-
ily. In addition, it indicates that Xf are capable of aerobic
respiration at high aeration levels but not under oxygen-
limiting conditions, because of the absence of cytochromes
with high oxygen affinity. Surprisingly, there is no trace of a
cytochrome c oxidase (or other type of quinol oxidase as the
terminal oxidase) despite the availability of the entire operon
encoding the ubiquinol-cytochrome c reductase complex (EC
1.10.2.2; complex III: Rieske iron-sulfur protein, cytochrome

Figure 2 Graphical alignment of Xylella fastidiosa (Xf) proteomes using GenomeWalk. A unique 65-kb phage insertion region (red rectangle,
brown shading) in the Xf citrus strain (XFA) is absent in the Xf almond (XFX) and oleander (XFY) strains (arrow).
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Figure 3 Graphical visualization of the functional reconstruction of Xylella fastidiosa aerobic and anaerobic respiration. (A) Diagrammatic
representation of aerobic respiration. Three-dimensional boxes show the presence of functional components and filled arrows indicate electron
flow. (B) Detailed spatial disposition of membrane components of aerobic respiratory chain. The absence of cytochrome c oxidase is designated
by the cross and arrow. (C) Overview of the anaerobic respiratory chain. Reconstructions show proton translocation and oxidative phosphorylation.
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b and cytochrome c1 precursor [RXFA00908–910], respec-
tively). Thus, we can suggest that, because the cytochrome o
(bo) ubiquinone oxidase is the only available terminal oxi-
dase, it provides a strong potential control point and drug
target for these phytopathogens. Although soluble periplas-
mic cytochrome c has not been found in the Xf genomes,
another protein, the copper-containing protein azurin
(RXFA00507), could perform electron transport in the
periplasm between ubiquinol-cytochrome c reductase and the
missing cytochrome c oxidase.

Anaerobic respiration in Xf is also quite limited (Fig. 3C).
The entire system for nitrate utilization to dinitrogen is ab-
sent. Additionally, the enzymes converting nitrate into am-
monia appear to be absent. Xf clearly prefers anaerobic respi-
ration based on sulfur metabolism. The entire operon that
encodes enzymes for the use and reduction of sulfate to sul-
fide is present (sulfate adenylyltransferase [EC 2.7.7.4;
RXFA01500–1501], adenylylsulfate kinase [EC2.7.1.25;
RXFA01501], phosphoadenosine phosphosulfate reductase
[EC 1.8.99.4; RXFA01497], and sulfite reductase [EC 1.8.1.2;
RXFA01498–1499]). Indication that another type of anaerobic
respiration may be present is suggested by the presence of
arsenate reductase (RXFA00115). The simplicity and the type
of anaerobic respiratory complex indicate that the enzymes of
the sulfate–sulfide reduction pathway could also serve as a
potential drug target.

Xf has a well-defined operon encoding H+-transporting
ATP synthase (EC 3.6.1.34; RXFA01142–1149). There is no
indication of any other type of ATP synthase. Proton balance
seems to be maintained mainly by NADH-quinone oxidore-
ductase (EC 1.6.5.3; RXFA00305–318), cytochrome o ubi-
quinol oxidase, quinone pool, and ubiquinol-cytochrome c
reductase that pump protons out and the reverse catalyzed by
the H+-transporting ATP synthase.

X. fastidiosa is able to use very few sugars (glucose, fruc-
tose, mannose, ribose, glycerol, N-acetylglucosamine) and cel-
lulose. Paradoxically, despite its ability to use these sugars, it
was not apparent from previous studies (Simpson et al. 2000)
how these sugars are transported into the cell. We have iden-
tified candidates for some of the sugar transport systems,
which have orthologs in Xf pv almond and Xf pv oleander. For
example, based on the chromosomal neighborhood of the
XFA ORF, RXFA01462, which is positioned at the beginning
of a N-acetylglucosamine utilization operon, this ORF is likely
to be the N-acetylglucosamine and glucosamine transporter.
The Xylella genomes contain one family 1 ABC transporter,
the subunits of which are dispersed throughout the genome.
The sugar transport permease (RXFA02446, RXFA02467) and
the periplasmic binding protein (RXFA02448) are found ad-
jacent to an enzyme involved in glucose metabolism. The
ATPase subunit (RXFA01067) is found in a distant region of
the genome. We propose that this sugar transporter is likely to
be involved in glucose uptake.

The range of amino acids that might be used by Xylella as
a sole carbon source seems to be limited to D- and L-alanine
(via alanine racemase and D-amino acid dehydrogenase), gly-
cine (via glycine cleavage system) and L-glutamate (via gluta-
mate dehydrogenase). Thus, some carbon and energy source,
other than amino acids and an oligopeptide mixture, should
be provided for efficient growth of Xylella. This carbon source
might be glycerol (all genes for glycerol utilization were
found, including glycerol uptake protein, glycerol kinase, and
glycerol-3-phosphate dehydrogenases), malate or oxaloac-
etate (C4-dicarboxylate transporter and NADP-dependent ma-

lic enzyme are clustered together), glucose, fructose, or N-
acetylglucosamine. Most likely, an optimal growth medium
for Xf would be predicted to contain glycerol as a carbon and
energy source and L-glutamate as both a nitrogen and carbon
source. In addition, the clear preference of Xf for sulfate re-
duction-based anaerobic respiration could indicate that the
best medium for the Xf family would contain an increased
concentration of sulfur-containing compounds.

Growth Medium
Culture media for Xf were first developed for both grape and
almond strains (Davis et al. 1978) and eventually for other X.
fastidiosa strains such as those from peach and periwinkle
(Davis et al. 1981a). Determination of the minimum meta-
bolic requirements for this organism would thus allow im-
provement in medium composition for optimal growth and
make this organism more tractable for study. Based on our
functional reconstruction of the sequenced Xf genomes, we
generated predictions of the nutritional profile of these phy-
topathogens, and we designed growth experiments to test and
develop a defined medium. A commonly used growth me-
dium was modified by adding one or more of the predicted
compounds. The standard growth medium used was PW
(Davis et al. 1981b). Medium components that were changed
included those that are putative sources for carbon, nitrogen,
and iron. The bacterial strain used for the experiments was Xf
pv almond (Dixon). Numbers of colony-forming units (CFU) of
Xf were determined after 7 days growth at 28°C.

We compared the growth of Xf pv almond on standard
PW as the growth medium (1.13 � 109 CFU ml-1), and deter-
mined that the addition of fructose (8.40 � 108 CFU ml-1),
oxaloacetate (5.80 � 108 CFU ml-1), N-acetylglucosamine
(2.90 � 108 CFU ml-1), or �-keto-glutarate (7.00 � 108 CFU
ml-1) could substitute for the Bovine serum albumin (BSA)
constituent of the PW medium when added separately. In
comparison, glycerol (2.93 � 107 CFU ml-1) and glucose (5.70
� 106 CFU ml-1) could not substitute as well for BSA in the
PW-based medium. Sucrose did not substitute for BSA, as was
mentioned in previous studies (Davis et al. 1981b). The dif-
ferent iron sources used were hemin chloride (1.13 � 109 CFU
ml-1), ferric pyrophosphate (4.60 � 108 CFU ml-1), or iron
sulfate (3.10 � 108 CFU ml-1). These iron sources affected the
growth of Xf similarly. The addition of the amino acids gly-
cine (4.40 � 108 and 2.9 � 108 CFU ml-1) or glycine plus
L-alanine (9.50 � 108 and 6.83 � 108 CFU ml-1) to the PW
base did not appreciably improve growth, although Xylella
approached the growth properties with the PW-based me-
dium. Indeed, when glycine was omitted from the modified
medium, less growth was observed (data not shown). Xylella
appear to grow better in the presence of glycine, although the
exact reason for this is unclear. When L-cysteine was added to
PW, no growth was observed. Our results indicate that when
BSA is removed from the PW-based medium, the best growth
conditions are provided by the addition of fructose, gluta-
mine, glycine, and iron sulfate. Thus, Xf was found to grow
well on media components predicted by the metabolic recon-
struction when they were added as substitutes for BSA in the
basal medium.

The aspects of the genome comparisons and functional
reconstructions presented here represent the relative high-
lights of the biological analysis discerned from the genome
analysis of the phytopathogenic X. fastidiosa (Xf) species. A
more complete description of the genome analyses and recon-
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structions are presented elsewhere (Bhattacharyya et al., in
press). However, there are two intriguing questions posed
from this study. First, does the unique phage insertion se-
quence in the Xf citrus strain indeed bear potential host-
specific functions? Second, can the strong potential control
point identified in the aerobic respiratory chain provide a
potential drug target in these phytopathogens? We envision
that microarray, genetic, proteomic, and pharmacological ap-
proaches will provide the tools to address these new chal-
lenges identified from this in silico analysis of the genome
sequences of these organisms.

METHODS

Sequencing and Assembly
Genomic DNA for strains of both Xf pv almond (Dixon) and
oleander (Ann-1) were obtained from the collection of isolates
from A.H.P, at the University of California, Berkeley. Using a
whole genome shotgun approach, purified DNA was frag-
mented using a GeneMachines Hydroshear, end repaired and
size fractionated on agarose gels. Fragments in the 3- to 4-kb
size range were excised, eluted, and blunt-end ligated to SmaI-
linearized pUC18 DNA. DNA from overnight cultures (180
µL) of these libraries was purified using an automated 96-well
SPRI protocol (Hawkins et al. 1994). These templates were
cycle-sequenced using both universal M13-forward and M13-
reverse primers with dye-terminator chemistry (AP Biotech).
The resulting products were sequenced on MegaBACE 1000
capillary sequencers. Raw traces were preprocessed using
Cimarron software version 2.1905 (AP Biotech) and base-
called using Phred (Ewing et al. 1998). Read lengths in librar-
ies typically averaged 500–550 bases with Phred �20. Indi-
vidual sequence reads were assembled using Phrap (http://
bozeman.mbt.washington.edu/phrap.docs/phrap.html), and
contig order/orientation was established by using technology
developed at the Joint Genome Institute (JGI) (e.g., readsin-
contig, phrap2gapspan) in conjunction with the graphical se-
quence editor, Consed (Gordon et al. 1998). Libraries were
sequenced to at least 8� depth of coverage. The DNA se-
quences of the two Xylella strains (almond and oleander
strains) are available at the JGI Web server (http://
www.jgi.doe.gov/JGI_microbial/html/).

ORF Prediction
ORFs were predicted with a proprietary ORF-calling software
system developed at Integrated Genomics. The system auto-
matically combines its own statistically predicted ORFs with
ORFs derived from external sources (if available) and BLAST
and FASTA similarities. ORFs were predicted using this ap-
proach for all three Xf genomes including the previously pub-
lished Xf pv citrus (Simpson et al. 2000) whose DNA sequence
was extracted from GenBank. The ORF prediction tools were
not run on contigs with Phred <20 reads.

Genome Analysis: Annotations, Functional
Reconstructions, and Comparative Genomics
We used the ERGO bioinformatics suite (http://www.
integratedgenomics.com) (Kyrpides et al. 2000; Selkov et al.
2000; DelVecchio et al. 2002; Kapatral et al. 2002). ERGO
contains an integration of over 450 genomes (including com-
plete and partial, public, and proprietary from all kingdoms),
with an extensive manually curated set of functional annota-
tions and over 5000 manually curated cellular pathways,
which is part of the Integrated Genomics proprietary Pathway
Database. The analysis of the three Xf strains was performed
as previously described (Kyrpides et al. 2000; Selkov et al.
2000; DelVecchio et al. 2002; Kapatral et al. 2002). The gene
clustering based on sequence (i.e., ortholog and paralog clus-

ters), as well as the one based on chromosomal context (i.e.,
chromosomal and fusion clusters), were computed on the ba-
sis of proprietary technology developed at Integrated Genom-
ics. Comparative genomics technology such as GenomeWalk
(available through ERGO suite) was also used. GenomeWalk
provides a graphical whole genome comparison environment
that facilitates the identification of unique chromosomal re-
gions between closely related genomes. Workbench allows
the identification of the common and unique clusters of
genes between genomes, by using clustering algorithms to
calculate protein clusters between a set of organisms.
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