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FIG. 1. Global comparison of PD X. fastidiosa Temcula and CVC X. fastidiosa 9a5c proteomes. The distribution of protein-coding gene
sequence identity along each genome is shown. Amino acid identity was determined by a reciprocal BLAST analysis of one proteome against the
other. The positions of the genomic islands (giPD1 and giCVC1) are illustrated at the top of each genome graph. The colored arrows at the top
of each graph indicate the positions of rearranged sequences (see Fig. 2B).

Of the 2,066 protein-coding genes annotated in PD X. fas-
tidiosa Temecula, 2,025 (98%) are also present in CVC X.
fastidiosa 9a5Sc. Of these orthologous genes, 94.5% have 80%
or more amino acid identity, with an average identity of 95.7%),
as shown in Fig. 1. This conservation is distributed along the
whole chromosome, and regions of lower identity tend to ap-
pear in clusters (Fig. 1). This level of protein identity is com-
parable to that observed among the orthologous proteins of
different Escherichia coli strains (27), Helicobacter pylori strains
(1), and Salmonella enterica serovars (22) and thus supports a
close relationship between these two Xylella strains. The most
conserved PD X. fastidiosa Temecula genes include all those
that determine the basic metabolism and cellular functions of
the bacterium, which we thus conclude are mostly identical to
those previously described for CVC X. fastidiosa 9a5c (33).
Energy is generated by the efficient utilization of carbohy-
drates, including cellulose, but with no predicted catabolism of
fatty acids or amino acids as alternative energy sources. In
contrast, a complete set of biosynthetic pathways is present,

permitting the synthesis of all amino acids, purines, pyrimi-
dines, and nucleotides as well as an extensive array of cofactors
and prosthetic groups. Transport systems include those for
carbohydrates, ions, amino acids, and peptides as well as those
for the extrusion of drugs and toxins.

A total of 106 genes in the PD X. fastidiosa Temecula ge-
nome (5.2%), although shared with the CVC X. fastidiosa 9a5c
genome, have amino acid identities of 20 to 80%. Among these
are 58 genes that are found within phage-related regions and
genomic islands. In addition, 18 conserved hypothetical genes
in the vicinity of the hemolysin and hemagglutinin genes fall
within this group. Interestingly, among genes with assigned
functions that exhibited this higher level of divergence, we
found some that may be involved in X. fastidiosa-plant host
interactions, including those for fimbrillins and hemagglutinins
(attachment and cell aggregation); colicin, hemolysin, and bac-
teriocin (toxins); and drug resistance and DNA restriction and
modification enzymes (see supplementary material for a full
list of genes). Thus, there may have been more selective pres-
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TABLE 2. Strain-specific genes and genes with a frameshift and/or a stop codon in frame

No. and type of:

Strain
Strain-specific genes Genes with frameshift and/or stop codon in frame
Temecula 16 Hypothetical 7 Conserved hypothetical
16 Conserved hypothetical 10 Mobile genetic elements
13 Mobile genetic elements 2 Hemagglutinin-secreted proteins
2 DNA methyltransferases 1 Fimbrial adhesin
1 Type II restriction enzyme 3 Type I restriction-modification enzymes (R, S, and M)
1 HicA-related protein 1 DNA methyltransferase
1 Hydrolase 1 Aconitate hydratase
1 Integral membrane protein 1 Mg?* transporter
1 Heat shock protein (HslU)
1 Anthranilate synthase component I
1 Penicillin binding protein
9a5c 99 Hypothetical 2 Conserved hypothetical

21 Conserved hypothetical

19 Mobile genetic elements

2 DNA methyltransferases

1 Single-stranded DNA binding protein
1 O antigen acetylase

1 Transport protein

1 NADH flavin oxidoreductase
1 Oxidoreductase

1 HTP reductase

4 Transcriptional regulators

1 Drug resistance translocase

7 Mobile genetic elements

1 Integral membrane protein

1 Polygalacturonase precursor

2 Type I restriction-modification enzymes (R and M)
1 DNA damage-inducible protein

1 Aconitate hydratase

1 Ribosomal protein S6 modification protein

sure for alterations in these genes to enhance plant-specific
bacterial colonization capability. There are also genes in the
two genomes that have either a frameshift or an in-frame stop
codon (Table 2), suggesting that they are nonfunctional. The
most intriguing of these is the polygalacturonase precursor
gene, which has a stop codon in CVC X. fastidiosa 9a5c but is
intact in PD X. fastidiosa Temecula. For two other partially se-
quenced Xylella genomes (http://www.jgi.doe.gov/), no frame-
shift is observed within the polygalacturonase precursor gene.
Other than among Xylella genomes, this gene shares 65% iden-
tity with its Ralstonia solanacearum ortholog (32); orthologs
are also present in other necrogenic plant pathogens, such as
Xanthomonas campestris pv. campestris, X. axonopodis pv. citri,
and Erwinia carotova. This gene is essential for the synthesis of
cell wall-degrading enzymes that facilitate intervessel migra-
tion. Its intact status in PD X. fastidiosa Temecula may account
for the more aggressive nature of PD than of CVC (2), where
it is not essential for disease development, since Koch’s pos-
tulates for strain 9a5c were experimentally fulfilled.

PD X. fastidiosa Temecula has 41 strain-specific genes
(1.9%), while CVC X. fastidiosa 9a5c has 152 such genes
(6.8%) (Table 2). In both strains, more than half of these are
hypothetical or conserved hypothetical genes, and a significant
proportion are associated with mobile genetic elements.
Among the PD X. fastidiosa-specific genes with assigned func-
tions are a hydrolase gene with similarity to genes in Xan-
thomonas (gi21113352), Pseudomonas (gi15598992), and Sal-
monella (gi16763691) and a gene for a type II restriction and
modification system most similar to that of the cyanobacterium
Nostoc (gi547934). Genes for two other proteins, proteic killer
and HicA, are shared with Nostoc (gil17232769) and E. coli
(gi15804020). The CVC X. fastidiosa-specific genes with as-
signed functions include a gene for an O-antigen acetylase
that is involved in LPS modification and that is similar to

those found in S. enterica (gi16761319), Sinorhizobium meliloti
(gi16761319), Mesorhizobium loti (gi1l3474718), Neisseria men-
ingitidis (gi15795071), and Pseudomonas (gi15600431) (12, 34)
and an additional drug resistance translocase gene that is
most similar to genes identified in Caulobacter crescentus
(gi16127299), Mycobacterium tuberculosis (gi15841836), and M.
loti (gi13472297). This gene is located, along with 71 other
specific genes, on the CVC-specific island described below.
The apparently diverse origins of the specific genes with as-
signed functions in the two strains are also reflected in con-
served hypothetical genes that are similar to the genes of a
large, unrelated group of bacteria including Xanthomonas,
Pseudomonas, Ralstonia, Listeria innocua, Agrobacterium tu-
mefaciens C58, C. crescentus, and even, for one gene in CVC
X. fastidiosa, the distantly related eubacterium Microscilla
(gi14485002). It appears that individual genes have been accu-
mulated in phages and transferable islands during their pas-
sage through many bacterial species before being incorporated
within the X. fastidiosa genome (26).

Genome reorganization. Alignment of the PD X. fastidiosa
Temecula and CVC X. fastidiosa 9a5c chromosomes, starting
from the putative origins of replication, highlighted three chro-
mosomal regions of the two genomes that were translocated
and inverted despite their overall identity (Fig. 2). All such
reorganization events occurred at least 250,000 bp from the
putative origin of replication (Fig. 2A), as previously observed
for other bacterial species (18). These three large rearranged
chromosomal regions and other small rearrangements were all
flanked at one border by a putative phage-related integrase,
suggesting that they were phage mediated. The PD X. fastid-
iosa Temecula chromosome harbors eight clusters of phage-
related regions, Xpdl to XpdS8, none of which is organized in
a manner similar to that of the four CVC X. fastidiosa 9a5c
prophages described previously (XfP1 to XfP4) (33). The
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FIG. 2. Chromosome alignment of PD X. fastidiosa Temecula and CVC X. fastidiosa 9a5c. (A) Nucleotide sequence alignment of both genomes,
starting at the putative origins of replication, as determined with MUMmer. (B) Chromosome backbones of both genomes, showing the relative
positions, sizes, and orientations of colinear chromosome regions detected in panel A. The direction of the arrow within each chromosome frag-
ment indicates its relative orientation. Black triangles illustrate the positions of phage-related regions and genomic islands within each chromosome.

Stretcher global alignment program (25) was used to determine
the overall nucleotide identity in a given region, enabling anal-
ysis of similarity among the phage-related regions. The Xpdl
region shares 83 and 78% nucleotide identity with CVC X.
fastidiosa 9a5c prophages XfP2 and XfP1, respectively. All of
the other CVC X. fastidiosa 9a5c prophage regions share less
than 50% nucleotide identity with the Xpd phage clusters.
Three of the phage-related regions are specific to the PD X.

fastidiosa genome, and one is involved in one of the large
rearrangements mentioned above. Three phage-related re-
gions (Xpd5, Xpd6, and XpdS8) are highly divergent from the
equivalent regions in the CVCX. fastidiosa chromosome, while
Xpd1 maintains the same borders as XfP4. We have not con-
sidered these phage-related regions to be strain specific due to
the fact that we cannot determine whether the insertion events
occurred prior to strain divergence. In addition, some genes

1sanb Aq 6T0OZ ‘ST Jeqwaldas uo /Bio°wse ql//:dny wol) papeojumoq


http://jb.asm.org/

VoL. 185, 2003

are shared by these phage-related regions. Figure 2B is a sche-
matic representation of the PD X. fastidiosa and CVC X. fas-
tidiosa chromosomes illustrating the rearrangements and the
relative positions of the prophage clusters.

Genomic islands. Genomic islands specific to each genome
were characterized on the basis of marked decreases in protein
identities, different GC contents, and codon bias. Two of these
islands, one specific to each genome, have higher GC contents,
and their relative positions are indicated in Fig. 1. In PD X.
fastidiosa Temecula, genomic island PD1 (giPD1) is 15.7 kb
long, has 61.2% GC content, and harbors an extra copy of a
hemagglutinin gene with a phage-related integrase at one end
(Fig. 3A). In CVC X. fastidiosa 9a5c, genomic island CVC1
(giCVCl1) is 67 kb long, has 63.3% GC content, and is inserted
within tRNA Gly-2 (Fig. 3B). The integrase immediately ad-
jacent to the tRNA Gly-2 gene is highly similar at the nucle-
otide (93%) and protein (87%) levels to a previously described
Pseudomonas putida strain B13 integrase (31) that is associated
with the P2 integrase/recombinase family. In Pseudomonas, the
integrase is associated with a self-transmissible 105-kb clc ele-
ment that carries the cIcRABDE genes encoding chlorocat-
echol-degradative enzymes. It is interesting that different inte-
grases can share common integration target sites (39). The
integrase characterized for giCVCl is targeted to the glycine
tRNA structural gene (glyl), like the integrase associated with
the Pseudomonas self-transmissible element.

In an attempt to correlate the presence or absence of the
genomic islands with a disease phenotype, PCR analyses were
performed to characterize their distributions in different X.
fastidiosa strains. Primers were constructed for the island bor-
ders. Table 3 shows the giCVCl distribution in 64 strains of X.
fastidiosa isolated from different hosts and different geograph-
ical regions. The flanking regions of giCVCI are the same as
the corresponding regions in the PD X. fastidiosa Temecula
genome, except that the whole region is inverted relative to the
origin of replication. The use of the same flanking primers
produced, after PCR amplification, a product of 4,587 bp
for the PD X. fastidiosa genome, indicating the absence of
giCVCIl. However, three distinct groups were identified based
on the sizes of the amplified products (Table 3). The CVC
group, which contains all or part of giCVC1, comprises most of
the tested Brazilian strains regardless of host (citrus, coffee,
hibiscus, and periwinkle). Surprisingly, the PD group, which
does not have giCVCl1, was subdivided into two groups. One
group comprises strains isolated from grapevine, mulberry,
almond (ATCC 35870), and oleander, with an amplified frag-
ment of approximately 4.6 kb. The second group, comprising
strains isolated from plum in Brazil and the United States and
from almond (ATCC 700965), elm, oak, and periwinkle in the
United States, produced a smaller amplified fragment (2.9 kb).
These results are consistent with the existence of different
groups of strains of Xylella in North America and South Amer-
ica, as suggested previously (8, 28), with the exception of the
plum strain isolated in Brazil. This strain had a pattern similar
to that of the North American strains, a fact that could be
indicative of its recent introduction into Brazil via infected
seedlings.

In PD X. fastidiosa, giPD1 is located within the phage-re-
lated region Xpd2 (Fig. 3A). PCR analysis of this region in 30
different X. fastidiosa strains revealed a pattern more variable
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than that obtained for the giCVC1 distribution. The presence
or absence of giPD1 could not be correlated with the groups
described above, as both PD and CVC strains may contain this
island. Careful inspection of the genome around giPD1 en-
abled us to characterize a 68.8-kb region that could represent
the ancient insertion of a prophage and/or a conjugative trans-
poson related to the Tn2/ family. Transposon ends similar to
those of Tn5053 were detected at both extremities of the pro-
posed region, and a degenerate copy of the transposase was
also found within the island. Tn5053 was originally described
as a transposon which carries the mercuric resistance operon
described for Xanthomonas (20). One interpretation of the
PCR results is that giPD1 was already present in the ancestral
Xylella genome prior to the divergence of the 30 strains studied
here and that the evolution of each strain, irrespective of the
plant host, was characterized by multiple losses from this an-
cestral island. On the other hand, it seems that giCVCl is
limited to Brazilian X. fastidiosa strains. Therefore, it is rea-
sonable to infer that this island is a recent acquisition by the
original strain that spread to South America that nevertheless
occurred prior to its expansion. It is interesting that part of
giCVC1 was also observed in X. axonopodis pv. citri (9), which
causes citrus canker.

The biology of Xylella-induced disease is poorly understood,
and the grouping of strains has been a strategy devised in part
to develop effective disease management measures. Different
techniques have been used to try to establish pathovar or
subspecies categories not necessarily focused on the evolution
of the group. Qin et al. (30) proposed the following natural
groups of strains: 1, citrus and coffee; 2, grapevine, almond,
and ragweed; and 3, elm, oak, and plum. Chen et al. (6)
proposed three strain groups based on 16S ribosomal DNA
sequences: 1, citrus and coffee; 2, grapevine and mulberry; and
3, elm, oak, peach, plum, and periwinkle. Based on our analysis
of giCVC1, we propose three groups of strains: 1, citrus, coffee,
and possibly other South American strains; 2, grapevine, mul-
berry, oleander, and some almond strains, all from North
America; and 3, elm, oak, plum, periwinkle, and some almond
strains, again all from North America. Hendson et al. (16)
showed that with the exception of some almond strains, all X.
fastidiosa strains isolated from the same host had identical
sequences for the intergenic spacer of rRNA genes. The two
almond strains that we examined are distinguished by the size
of the amplified fragment corresponding to giCVC1 and by the
presence of giPD1.

The presence of genomic islands in different closely related
strains is known to represent the gain of adaptive traits by an
organism; examples include the Mesorhizobium symbiotic is-
land (35) and the LEE islands of enteropathogenic E. coli
strains (23). The acquisition of such islands can result in evo-
lution by quantum leaps. A comparative analysis of the two X.
fastidiosa genomes permitted the identification of such islands
in both genomes, although their adaptive functions remain to
be demonstrated. Essentially all of the differences between the
PD X. fastidiosa Temecula and CVC X. fastidiosa 9a5c ge-
nomes can be accounted for by the numbers and relative po-
sitions of clusters of phage-related genes and insertion or de-
letion events, among which giPD1 and giCVCl1 are included. If
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TABLE 3. Distribution of genomic islands in different
strains of X. fastidiosa”

Distribution of:

Host Strain Origin _
giCVCl (kb)® giPDI
Grapevine Temecula United States - (45) +
Grapevine Fetzer United States - (45) +
Grapevine Traver United States - (45) +
Grapevine IAPAR 9715 United States - (45) +
Grapevine ATCC 35881 United States - (45) -
Grapevine ATCC 35877 United States - (45) -
Mulberry  ATCC 35868 United States - (45) -
Mulberry  ATCC 35869 United States - (45) -
Oleander  ATCC 700598 (Annl) United States - (45) -
Almond ATCC 35870 United States - (45) +
Almond ATCC 700965 (Dixon) United States - (29) -
Elm ATCC 35873 United States -(2.9) -
Red oak  ATCC 35874 United States - (2.9) ND
Plum ATCC 35871 United States -(29) -
Plum IAPAR 9746 Brazil -(29) -
Periwinkle ATCC 35878 United States - (2.9) -
Periwinkle IAPAR 12319 Brazil + -
Hibiscus Hib#6-CCSM-BR Brazil + -
Coffee Inst. Biologico Brazil + -
Coffee C13-CCSM-BR Brazil + -
Coffee CCT 6755 Brazil + -
Citrus 9a5¢ Brazil + -
Citrus CCT 5671 Brazil + -
Citrus 20.06/HC16 Brazil + -
Citrus Repl5 Brazil + -
Citrus 5R1 Brazil + -
Citrus X1 Brazil + -
Citrus TIAPAR 11834 Brazil + +
Citrus IAPAR 11775 Brazil + +
Citrus IAPAR 11066 Brazil + +

¢ In the absence of giCVCl, the size of PCR fragments obtained with primers
flanking giCVCl is indicated. —, absence of the genomic island; +, presence of
the genomic island; ND, not determined. The same results were also obtained for
another 4 coffee strains and 30 citrus strains. For a full list of strains and sources,
refer to the supplementary information mentioned in the text.

prophage regions are excluded and rearrangements are reori-
ented, the genomes of both X. fastidiosa strains are very similar
and colinear. We propose that the evolutionary divergence of
the two sequenced X. fastidiosa strains is thus mainly due to
lateral gene transfer mediated mostly by phage vectors. It is
noteworthy, however, that there have been fewer lateral gene
transfer events in the X. fastidiosa genomes than can be de-
tected based on a comparison with E. coli strains (27). Despite
the genome rearrangements, the most significant conclusion to
be drawn from the sequencing of the PD X. fastidiosa Te-
mecula genome is that many of the genes in the two X. fastid-
iosa strains are highly similar, including not only those involved
in basic cellular housekeeping but also many of those likely to
have a direct role in pathogenicity. This conclusion suggests
that the diseases caused by different X. fastidiosa pathotypes
most likely rely on the expression of a common set of genes to
allow the bacteria to become established in planta. This pos-
sibility of common pathogenic mechanisms implies that func-
tional genomics studies of the two organisms would share sig-
nificant common ground, and their integration might
accelerate advances in combating both PD and CVC. In this
regard, critical cross-infection experiments with PD X. fastid-
iosa and CVC X. fastidiosa strains and reciprocal hosts would
be of great immediate interest to evaluate this hypothesis.
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ADDENDUM IN PROOF

The polygalacturonase gene was amplified and sequenced
from 11 strains of X. fastidiosa (see list in supplementary ma-
terial). Besides the CVC X. fastidiosa 9a5c strain all the citrus
and coffee strains examined showed the same frameshift, while
other strains including mulberry, almond, and grape isolates
did not show the frameshift.
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