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ABSTRACT

Computational analyses of four bacterial genomes of th¥anthomonadaceadamily reveal
new unique genes that may be involved in adaptation, pathogenicity, and host specificity.
The Xanthomonasgenus presents 3636 unique genes distributed in 1470 families, while
Xylella genus presents 1026 unigue genes distributed in 375 families. AmoXgnthomonas
specific genes, we highlight a large number of cell wall degrading enzymes, proteases, and
iron receptors, a set of energy metabolism genes, second copy of the type Il secretion sys-
tem, type Il secretion system, flagella and chemotactic machinery, and the xanthomonadin
synthesis gene cluster. Important genes unique to thé¢ylella genus are an additional copy

of a type IV pili gene cluster and the complete machinery of colicin V synthesis and secre-
tion. Intersections of gene sets from both genera reveal a cluster of genes homologoate
monella’sSPI-7 island in XAC and Xf-9a5c, which might be involved in host specificity. Each
genome also presents important unique genes, such as an HMS cluster, kdgT gene, and
O-antigen in Xanthomonas axonopodipv citri; a number of avrBS genes and a distinct O-
antigen in Xanthomonas campestripv campestris,a type | restriction-modification system
and a nickase gene irXylella fastidiosa9a5c, and a type Il restriction-modification system
and two genes related to peptidoglycan biosynthesis Xylella fastidiosatemecula 1. All these
differences imply a considerable number of gene gains and losses during the divergence of
the four lineages, and are associated with structural genome modifications that may have a
direct relation with the mode of transmission, adaptation to specific environments and path-
ogenicity of each organism.
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INTRODUCTION

ylella and Xanthomonasre two genera in the gamma subdivision of the proteobacteria that belong to

the same family, th&anthomonadacead\ll known species in these genera are phytopathogens. In
this paper, we compare four species in this family, the only ones for which complete genomes are publicly
available.

In the Xylella genus, two genomes have been publish@della fastidiosa9a5c (Xf-9a5c), the causal
agent of citrus variegated chlorosis (CVC) (Simpson et al., 2000)Xyeta fastidiosaTemecula 1 (Xf-
temecula), the causal agent of Pierce’s disease, which affects grapevine (Van Sluys et al., 2003). Two ad-
ditional species have been partially sequenggtella fastidiosaAnn-1 (infects oleander) angylella fas-
tidiosa Dixon (infects almond) (Bhattacharyya et al., 2002a,b). Inkdnethomonagenus, for two species
there are complete genomes publicly availaknthomonas axonopodi citri (XAC) and Xanthomonas
campestrigov campestrigXCC) (da Silva et al., 2002).

Some previous comparative analyses involving these species have been done. Bhattacharyya et al.
(2002a,b) compared Xf-9a5c with tie fastidiosaAnn-1 and Dixon strains. Van Sluys et al. (2003) com-
pared Xf-9a5c and Xf-temecula. Da Silva et al. (2002) and Lima et al. (2005) compared tKantwo
thomonasspecies. Van Sluys et al. (2002) compared the genomes of eight plant-associated bacteria, in-
cluding Xf-9a5c, XAC, and XCC. Finally, Moreira et al. (2004), using the common citrus host as a reference,
compared Xf-9a5c and XAC. These analyses have shown that the genomes of all four organisms are closely
related, while highlighting significant differences. In this paper, we present the first analysis of all four com-
pletely sequenced representatives of Xamthomonadacea&Ve expand on previous analyses and report
several new results. These results shed new light on the pathogenicity mechanisms used by these organ-
isms and bring understanding of the evolution of these related pathogens to a new level.

General features of Xylella

Xylella fastidiosals a fastidious and xylem-limited bacteria that causes a great variety of diseases in dis-
tinct plant hosts (over 100 plant species), such as Pierce’s disease of grape, periwinkle wilt, phony peach
disease, citrus variegated chlorosis, and almond, plum, elm, maple, oak, and sycamore leaf scorches (Hend-
son et al., 2001; Hopkins, 1989; Purcell, 1980; Wells et al., 1987). Although these strains are generally clas-
sified as a single species, some genetic studies suggested the existence of multiple species (Schaad et al.,
2004). Xylella cells are approximately 0.3—0i6n in diameter and 3—am in length, with a single chro-
mosome of approximately 2.6 Mbp, and may contain plasmids (Holt, 1994; Wells et al., 1981). Transmis-
sion of Xylellainvolves the obligatory participation of specific insect vectors (leafhoppers), entering the oral
apparatus of insects while they feed on phloem sap from plants (Lopes et al., 1996). Inside the xylem, these
bacteria cause vessel occlusion through cellular agglutination, a process that seems critical for the develop-
ment of symptoms, which include chlorotic areas on the upper side of leaves, reduction of fruit size and hard-
ened consistence (Chang, 1993; Lee, 1993; Rossetti, 1990). The two isolates we analyze here, Xf-9a5c and
Xf-temecula, are responsible for reduction of citrus and wine production in S&o Paulo state (Brazil) and Cal-
ifornia (USA), respectively. Xf-9a5c¢ has a single chromosome of 2.67 Mbp and two plasmids, with a total
of 2249 coding sequences (CDSs), 58.4% of which have been assigned putative functions (Simpson et al.,
2000; Van Sluys et al., 2002). Xf-temecula carries one chromosome of 2.51 Mbp and one plasmid, with 2066

@)predicted CDSs, 68.1% of which were assigned putative functions (Van Sluys et al., 2003) (Table 1).

General features of Xanthomonas

Infections induced byXanthomonasspp. have been described for 124 monocotyledons and 268 di-
cotyledons, generally inducing tissue necrosis, vascular or parenchymal diseases, and damage of leaves and
fruits that induce plant decline (Long and Staskawicz, 19¢)thomonasells are rod shaped, with a di-
ameter of 0.2-0.em and a length of 0.8-2/8m, with a single chromosome of slightly more than 5 Mbp
that may be associated with plasmids (Swings and Civerolo, 1993).

XAC is the causal agent of citrus canker, a disease characterized by the formation of canker associated
with water-soaked lesions on leaves, generally surrounded by chlorotic haloes (Gottwald and Graham, 2000).
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The surface penetrating necrotic lesions on fruit lead to abscission of fruit and general tree decline, caus-
ing great losses in citrus production (Gottwald and Graham, 2000). These bacteria can survive and multi-
ply outside the host as epiphytic organisms, but in contact with stomates, hydathodes, water pores or le-
sions of plant tissues, they may colonize the mesophyll producing the classical symptoms of the disease in
compatible hosts. Dissemination and transmission generally occur through bacteria exudates derived from
lesions under wet weather and by splash dispersal at short range, windblown rain at medium to long range,
and human-assisted movement at all ranges (Graham et al., 2004). XAC contains one chromosome of 5.17
Mbp and two plasmids with a total of 4313 CDSs, 64.7% of which have been assigned a putative function
(da Silva et al., 2002) (Table 1).

XCC is the causal agent of black rot in cruciferous plaBtagsicasp) and also infects weeds, includ-
ing Arabidopsis thalianaXCC propagates from host to host through the same mechanisms as XAC, but
causes a systemic infection (Schaad and Alvarez, 1993). In compatible hosts, XCC induces marginal leaf
chlorosis, darkening of vascular tissue, extensive wilting, and necrosis. Its cells contain a single chromo-
some of 5.07 Mbp with 4182 CDSs, 65% of them with assigned putative functions (da Silva et al., 2002)
(Table 1).

MATERIALS AND METHODS

Gene clusterization

We clustered genes into a set of gene families, using results from an all-against-all BLAST analysis
(Altschul et al., 1997) for all proteins coded by the four genomes. The clustering was performed in three
steps: first, we selected all pairs of bidirectional best hits with e-valued®f2°, creating mutually ex-
clusive families of two members each. In the second step, a singletog geiseadded to an already ex-
isting family of sizen if at least the firsk BLAST hits of g belonged to that familyk(= 0.8n; the value
0.8 was empirically derived). The last step joined families. Two fanfiliaadf, were joined if each had
a sufficiently high number of genes with a sufficiently high number of hits in the other family. “Sufficiently
high” threshold was chosen to be 80%. These criteria were derived from similar ones used by Digiampi-
etri et al. (2003).

We call a geng unique (or specific) to genomeif it is a singleton or if it belongs to a gene family
that does not include members from other genomes (a paralogous family). This definition is extended in
the obvious way to declare genes unique to two genomes with respect to the other reference genomes. The
set of genes shared by two or more genomes (orthologous families) are all genes in the families that have
at least one gene from each reference genome. The set of paralogous genes fronx geicomerised
of the genes in families that contain at least two genes from gexome

Phylogenetic analysis

Selection of homologous genes for phylogenetic analysis was performed through different methodolo-
gies for isolated and concatenated genes. Isolated genes were compared to sequences in the UNIPROT data-
base (Apweiler et al., 2004) using BLAST (Altschul et al., 1997), and valid matches were selected based
on varying degrees of sequence identity, alignment coverage and e-value. Concatenated alignments were
built for putative operons by selecting, for each gene in a well defined seed cluster from a certain organ-
ism (usually XAC or XF-9a5c), all homologous sequences from the KEGG (Kanehisa et al., 2004) and
COG (Tatusov et al., 2001) databases, and later selecting all homologous CDSs in different genomes that
were separated by no more than ten CDSs from other homologous genes of the same seed cluster. Some
genes and organisms were then dropped in order to avoid missing genes in the final alignment.

Once a set of homologous sequences was chosen for each gene, selected sequences were aligned using
CLUSTALW, version 1.74 (Thompson et al., 1994), with default parameters, and conserved regions were
selected using the program GBLOCKS (Castresana, 2000). When dealing with clusters, alignments were
concatenated at this point. All alignments were then analyzed by the PROTML program (Adachi and
Hasegawa, 1996) for maximum likelihood inference of phylogenies, using the Poisson model of amino acid
substitution.
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Integrase classification and putative insertion/deletion islands (PinDels)

Phage insertions and transposases are known mediators of rearrangements and horizontal gene transfer
events, and we searched putative insertion/deletion events (PinDels) associated with phages. We defined
PinDels as regions flanked by phage integrase genes and rich in hypothetical and phage-related genes. In
a second step, we also accepted, as PinDels, regions without flanking integrases but with significant GC
and codon biases, and also rich in hypothetical and phage-related genes. The GC and codon biases were
computed following Karlin’'s methodology (Karlin, 2001).

As a complement to the analysis above, integrases were classified based on two criteria: (i) sequence Sim<
ilarity and (i) integration site class (Table 2). Based on sequence similarity, four distinct paralogou
were formed for integrases (I, I, lll, and IV), and an independent group was defined for recombinases XerC
and xerD. Three integration site classes were defined: (A) integrases flanked by t-RNA genes, (B) integrases
flanking PinDels but not t-RNAs, and (C) integrases with no flanking t-RNAs or located inside a PinDel.

Determination of putative terminus of replication was based on maximum value for the cumulative strand
bias (Lobry, 1996).

RESULTS

Structural comparisons and PinDels of the four genomes

Figure 1 illustrates the rearrangements of relevant gene clusters among the genomes ofXte- f€
thomonadaceaeGraphs below each genome map represent variations in genome composition, mea
by codon and GC biases.

In Xf-9a5c, four complete phages were found (Simpson et al., 2000), which could have been acquired
from soil-inhabiting bacteria or directly by siphophage (Bhattacharyya et al., 2002a; Bhattacharyya et al.,
2002b). In addition, 22 CDSs coding for phage proteins were found dispersed on the Xf-9a5c genome and
in 11 PinDels (Fig. 1). Nunes et al. (2003) described eight of these Xf-9a5c PinDels as regions found only
in citrus-relatedXylella strains (in parenthesis the designation given by Nunes et al.): PinDel-1 (pGl2), Pin-
Del-2 (GI1), PinDel-3 (GI3), PinDel-4 and PinDel-5 (GI2), PinDel-6 (Gl4), PinDel-7 (pl1), PinDel}, (Gl
and PinDel-11 (pG). Nunes et al. (2003) described a strong correlation of these regions with unique genes
of Xylella. We detected two new PinDels, which we called PinDel-9 and PinDel-10. Interestingly, PinDel-

6 is an inverted repeat, that is, it is composed by hypothetical and phage-related proteins that are duplicated
and in reverse order. Xf-9a5c integrases flank all four phages and six PinDels (Table 2). All integrases of
group Il flank a phage or a PinDel (B-11). The majority of group | and all group IV Xf-9a5c integrases are
flanked by tRNA genes (A-l1 and A-IV in Table 2). Also, six Xf-9a5c integrases (3, 4, 7, 13, 16, and 17)
are positioned at the border of regions that characterize rearrangements when compared to Xf-temecula,
and not just four, as described by Van Sluys et al. (2003). Therefore, sequence similarity and integration
site classes are correlated, and all rearrangements betwexyldle strains could have been induced by
phage insertion.

Although no complete phage insertion was found in Xf-temecula, 139 CDS’s are grouped in 10 PinDels,
8 of which were previously described (Van Sluys et al., 2003). Xf-temecula PinDel-2 is located very close
to the replication terminus (Fig. 1). Previous analysis has suggested that Xf-temecula PinDel-6 could have
originated from a fusion of two different phages (Van Sluys, et al., 2003).

In Xanthomonashe number of genes coding for phage proteins is much smaller, with 35 CDSs in XAC
and 43 CDSs in XCC (Moreira et al., 2004). No complete phage is present in XAC and a single phage ((Lf)
is found in the XCC genome. We identified thirteen PinDels in XAC and seven in XCC, all flanked by
phage integrases, except PinDel-3 and PinDel-7 from XCC, which were identified based on anomalous GC
content. PinDels 1, 2, 5, 6, 7, 8, 9, 10, 12, and 13 in XAC and 3, 4, 5, and 6 in XCC might have been in-
serted or lost after divergence of the two strains. PinDel-3 of XAC is homologous to PinDel-1 of XCC and
the same holds for PinDel-4 and PinDel-11 of XAC and PinDel-2 and PinDel-6 of XCC, respectively. While
Xanthomonagresents a smaller number of integrases and phage-related proteiKgldianit has many
genes coding for transposases, which are not so abundéyielta.
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The location of one copy of the type Il secretion system (T2SS) genes, a cluster known as xcs (Fig. 1),
is interesting. Although this system is absent fidptella, the regions irXylella homologous to the xcs
flanking regions from XAC (A and B in Fig. 1) are joined together (Moreira et al., 2004). The pattern is
the same as the one found for the flanking clusters (C and D) of genes in the type Ill secretion system
(T3SS), which are also neighborsXylella (Moreira et al., 2004). Although the copies of T2SS xps and
xcs are located at different regions in the XAC genome, these clusters belong to homologous translocated
regions containing recombinases xerC and xerD (Fig. 1), also observed in Xf-9a5c. These two proteins are
important to separate concatenated chromosomes during replication and have been involved in genome re-
arrangements (Hendricks et al., 2000). RegiorfiBT( uvrB and a tRNA-Val gene) flanks genes in the
Type IV secretion system in XAC, and is found between rearrangements Il and Il in Xf-9abc, and up-
stream to rearrangement Il in Xf-temecula.

For XAC, we have classified the integrases in three groups of sequence similarity and identified so
that are homologous to théylella integrases (Table 3). Although we have not found any correlatio%@
tween sequence similarity group and integration site class in XAC, eleven of eighteen integrases flank-Pi
Dels. In XCC nine of twelve integrases flank PinDels.

Analysis based on presence/absence of genes

Although many unique genes were described in previous work (da Silva et al., 2002; Moreira et al., 2004;
Simpson et al., 2000; Van Sluys et al., 2002; 2003), a careful and detailed analyses of Xenfour
thomonadaceaeevealed new unique genes and systems, which seem to be involved in the processes of
adaptation, colonization, and pathogenicity. These genes were classified into four distinct major groups: (i)
genes unique to each strain; (ii) genes unique to each genus; (iii) genes unique to the intersection of strains
of different genera; and (iv) genes uniqueXemthomonasnd Xylella genera, that is, genes not found in
organisms that do not belong to one of these genera. In the presentation that follows, these categories were
divided into two subclasses: genes arranged in tandem, that is, close enough to be considered members of
a gene cluster, and scattered unique genes.

Unique genes in each genome
Table 4 gives the number of unique genes in each genome with respect to the others as well
genes in combinations of genomes. The composition of these gene sets is analyzed next.

XAC-specific genesThere are 18 clusters of unique genes in XAC, which weX@lCn, where the
first Xa stands forXanthomonas axonopodidC highlights that this is a unique cluster ants a number
from 1 to 18 (Table 5). XaUC1 (XAC0855-XAC0860) includes an ABC transporter permease cofip
previously described as unique by da Silva et al. (2002), composed by the soppDjtsppC andoppB
and an associated oligopeptide binding protgipA(Fig. 2, square 8C). The cointegrate resolution proﬁ
subunits (SST) form a gene cluster (XAC3227-XAC3229) inside the region XaUC12, with a Tn5044 tran
posase gene (XAC3226) located upstream of the cluster and another transposase downstream, after three
hypothetical genes. We note that XAC3227 and XAC3229 are homologous to integrase and cointegrase
genes found in the pXAC64 plasmid (XACb0009 and XACb0010, respectively) and in a T3SS cluster from
X. campestrigpv. vesicatoriagenome (Noel et al., 2003). The entire sequence of XAC3228, on the other
hand, is highly similar to the N-terminal region of XAC3227, and thus seems to be a truncated copy of this
gene. HMS proteins (Pendrak and Perry, 1991) form a single cluster comprising the subunits R, F, and H
(XAC1811-XAC1813), known as pigmentation loqusgin Yersinia pestigYp) (Fig. 2, square 7C). This
cluster is inserted inside the XaUC15 region and is involved in uptake and storage of exogenous hemin
groups (Pendrak and Perry, 1991; Schubert et al., 1998). XAC also has a Xaml adenine-specific methyl-
transferase (XAC2436) and a type Il Xaml restriction enzyme (XAC2437) (da Silva et al., 2002; Gomez
et al., 1997) (Fig. 2, squares 12F and 13F). These genes are located inside region XaUC9, which is com-
posed by 29 CDSs, including 21 unique genes flanked by a tRNA-A, and six transposases, one phage and
four plasmid-related proteins. The richness of plasmid-related and transposase genes suggests the involve-
ment of plasmids in the acquisition of this region. The cluster formed by four pyridine nucleotide transhy-
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Structure and composition of the four genomes. Each genome is depicted based on three parameters: struc-
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FIG. 1.

GC content variation, and codon bias variation. The key to symbols used are given bsllaethe

section. Gene clusters related to pathogenicity or adaptation are depicted by numbered black arrows just above the GC

content graph; the key to numbers is given belowXdwethomonasection. The vertical dashed line represents our es-

timate for the location of the terminus of replication.



MOREIRA ET AL.

TasLe 3. XAC anp XCC UnNiQUE GENE CLUSTERS

XAC ORF number Phage ORF with
XAC Transposases proteins (int) tRNA problem
>Island Initial Final T (U) PinDel CHP/HP HXAC/UXAC HXAC/UXAC XAC HXAC/UXAC

XaUC01 0843 0860 18 (13) — —/3 —/— —— — 2/—
XauUC02 0918 0924 07 (04) — —/— —/— —— — —/2
XauC03 1101 1108 08 (05) 2 —/2 2/— (1)1 S ——
XauC04 1489 1511 23 (13) 3 3/7 2/— (21 tm 1/—
XaUC05 1809 1818 10 (05) — —/2 —/— —— —/—
XauUCo06 2174 2204 31 (15) 5 4/6 2/— (2)/2 — —/1
XauCo07 2214 2234 31 (13) 6 2/3 2/— (2)/2 — ——
XauC08 2269 2286 18 (13) 7 417 —/— (1)1 — —/—
XauC09 2417 2245 29 (21) 8 5/6 5/1 +1#/3# A —/1
XaUC10 2901 2904 04 (04) 10 3/— —/— —/(1) — —/—
XaUC11l 3018 3025 08 (08) — —/8 —/— —/— — —/—
XaUC12 3221 3234 11 (09) — —/4 3/1 —/— — —/3
XaUC13 3251 3299 48 (23) 11 2/18 3/— —/2# G 1/2
XaUC1l4 3503 3531 29 (08) — 1/5 2/— —/— — 4]—
XauUC1l5 3702 3732 31 (08) — —— —/— —— — 1/1
XaUC1l6 3763 3786 24 (15) 12 6/7 2/— 1)— M 2/1
XaUC17 3932 3989 58 (28) 13 10/11 32 —/(1) A 1/—
XaUC18 4112 4148 37 (27) — 16/5 1/1 —/— — 1/2
Total — — 425(232) 10 56/94 2715 S(FLH#/11(4p-4# 7 13/13

XCC ORF number Phage ORF with

XCC Transposases proteins (int) tRNA problem
)Island Initial Final T (U) PinDel CHP/HP HXCC/UXCAC HXCC/UXcC XCC HXCC/UXCC

XcUCO01 0319 0347 29 (20) — 5/8 —/— —/— — —/—
XcUC02 0524 0545 22 (08) — 3/1 3/— —— — —/—
XcUC03 0599 0618 20 (10) — —/1 4/1 —— — 1/1
XcUC04 0735 0751 17 (08) — 3/4 —— —— — ——
XcUCO05 1307 1321 13 (06) — 3/3 —/— —— — —/—
XcUCO06 1446 1463 18 (09) 1 4/3 4/ 2(1)1 — —/—
XcUCO07 2091 2113 22 (16) 4 3/2 3/1 /(1) GGLC —/—
XcUC08 2413 2429 17 (07) — 1/2 —/— —— F —/—
XcUC09 4048 4051 04 (04) — 1/— —/— —— — —/—
Total — — 162 (88) 2 23/24 14/2 2(1)/2(1) 2 1/1

XaUCn, XanthomonasaxonopodidJniqueCluster numben; XcUCn, XanthomonasampestridJniqueCluster num-
ber n; T, Total; U, Unique;PinDel, Putative insertion orDeletion; CHP, Conserved Hypothetical Proteins; HP,
Hypothetical ProteinsHXAC or HXCC, homologouslUXAC or UXCC, Unique;Int, integrases?Plasmid-related

protein.

drogenases (XAC0918-XAC0924) was named XaUC2 and hagrtfosubunits (both with frameshifts)

that promote the reversal conversion of NAD in NADP, and fwiB subunits that promote the transhy-
drogenation of NADH and NADPH. XaUC6 is formed by 31 genes and has a unique hemolysin-type cal-
cium binding protein, placed side by side witliD andhlyB genes, coding for the T1SS machinery. Other
elevenXaUCn regions are clusters of unique genes composed almost entirely of hypothetical proteins, al-
ways accompanied by phage proteins or transposases and usually flanked by tRNAs (Table 3).

Lima et al. (2005), based on atypical GC content and codon bias, described five other unique regions in
XAC. Although no genes in these five clusters presented relevant functions, some isolated genes have known
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XANTHOMON/A AND XYLELLACOMPLETE GENOMES

TaBLE 4. NumBER oF UNIQUE GENES AND FAMILIES FOR ALL INTERSECTIONS OF THE FOurR GENOMES

XAC XCC Xf-9a5c Xf-temecula

XAC P 198 208 2046 16 2

H 453 457 1590 31 0
XCC P 752 188 215 2 6

H 718 335 340 6 2
Xf-9a5c P 8 1 74 82 419

H 15 3 165 179 607
Xf-temecula P 1 2 147 74 82

H 0 1 228 30 36

Gray background cells show the number of unique gene families per genome or genome intersection. White back-
ground cells show the number of unique genes. P, genes with a putative function; H, hypotetical and conserved hypothet-
ical genes.

functions, like an antirestriction protein that inhibits both restriction and modification by each of the four
type | restriction systems iBscherichia coli(Delver et al., 1991), two drug resistance gemeatf) that
mediate resistance against specific drugs, two genes related to pectin degradation, an important step in plant
tissue colonization and pathogenicity, and two components of the type V autotransporter secretion system
involved in translocation of specific proteins across the outer membrane via a transmembrane pore.
Among scattered unique genes of XAC, we highlight the gene that codes for 2-keto-3dgozgnate
transport system, namé&dgT(XAC0337), involved in uptake and transport of degraded pectin into the cell
(Fig. 2, square 9C), which is placed near two copies of ISXac3 transposases. Although XCC does not have
a copy ofkdgT, genes flankindgcdgTin XAC show a conserved order in XCC. Two genes involved in phy-
toene metabolism (XAC2744 and XAC3594), an important precursor of carotenoid biosynthesis, were also
found in XAC and may be components of a photoprotection system that is not mediated by xanthomonadins.
Three copies of XAC peptidases have homology to pseudomonapepsin and xanthomonapepsin car-
boxypeptidases, involved in oligopeptide absorption and degradation (da Silva et al., 2002) (Fig. 2, square
8C). XAC also contains one hrp-associated gbpal (XAC0391), which is part of T3SS and is not found
in XCC.

XCC-specific genesAs was done above for XAC, we named genomic regions in XCC enriched with
unigue genes ascUCn (Table 5). XcUC1 (XCC0319-XCC0347) includes a cluster of genes that code for
proteins involved in xanthomonadin biosynthesis. This region has a total of 29 genes, 20 of which are found
only in XCC, among the four bacteria. Six genes between XCC0332 and XCC0342 align to the amino ter-
minal region of theXxanthomonas oryzae pv. oryzae pigehe, with high similarity, suggesting a tandem
duplication event. XcUC3 has 10 unique genes involved in biosynthesis of LPS O-antigen and the LPS core
(XCC0599-XCC0618), previously described by Vorho#teal. (2001). According to these authors, knock-
out of genes in this region may impact on XCC pathogenic interactions with the host. Interestingly, this
cluster is positioned downstream of #@AB rmcABCDandispJi gene clusters, all related to LPS biosyn-
thesis (Steinmann et al., 1997; Vorholter et al., 2001). Comparing XcUC3 with the genome of XAC, we
note that a uniqgue XAC gene cluster, named as XAC5 by Lima et al. (2005), is placed at a locus ho
gous to XcUC3 and has two ABC transporterad andgmd in common (Fig. 3a). Other genes that #%@
inserted into XAC5 have functions that might be related to LPS biosynthesis. Therefore, a detailed -
tional analysis of this cluster in XAC may reveal new genes involved in LPS biosynthesis (Fig. 3b).

XCC has a cluster of seven genes that may be required to assimilate and convert nitrate and nitrite into
ammonium (da Silva et al., 2002) (Fig. 2, squares 71 to 7K). This cluster is placed at the end of replication
and upstream of other three XCC unique regions (XCC2, XCC3, and XcUC7) (da Silva et al., 2002). XcUC7
and XcUC9 have a total of four copies of avirulence/effector protein-coding genes, which are very impor-
tant to plant-host interaction and mediate bacteria colonization of compatible plants. Another important
unigue gene cluster is composed by three enzymes of the type Il restriction-modification system (Fig. 2,
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TaBLE 5. XANTHOMONAS UNIQUE GENE FAMILIES , ORGANIZED BY PUTATIVE FUNCTION

Product XAG XCeP No. of familie§ Largest

50S Ribossomal proteins 6 6 6 —

ABC transporters 6 6 6 —
Acethyltransferases 8 8 8 —

Acyl proteins 21 20 13 683 (5)
Chemotaxis proteins 35 36 12 1029 (19)
Conserved Hypothetical proteins 775 784 713 5393/1329 (9)
Cytochromes 17 19 13 132/133 (3)
Dehydrogenase 7 6 5 2112 (3)
Flagellar proteins 30 30 30 —
Glutathione S-transferase 12 9 9 1254/1743/4689 (2)
Glycosyl proteins 8 8 8 —

Gum proteins 4 4 4 —
Hpa/Hrc/Hrp 27 26 23 1104/1120/717/409 (2)
Hydrolase 12 12 11 4994 (2)
Hypothetical 22 10 5 51/5392 (7)
Inner membrane protein 4 6 4 5210 (3)
Integral membrane protein 5 5 5 —
Integrase 4 2 2 5236 (3)
Transposase 85 70 5 161/4727 (21), 2670 (17)
Membrane protein 7 6 6 5727 (2)

MFS transporter 11 12 9 1884/1902/2097 (2)
Molybdenum/molybdopterin proteins 9 9 8 1656 (2)
Outer membrane protein 22 17 10 2025 (9)
Oxidoreductase 14 16 11 1266 (3)
Phage-related protein 15 14 14 4912 (2)
Protocatechuate degradation 4 4 4 —

TonB receptors/like proteins 12 14 6 5486/5151 (4), 2396 (3)
Transcriptional regulator 56 55 49 1952 (4)
Two-component system 14 14 10 4958/432 (2)
Type |l secretion system protein 8 8 8 —

Vanillate degradation 4 4 3 3488 (2)

VirB proteins 8 10 6 5446 (5)

Total 1272 1250 1026 —

aNumber ofX. axonopodigv. citri genes.

bNumber ofX. campestripv. campestrigjenes.

®Number of orthologous/paralogous gene families.

dGene family id for this function with largest number of paralogous genes (the number of genes is given in parenthesis
immediately after the gene family id; when more than one family has the same number of genes, the families are separated
by slashes).

The grouping was based either on the predicted protein participation in metabolic pathways and/or the predicted protein
molecular function. Lines in bold type highlight systems discussed in the text.

squares 12G and 13G), which are inserted into the conserved region number 9 of XCC and XAC genomes,
described previously by Lima et al. (2005). The three genes of this restriction-modification system are the
only CDSs inside this region that are absent from XAC. This system is composed of a helicase subunit
(XCC1067), whose gene is located upstream of a possible DNA methylase (XCC1068), and another heli-
case (XCC1069), which may be involved in endonucleolytic cleavage of DNA, recognition of specific short
DNA sequences and cleavage of sites distant from the recognition sequence.

Previous analyses involving XCC and XAC revealed other five regions unique to XCC (Lima et al.,
2005). The most interesting among these clusters is XcUC7 (region 4 of Lima et al.), which includes sev-
eral transposases and a gene that codes for a tannase protein (Fig. 2, square 8l to 8K). This protein is
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important to prevent damage induced by plant tannins produced as a response to infection (da Silva et
al., 2002), and is located near some transposases and phage-related genes. XCC PinDel-4 is located
inside XcUC7, and is one of the regions in XCC with largest deviations in GC content and codon bias
(Fig. 1).

Among the scattered unique genes of XCC an avr protein, nam&dcA2(XCC2396), is important to
host-plant interactions (Table 5). Other genes include a putative malic acid transporter (XCC3392), a gene
coding for a protein related to nisin (bacteriocin) resistance (XCC3409), and a virulence associated protein
(XCC4197).

Xf-9abc—specific geneXf-9a5c has five large chromosomal unique regions with more than eight genes
and at least 95% of hypothetical or conserved hypothetical genes, always flanked by phage proteins. Xf-
9a5c has 20 genes that code for conjugal transfer proteins located in two unique regions. Eleven are in the
pXF51 plasmid and nine are in the chromosome (XF2048-XF2079).

The daunorubicin C-13 ketoreductase is a unique Xf-9a5c gene involved in antibiotic produstrep-n
tomyces peucetiughere is also a nickase protein similar tar®2 protein from anmAgrobacterium tume-
faciensplasmid, which is a site-specific endonuclease, and a plasmid maintenance protein responsible for
stable maintenance of the plasmid during cell division, both located at the pXF51 plasmid. Finally, a type
IV pilin involved in competence, an adherence associated pilin and a type | restriction-modification system
specificity determinant protein, involved in restriction of exogenous DNA sequences, are also genes unique
to Xf-9a5c (Fig. 2, squares 4F and 5F).

Xf-temecula—specific geneAmong the genomes compared, Xf-temecula presents the smallest number
of unique genes (Table 4). Xf-temecula has four unique regions that deserve attention. Three genes, in-
cluding a site-specific DNA-methyltransferase involved in restriction and modification of DNA sequences,
compose the first region (Fig. 2, squares 4G and 5G). The second region (PD0906—PD0951), is the largest
region unique to Xf-temecula with 30 unique CDSs, including 16 phage-related proteins and 14 hypothet-
ical proteins. The third region comprises four genes, a proteic killer suppression protein, involved in regu-
lation of toxin activity mediated by specific plasmids, a virulence-associated predgif), felated to in-
tegrative plasmids, and HlicA-related protein that irHaemophilus influenzaés inserted into the
Hif-contiguous pilus cluster. The fourth region has a phage-related endolysin, a type Il restriction enzyme
(nspV}, and its respective methylase (PD1667-PD1668), which are involved in site-specific restriction and
modification (Fig. 2, squares 4G and 5G).

Xf-temecula has two unique genes that are involved in cell wall formation: aNJ&fetylmuramate-
alanyl-gammas-glutamyl-meso-diaminopimelate ligase, which catalyzes the last step in the murein tripep-
tide recycling pathway, and a UDNRacetylglucosamin&-acetylmuramyl-(pentapeptide) pyrophosphoryl-
undecaprenoN-acetylglucosamine transferase, that catalyzes the last step of peptidoglycan biosynthesis.

Genes specific for several genomes

Genes unique tXanthomonaswith respect toXylella. Among theXanthomonagenes arranged in
clusters, we have found genes coding for chemotaxis proteins, flagellar structural units, copies of type
Il and IIl secretory systems and iron receptors. B&dinthomonapossess a complete set of genes in-
volved in synthesis and regulation of flagella (Fig. 2, squares 15E to 15H, and 16E to 16H) (da Silva
et al., 2002; Moreira et al., 2004). Ten XAC and nine XCC copies of a methyl chemotactic protein gene
(mcp), calledtsr, are located in a tandem duplication, comprising about 15 KbtsFlgene is involved
in capture and transference of chemotactic signals from the environment to the bacterial cytoplasm, and
responds to presence of the amino acids serine, alanine or glycine (Stock and Surette, 1994; Stock et
al., 1994; Stock et al., 1992). Phylogenetic analysimop andtsr genes from XAC, XCC and some
other bacteria have shown that, although all copiesrdh this region belong to a single clade, some
mcp genes from outside this region also cluster together with high bootstrap support values in both

genomes. Therefore, these genes must have been duplicated before divergence of XAC and XCC
eages (Fig. 4) (Moreira et al., 2004). <€
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XANTHOMON/A AND XYLELLACOMPLETE GENOMES

The type |l secretory system (T2SS) is responsible for the export of exoenzymes essential to host colo-
nization in plant pathogens (Housby et al., 1998; Lee et al., 2004; Lee et al., 2000; Thomas et al., 1997).
In Xanthomonastwo copies of this system were described (Fig. 2, square 11C and 11J), wKijteftar
strains just the copy known as xps was found (Fig. 2, square 3C and 3J) (Moreira et al., 2004). Both T2SS
clusters ofXanthomonagienomes are located in the largest genomic rearrangements between XAC and
XCC genomes (da Silva et al., 2002), near to genes coding for XerC and XerD recombinases (Fig. 4}, 2
phylogeny for the two copies of T2SS (Fig. 5) suggests that divergence between these two operoﬁ
cient, dating at least to the ancestoXahthomonadacea@loreira et al., 2004).

The type Il secretory system (T3SS) is a molecular device of gram-negative bacteria specialized in de-
livery of effectors proteins across the membrane barrier of compatible hosts (Collmer et al., 2000). Both
Xanthomonastrains have genes that code for T3SS, knowmrggenes (Fig. 2, square 11C and 11J) (da
Silva et al., 2002). There are nine XAC and thirteen X@&genes, nine XAC/XCC hrp-conserved genes
(hrc), six XAC and five XCC hrp-associated genbpd) and one unknown gene unique to XAC. Copies
of T3SS in XAC and XCC are located at non-equivalent positions, that is, they are flanked by non-homol-
ogous regions at clearly different genome loci (Fig.Xylella strains do not have a copy of this system
(Simpson et al., 2000; Van Sluys et al., 2003) (Fig. 2); they also lack a cluster that codes for poly- and
oligosaccharide (DePo) degradation, which flanks the T3SS cluster oXdmutthomonagFig. 1) (Moreira
et al., 2004).

Besides the complexes and genes cited above, thXanthomonagpresent some other unique gene
clusters that may be related to adaptation and pathogenesis. A unique cluster related to uptake and metab-
olism of carbon sources codes for a C4-dicarboxylate transport system and two tandem copies of 4-hy-
droxy-2-oxoglutarate-aldolase/2-deydro-3-deoxyphosphogluconate aldolase, related to degradation of
galactonate, might provide an alternative route for carbon uptake. A complete PTS fructose system, related
to uptake and metabolism of fructose, is present, including the subunits IIC and 1B, which are absent in
Xylella, and may easy entrance of sugars into the cell (da Silva et al., 2002) (Fig. 2, squares 9C, 9D, 9l and
9J).

Two systems related to cytochrome biosynthesis are also unigk@ntbomonasa cluster related to
cobalamin and pyrroloquinoline quinone (PQQ) biosynthesis, and three clusters coding for cytochrome D
ubiquinol oxidase IdydA and Il cydB) subunits. Cytochrome D ubiquinol oxidase was implicated in main-
taining low intracellular oxygen concentrations as a requirement for eventual nitrogen fixation in nitrogen-
fixing bacteria (Kelly et al., 1990). Théanthomonaspecies also have two unique clusters possibly in-
volved in osmotic stress: a potassium-transporting ATPase cluster, a cluster involved in putrescine binding,
and a transport protein required for the periplasmic transport of putrescine. There are also three copies of
microcystin dependent proteins, in tandem, which are related to inhibition of protein phosphatases (Sivo-
nen et al., 1992). Microcystin is a nonribosomally produced cyclic heptapeptide found in toxic strains of
Microcystis AnabaenaNosto¢ andOscillatoria (Sivonen et al., 1992).

<
-

FIG. 2. Comparative view of the Xanthomonadaceae biological processes. Comparative view of the biological
processes involved in the lifestyle of Xf-9a%¢)(Xf-temecula B), XAC (C), and XCC D). Horizontal and vertical

black lines separate each organism’s biological processes according to the environments in which they live. Using the
horizontal axis, it is possible to compare same genus organisms. The central circle represents the main chromosome
and within this circle is shown the central metabolism found in these bacteria. The central circle border alludes to the
main chromosome DNA molecule, and some unique systems were plotted on it, such as the SPI-7 island (Fig. 7) and
LPS synthesis genes (Fig. 3).

n A DF (Diffusible Factor) M\ DSF (Diffusible Signal Factor) 2 Fructose (0 Photoprotection 1-8% Xamth unique §
@ Glucose receptor @ Fructose receptor & Glucose == Fimbrial adhesin =~ 4-2* Xplellas unique genes
m D CW (Cell Wally »of Lignin -[.- Operon regulation “;é-«m Phenolic com pounds 1""' XAC/XF-%S5c unique
0 + Positive action = Negative action & EPS @ Proteases 1-7% XAC unique genes
##81 Exogenous DNA @ ROS (reactive Oxygen Species) * Colicin ¥V CX Oxidoreductases 1-5% XCC unique genes
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XANTHOMON/A AND XYLELLACOMPLETE GENOMES

UniqueXanthomonagenes were also found located scattered in both genomes. Most of these genes have
a regulatory function and may be directly involved in regulation of pathogenicity and adaptation. Among
them, we highlight a large number of genes involved directly or indirectly with sugar metabolism: a copy
of fructose-1,6-bisphosphatase, an important enzyme in the gluconeogenesis patlgdagne (KDPG
and KHG aldolase), which codes a key enzyme in the Entner-Doudoroff pathway (Fig. 2, squares 9D and
9J); two xylose repressor genes involved in regulation okyi@AFGHRoperon; atldD gene that sup-
presses the inhibitory activity of the carbon storage regulaso®)( possibly affecting glycogen biosyn-
thesis, gluconeogenesis, cell size and surface properties; two copies in XAC and a copy in XCC of 2-keto-
3-deoxygluconate kinase, that catalyzes phosphorylation of the first common intermediate in the
D-glucuronate and D-galacturonate catabolic pathways. Besides genes for cell-wall degradation, sugar up-
take and metabolism, the tvikanthomonagienomes also have two subunits of gum genes that are absent
in Xylella (da Silva et al., 2001).

The two Xanthomonagienomes have unique genes related to the uptake of nitrogen, such as an ABC
transporter amino acid permease, which eases uptake and processing of nitrogen, associated to a nitrogen
regulatory IlIA protein and a fumarate and nitrate reduction regulatory protein, which may have a role in
linking carbon and nitrogen assimilation. Both genomes also have two copies of a sulfate permease that
may provide alternative routes of energy production based on sulfur metabolism.

Both Xanthomonagresent a large number of genes related to adaptation after the plant response to in-
fection. Eight and six copies of chloroacetaldehyde dehydrogenase were found on XAC and XCC respec-
tively. This gene is involved in detoxification of chloroacetaldehyde to chloroacetic acid, and therefore is
important to adaptation and colonization of mesophyll. Genes related to vanilate, protocatechuate, hydrox-
ybenzoate and benzoate degradation, all phenolic compounds, also exist and are directly involved in de-
fense against plant chemical defenses produced during systemic acquired resistance (SAR) (Fig. 2, squares
14B to 14E and 14H to 14K).

The twoXanthomonagenomes studied here have a large number of genes coding for efflux and influx
pumps, and genes related to detoxification and antibiotic resistance. Among the unique genes that mediate
the interchange of compounds between the cytosol and the environment, we highlight nine copies in XAC
and six copies in XCC of outer membrane proteins homologous to an efflux system proteinazhl] el
component of multidrug efflux pump; four copies of a multidrug resistance efflux pfusB,(responsi-
ble for export of toxins; a gene that codes for a toxin secretion ABC transporter ATP-binding protein; genes
associated with iron storage and detoxification (bacteriferritin and bacterioferritin-associated ferredoxin);
and genes related to the synthesis of choline, betaine and taurine, compounds involved in osmotic control.

Both Xanthomonagresent a large number of genes that code for different iron receptors, with 63 genes
in XAC and 64 genes in XCC (Fig. 2, squares 8C and 8J). Among these genes, there are receptors for spe-
cific siderophores, such as: pyoverdine, enterobactin and pseudobactin; and for other compounds that also
chelate iron, such as hemin, cobalamin and citrate (Braun and Braun, 2002; Buyer and Leong, 1986; Cor-

<

FIG. 4. Unrooted phylogenetic tree inferred far/mcpgenes from XAC, XCC, and other bacterianthomonas

genes are identified by their ordered locus names (XAC#### or XCC####), as available in the GN field from UniProt.
These genes form a monophyletic group at the top, andteragtnes in this group are present in orthologous pairs
and arranged in tandem in botanthomonasthus implying a lineage specific expansiontsfgenes before the di-
vergence of XAC and XCC. Selection of homologs was made requiring all sequences to be BLAST hits of XCC1869
with at least 60% coverage and e-valuesdD~1C. Phylogeny inference was performed using maximum likelihood and
assuming a Poisson model of evolution. Numbers close to internal branches indicate bootstrap support values. Sequences
from other bacteria are identified by their SwissProt accession numbers (four alphantmaderscoret five let-

ters) or by a TrEMBL ID and SwissProt species code. Species codegrabacterium tumefacierfstrain C58/ATCC

33970) AGRT5); Bradyrhizobium japonicunBRAJA); Chromobacterium violaceufCHRVO); Geobacter sul-
furreducenGEOSL); Halobacterium cutirubrunfHALCU ); Halobacterium sp(strain NRC-1/ATCC 700922 / JCM
11081) HALN1); Halobacterium salinariun{fHALSA ); Methanosarcina mazédMETMA ); Nitrosomonas europaea
(NITEU); Pseudomonas aeruginog®SEAE); Rhizobium leguminosarufRHILE ); Rhodopseudomonas palustris
(RHOPA); Vibrio cholerae(VIBCH ) andWolinella succinogene@OLSU).
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XANTHOMON/A AND XYLELLACOMPLETE GENOMES

nelis and Matthijs, 2002; Khalil-Rizvi et al., 1997; Koster et al., 1995).Xella genomes have signifi-
cantly fewer of these receptors. Six genes for iron receptors are found in Xf-temecula and four genes were
described in Xf-9a5c (Fig. 2, squares 6C and 6J).

Genes unique tXylella with respect to Xanthomonas. Althougflylella has fewer unique genes than
Xanthomonag¢Table 4), some important systems are found among them. Type IV pili are filamentous struc-
tures placed at bacterial polar regions and are responsible for movements called twitching motility on ad-
hesion surfaces (Alm and Mattick, 1997; Strom and Lory, 1993). Bg#ilaandXanthomonadave genes
that code for components of this structure, ¥yiella shows a higher number of copies of such genes, in-
cluding several copies of the structural subunit gateand, most importantly, two copies of the cluster
PIlE-fimT (Moreira et al., 2004) (Fig. 2, squares 2F and 2G). Phylogenetic analysis suggests the presence
and divergence of two copies of thgE-fimT cluster in the ancestor &fanthomonadaceadoth copies
being preserved iXylella (Fig. 6), while one copy was lost in XAC and the other in XCC, thus impI
independent losses after divergence of the Xanthomonadineages (Fig. 2, squares 15D and 15I). The
PIlE-fimT clusters in XAC (XAC0974-XAC0984) and XCC (XCC2488-XCC2495) have low %GC (54%)
when compared to the genome average (65%) and to GC content in its flanking regions, which are rich in
phage and transposase insertions.

Among the several unique genes found scattered/liglla genomes, those involved in biosynthesis and
secretion of colicin and the gene that codes for arginine deaminase deserve special attention. Colicins are
small proteins that promote bacterial antagonism during nutritional limitation (Lazdunski et al., 1998).
Xylella strains have copies of all genes necessary for colicin biosynthesis, bXdmttomonastrains
have no copy of thevaCandcvaAgenes and thevaBgene is present only in XAC (Fig. 2, squares 2C,
2D, 21, 2J). The absence ofaAgene in XAC is paralleled by the insertion of two transposases that might
have mediated rupture and depletion ofd¢ti@ABcluster. In XCC, both colicin genes are absent and there
are no transposases. The genmABCare regulated by thevpA-purFgene cluster, which was first iden-
tified in Escherichia coliplasmid pColV-K30 (Fath et al., 1989; Waters and Crosa, 1991). All four phy-
topathogens have copies of thaA-purFcluster, showing a high degree of similaritygocoli genes, but
located in the chromosome (Fath et al., 1989; Lazdunski et al., 1998; Waters and Crosa, 1991). A recent
in vitro approach revealed that the colicin genes are functional and are expressed under high sugar con-
centration (Pashalidis et al., 2005).

Arginine deaminaseadcF) was formerly described as a gene that may define the pathogenic or non-path-
ogenic phenotype for strains X¥lella fastidiosa(Koide et al., 2004). Curiously, this gene is not found in
Xanthomonasnd is located inside a region that presents other seven unique genes (XF1232-XF1255 and
PD0508-PD0521), most of them hypothetical or conserved hypothetical proteins. This gene may be im-
portant against NO produced by the plant.

-

FIG. 5. Unrooted phylogenetic tree for the concatenated alignment of subunits D, E, F, G, H, and K of the T2SS
gene cluster. Thapsclusters found irXXAC and XCC are homologous to the T2SS frofylella (Xf-9a5c and Xf-

temeculg and belong to a well-supported clade together with other plant-associated bacteriacsiiteore related

to secrectory systems found in enterobactémptospira(LEPIN ) was used to orient the tree in order to separate the
systems found in entero- and plant-associated bacteria. Selection of homologous sequences was made based on KEGG
and COG orthologous groups. Phylogenies were inferred using maximum likelihood and a Poisson model for aminoacid
substitution. Numbers close to internal branches indicate bootstrap support values. Codes for spesfes—atan-
thomonas axonopodigv. citri); XCC—Xanthomonas campesttipv. campestris XF-9a5¢—Xylella fastidiosa XF-
temecula—Xylella fastidiosa(strain Temeculal/ATCC 700964BRAJA—Bradyrhizobium japonicumCAUCR—
Caulobacter crescentu€€HRVO —Chromobacterium violaceunECOLI1 —Escherichia coliCFT073;ECOLI2 —
Escherichia coli K-12 MG1655; LEPIN —Leptospira interrogans RHILO —Mesorhizobium loti PSEAE—
Pseudomonas aerugings@SEPK—Pseudomonas putidéstrain KT2440); PSESM—Pseudomonas syringa@v.

tomatg; RALSO—Ralstonia solanacearunsHEON—Shewanella oneidensi¥IBCH —Vibrio cholerae VIBPA —

Vibrio parahaemolyticusVIBVU —Vibrio vulnificus VIBVY —Vibrio vulnificus(strain YJ016),YERPE1—Yersinia
pestisC092; YERPE2—Yersinia pesti«IM. Ending numbers or letters after subscripts highlight different copies of

the system in a single organism.
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Unique genes in XAC and Xf-9a5c/Xf-temecula with respect to Kigfiteen of these genes are located
inside PinDel-8 of Xf-9a5c¢ and PinDel-4 of XAC, comprising a region that is homologous to the SPI-7
pathogenicity island fronSalmonella thiphymuriuniFig. 2, squares 8E and 6E) (Moreira et al., 2004;
Pickard et al., 2003). Detailed analysis of the SPI-7 region in both genomes suggests probable lateral trans-
fer events in each lineage inside this region: insertion of 37 genes comprising PinDel-7 in Xf-9a5c¢ (XF1718-
XF1754), which is located upstream of SPI-7 in Xf-9a5c and is flanked by a tRNA-G, and an added etc
ter of fourteen genes, including an integrase (XAC2220), inside the SPI-7 region in XAC (Fig. 7%
analysis has shown that, in Xf-9a5c, 13 genes in PinDel-7 and 14 genes in SPI-7 show atypically high-GC
content (68%) when compared to the Xf-9a5c genome average (53%). Their homologs in the region SPI-
7 from XAC have GC content very close to the average (65%) for XAC genes. In spite of this, and given
the absence of SPI-7 both in XCC and Xf-temecula, plus the other evidence presented above, we speculate
that the presence of SPI-7 in XAC and XF-9a5c resulted from two separate lateral transfer events; this is
consistent with Pickard et al.’s hypothesis (Pickard et al., 2003) that SPI-7 may be a mobile element.

Other CDSs in the intersection of XAC and Xf-9a5c¢ gene sets include three conserved hypothetical pro-
teins: a transcriptional regulator, a plasmid stabilization protein, and a cytochrome B561-like gene. A single
gene was classified as unique to the intersection between the XAC and Xf-temecula gene sets: CDP-diacyl-
glycerol-glycerol-3-phosphate3-phosphatidyltransferase, which catalyzes a committed step to the synthesis
of the acidic phospholipids, and is located near transposases and phage-related genes in Xf-temecula.

Genes unique to XCC and Xf-9a5c¢/Xf-temecula with respect to AL genes are unique to XCC and
Xf-9a5c¢ gene sets: three conserved hypothetical proteins and a phage-related protein. Only three genes are
unigue to XCC and Xf-temecula: two phage-related proteins, which are duplicated in XCC, and one hypo-
thetical protein.

Xanthomonadaceae unique gengékese were selected based on published results. Among the most im-
portant of the genes unique to tkanthomonadacea&re those responsible for the synthesis of DFS (Dif-
fusible Signal Factor) signaling molecules, tpé cluster (regulation of pathogenicity factors) (Barber et
al., 1997; Tang et al., 1991). Inside tipé operon, XAC differs from XCC because it does not have the
rpfH andrpfl genes. The insertion of two transposases between the rgedesdprfB may have replaced
rpfl (Dow et al., 2000), accompanied by the insertion of a gene coding for a wall-associated wegéin (
of the familyrhs, composed by nine copies of thes repeat (Apweiler et al., 2000). Thiss domain can
act as a recombination hot spot (Minet and Chiquet-Ehrismann, 2000) and was related to duplications and
rearrangements i. coli (Lin et al., 1984)Rpfclusters in botkXylella strains lack copies of thgfl, rpfH
andrpfD genes, in addition showing a rupture of this cluster between geffteandrpfB (da Silva et al.,

2001; Moreira et al., 2004lRpfgenes also regulate expression of gum genes, responsible for the synthesis
and exporting of the xanthan gum, an extracellular polysaccharide important to pathogenesis (Vojnov et al.,
2001). Gum genes frotrdanthomonastrains show a high degree of similarity, with 98% of identity for
pairs of orthologs, while itXylella, identities between genes from different pathovars decrease to values
between 65 and 83%, with absence of the ggnesGIL, responsible for joining and modification of man-
noses residues (da Silva et al., 2001).

-

FIG. 6. (A) Unrooted phylogenetic tree for the gepég-fimT cluster. B) Unrooted phylogenetic tree for the copies

of pilE unique to Xf-9a5c. Unrooted phylogenetic tree for the geilEsandfimT found in XAC, XCC, Xf-9a5c, and
Sf-temecula, based on their encoded aminoacid sequences. Horizontal lines separate pitipilesated at the clus-

terspilBD or pilE_fimT and the copies dfmT. All unique copies opilE found in Xf-9a5c and Xf-temecula are mem-

bers of a cluster that includes all copiepE from the pilB-pilD cluster in the four bacteria. Note thalE is also

duplicated inside the clusteilBD in all lineages. This phylogeny was built using maximum likelihood and a Poisson
model of amino acid substitution. ORFs were selected based on the presence of a conserved amino-terminal pilin sig-
nature and some truncated sequences were later discarded. Although the resulting alignment, after selection of con-
served regions, was too short (40 aa), we inspected phylogenies based on different selection of homologs and observed
that this phylogeny reproduces all important features obtained when using longer alignments.
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XANTHOMON/A AND XYLELLACOMPLETE GENOMES

The xanthomonadins cluster is another group of genes specific ¥atitteomonadaceéStarr et al.,

1977). These genes code for proteins involved in the synthesis of pigments useful for protection against
photobiological damage (Jenkins and Starr, 1985; Poplawsky and Chun, 1997; Poplawsky et al., 2000; Ra-
jagopal et al., 1997). XCC and XAC xanthomonadin clusters have the same structure desciled for
thomonas oryzae pv. oryz€OO0) (Goel et al., 2002) (Fig. 2, squares 14E and 14l), except for the first
two genes, located away from the xanthomonadin operon in both genomes. Upstream to XAC and C
genes homologous to genes 3-12 in XOO (referred targe clusterin Fig. 8), a new cluster of gene§
which we call thesmall cluster may be associated with xanthomonadins biosynthesis, because genes-in
this relatively conserved cluster are related to fatty acids and phosphatidic acid biosynthesis. An interest-
ing feature shown in Figure 8 is the extensive modifications of the region containing the two clusters in
XOO. The entire small cluster was either lost or translocated in XOO, and the same happened to isolated
genes around and inside the large cluster. In particular, the genes XAC4094, XAC4095, and XCC4006 are
truncated copies of the N-terminal region of the homologous XAC4093, XCC4005 and the CDS 4 from
XOO. The gene flanking the xanthomonadins cluster in XOO, CDS14, is homologous to a gene located in
the XcUCL1 region, close to the tandem duplication of xanthomonadins-related genes inside this region.

In both Xylella genomes, the small cluster is located far downstream from the large cluster. The small
cluster is flanked by phage XFP4 in Xf-9a5c and by PinDel-6 in Xf-temecula. The breakpoint for the sep-
aration of the two clusters in boXylella genomes corresponds to the location of the repetitive non-cod-
ing DNA sequences in XOO. Three CDSs in both Xf-9a5c clusters have frameshifts and therefore are con-
sidered to be pseudogenes, suggesting degeneration of this system (Moreira et al., 2004). Homologs of these
pseudogenes in Xf-temecula show no frameshifts.

Finally, although genemnB, exbB andexbD responsible for iron uptake, form a cluster in many bac-
teria and a second copy exbD (exbD2 is common, theXanthomonadaceaare unusual for having all
these genes in a single cluster, watthD2located downstream tmnB-exbB-exbDKnock-out of exbD2
in XCC induces hypersensitive response from the host (Wiggerich and Puhler, 2000), but differently from
the other genes in this cluster, it is not essential for penetration of hagend shows no impact on iron
uptake (Hung et al., 2003; Wiggerich et al., 1997).

DISCUSSION

Differences in gene content betweanthomonasnd Xylella complete genome sequences have been
characterized previously (Van Sluys, M.A., et al., 2003; da Silva, et al., 2002; Moreira, LM, et al., 2004).
The data presented here complements such analyses with an extensive description of important genome re-
arrangements and a comparison of the putative functions of all genes leading to variations in gene content
among the four strains analyzed. As presented above and explored in previous works, all four bacteria stud-
ied here share some characteristic systems that are commonly used to identify members of their family, and
were shown to have important roles in their survival and adaptation. For instance, the gum operon, the ex-
tended xanthomonadin cluster, and ipiegenes, although present in all four bacteria, show important vari-
ations in gene order and gene content among these organisms, and these variations are likely to be a fac-
tor in each strain’s phenotype (da Silva et al., 2002).

Following a trend seen in other shared systems, copies of the xanthomonadin cldgtellarstrains
are highly fragmented when compared to the structure seémihomonasln Xf-9a5c, the fragmentation
of the cluster is paralleled by the presence of three pseudogenes inside the large and small clusters. Al-
though Xf-temecula has intact copies of the Xf-9a5c pseudogenes, experimental data has shown that both
Xylella strains do not synthesize the xanthomonadin pigment (Almeida et al., 2004; Almeida and Purcell,
2003; Chang and Donaldson, 2000; Leite et al., 2004). Considering the changes in the xanthomonadin clus-
ters from XAC and XCC to Xf-temecula and Xf-9a5c, the trend represented in Figure 8 that we wish to
highlight is an apparent progressive depletion of the xanthomonadin cluster along the evolXiletiaf

A similar fragmentation is observed for tipf gene cluster ikkylella (Moreira et. al., 2004). It was sug-
gested that the fragmented structure ofrfpfecluster inXylella might induce a reduction of DSF synthe-
sis, thus leading to reduced quorum sensing signaling and no feedback for regulation of expression of the
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XANTHOMON/A AND XYLELLACOMPLETE GENOMES

rpf genes themselves (Moreira et al., 2004). We note that the hypothesis of Moreira et al., (2004) for the
consequences opf fragmentation is compatible with the relative concentration of DS®liella and Xan-
thomonascultures (Scarpari et al., 2003). Such loss of feedback controlrgivgenes probably reduces
Xylella's virulence, because it lowers the level of chemical signals that activate gum synthesis. With a re-
duced DSF-mediated quorum sensing signalingptand living in a low sugar milieu (the xylem), it is

likely that Xylella either posses another system for gum synthesis regulation or express this system consti-
tutively, differently fromXanthomonaswhich are regulated by sugar concentration (Vojnov et al., 2001).

At any rate, such structural differences in thEoperon point to the relevance that changes in gene order
might have over the phenotype of bacteria. The presence of a complete PTS systenXamillgamonas
associated to the presence of clusters involved in degradation of plant cell-wall and sugar storage, suggests
that Xanthomonasnight use degraded cell walls as carbon sources, another function probably absent from
Xylella cells, due to the degradation of the PTS system and a reduced number of cell-wall degrading en-
zymes (CWDES) irXylella. The presence of genes encoding the enzyme 2-keto-3-deoxygluconate kinase,
along with genes for CWDEs, suggests tkahthomonasnay use the CWDESs to obtain energy from host
cell-wall degradation.

Some systems were found to be completXyitella and reduced irKanthomonasprobably due to the
existence of negative selection against the loss of such functions, which are probably necessary for adap-
tation into the xylem. This is likely to be the case for the presence of a complete operon for colicin pro-
duction inXylella, which is not found irXanthomonasThe lack of botltvaAandcvaBgenes in XCC is
probably a derived state, XAC representing an intermediate depletion stateXwthila probably corre-
sponds to the ancestral set of colicin genes, all being preserved because synthesis of these compounds is
essential to avoid competition with other endophytic bacteria of the plant or resident at the insect foregut,
as proposed by Pashalidis et al. (2005). In fact, it has been demonstrated that Xf-9a5c lives in an environ-
ment in citrus plants that is rich in endophytic bacteria (Araujo et al., 2002; Lacava et al., 2004), and there-
fore the presence of a complete and functional colicin V biosynthesis and secretion system may enhance
its chances of survival in the xylem.

Two other important examples of differences in gene content bedaeghomonasnd Xylella are the
presence irKanthomona®f a second copy of the type Il secretion systems (T2SS), known as xcs, and of
a type lll secretion system (T3SS). These systems differ from the systems discussed above for being en-
tirely absent fronXylellagenomes, instead of partially depleted. Therefore, although one can argue, for the
systems discussed above, that a partially degraded copy of a cluster of genes is enough evidence to support
a hypothesis of vertical heritage followed by gene loss, the full absence of both secretion systems from
Xylellamight well be explained by loss of the cluster in Xyéellalineage or acquisition b}tanthomonas
after divergence, through lateral gene transfer. In the casesofve believe this system was lost from a
common ancestor of Xf-temecula and Xf-9a5c. Two pieces of evidence support this hypothesis: (i) the re-
gions flanking this cluster iXanthomonasre homologous to neighboring regionsxylella (Fig. 1, re-
gions A and B) (Moreira et al., 2004); (ii) the phylogeny shown in Figure 5 indicates that copies of the
T2SS distributed among several proteobacteria radiate in a pattern that can be easily reconciled with the
species tree, by postulating just a few events of gene duplication and loss (Page and Charleston, 1997). In
particular, the copy of xcs present in XAC and XCC is placed at the base of the branch that leads to copies
of T2SS present iRseudomonaand several enterobacteria, thus reproducing the locatidarathomonas
in a species tree (Lerat et al., 2003). On the other han@ahiebacterT2SS copy is placed in an unex-
pected location, well inside ®proteobacteria group, although this organism belongs to the alpha subdivi-
sion of Proteobacteria. Even more suggestive is the groupixgsathe other T2SS cluster found Xan-
thomonasand Xylella, with plant-associated bacteria of the a-proteobacteria subdivBradyfhizobium
japonicumandMesorhizobium lotin Fig. 5), which suggests that this cluster, insteaxtgthas originated
from lateral transfer from plant-associated bacteria. We note however that branch lengthgssthe
tree leading td. japonicumandM. loti are long, thus implicating early divergence of these genes, maybe
dating to the divergence among these organisms’ lineages. Whatever the orgisaradxcs their phy-
logeny and sequence alignment show that their divergence is very old, probably dating to the ancestor of
all proteobacteria. This suggests that these systems have specialized to perform different physiological roles,
and thereforeXylella may lack some functionality associated with these systems.
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For T3SS, a single BLAST run is able to show how easy it is to find such a system among members of
the Xanthomonagienus. Sequence and phylogenetic analyses have shown T3SS clusters from members of
the B-proteobacteria subdivision to be the closest relatives of the T3SS from XAC and XCC (data not
shown). Such a relationship is in agreement with the species tree, but contradicts the fact that the XCC copy
of T3SS possesses much lower GC composition and high codon bias when compared to the rest of XCC
genes, a feature common to laterally transferred genes, although not unique to them. Loci homologous to
regions C and D iXylella (Fig. 1), which flankXanthomona§'3SS, are located near the replication ter-
minus in bothXylella strains, a pattern that suggests deletion of this systemXsdetia. So we cannot,
with known evidence, draw conclusions on what is the origin of T3SS fganthomonas

Lineage specific expansion and diversification is another evolutionary process involved in variations in
gene content between the two genera. This is the mechanism behind the much higher number of chemo-
tactic genes irKanthomonasand was especially important in the evolutiontssfgenes. This family of
genes has undergone fast expansion iXtidhomona$ineage after separation of thglellabranch (Mor-
eira et al., 2004) (Fig. 4). It is possible that a mechanism of dosage compensation has prompted the very
first duplication events of thisr gene in the ancestor of XAC and XCC, as proposed by Heidelberg et al.
(2000) in relation to the genes involved in chemotaxigibrio cholerae

The presence of several copies of the structural subunit of type IV Kyiétla may also have involved
a similar mechanism of dosage compensation, followed by divergence of some copies (Fig. 4). The pres-
ence of two distinct clusters of pili type IV biosynthesiXiella, as described by Moreira et al. (2004),
associated with a complete cluster of chemotaxis genes related to twitching motility, may have a relation
to the lifestyle ofXylella. Each pili cluster may have a specific function such as, for example, fixation into
the xylem vessel and fixation into the insect foregut. In addition, the presence of additional copies of genes
for fimbrial adhesins may augment the expression of proteins needed for colonization and cell agglomera-
tion into the plant. A recent analysis of genome composition of pathogenic (CVC) and nonpatkylgdiaic
fastidiosaisolates showed that the absence of fimbrial adhesins can determine the pathogenic phenotype of
an isolate (Koide et al., 2004).

Another mechanism involved in determining variations in gene content among the four bacteria is the
process of lateral gene transfer, already referred to when discussing the secretory sy&ath®imonas
Several phage- and plasmid-related genes are present in all four genomes and most certainly were acquired
directly from other organisms and phages through conjugation or transfection followed by recombination.
We note also that many of the unique genes described for the four genomes that had assigned functions
were restriction enzymes, known to be transmitted horizontally (Gelfand and Koonin, 1997; Sekizaki et al.,
2001; Sharp et al., 1992). The many transposases se@ninomonasnight be related to plasmids and
therefore be related to the transposition of genes from plasmids into the genome. An important example of
a gene likely to have been acquired laterally is the copygl@T, found only in XAC, and placed near two
ISxac3 transposases. This gene is related to pathogenicity, since it is involved in the transport of degraded
pectin products in the bacterial cell, where these products may be used as carbon and energy sources.

As a final comment on our detailed characterization of unique gene functions amongXaathamona-
daceaegenera analyzed here, some unique genes related to differences in nitrogen metabolism for XCC
and XAC and NO resistance Xylella are worth mentioning. The presence of a unique cluster that codes
for nitrate assimilation in XCC may have a horizontal origin and may be coupled wiXatileomonas
unigue cytochrome geneydAB which have been implicated in nitrogen fixation (da Silva et al., 2001),
thus characterizing a unique form of nitrogen uptake among the bacteria analyzed here. In association with
the opp genes located in the XaUC1 region, the pseudomonapepsin and xanthomonapepsin carboxypepti-
dases may be part of an oligopeptide absorption and degradation pathway that may be linked to XAC'’s
ability to grow in different environments (da Silva et al., 2002). Sopegenes code for components of
an ABC permease complex that is associated to an oligopeptide binding popf@¥ {t is possible that
these genes may help entry of small oligopeptide products for use as a nitrogen source.

In Xylella strains, the uniqueocF gene is homologous tdelicobacter pyloris arginaserocF. In Heli-
cobacter pylorj this gene inhibits NO production by macrophages at physiological concentrations of argi-
nine.RocFexpression is aborted at normal levels of NO, indicating that this gene down-regulates NO pro-
duction, thus acting as a survival mechanism and contributing to the success of infection (Gobert et al.,
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2001). Gobert et al. (2002) showed that macrophage apoptosis is induced by activation of the arginase I
gene ofH. pylori (Gobert et al., 2002). Based on such observations, Koide et al. (2004) proposed that ab-
sence of this gene iMylella fastidiosallal2, a non-pathogenic strain, is linked to reduced growth in the
plant and incapacity to colonize the xylem vessels, due to inability to inhibit NO production by the plant
host. On the other hand, the hypothesis of Koide et al. (200&yfella fastidiosallal2 cannot be ex-
tended taXanthomonassince these bacteria laokcF but grow very well inside the plant and, in the case

of Xanthomonas campestriare able to colonize vascular tissues. This suggests that X#h#romonas

has other NO detoxification systems or that it has alternative routes to use arginine produced by the plant.

Pindels and phagedVe have discussed above evolutionary events that may have lead to the observed
variations in gene content among XAC, XCC, Xf-9a5c, and Xf-temecula. Two other important processes
were characterized regarding the evolution of these genomes: the rearrangements observed between species
in each genus and the distribution of putative insertion/deletion islands, referred to as PinDels.

All four genomes present important rearrangements XeEmthomonagenomes have three important re-
arrangements with respect to each other: an inversion at the terminus of replication and a reciprocal translo-
cation with inversion of the translocated regions (da Silva et al., 2002)Xyleka genomes, on the other
hand, exhibit a more varied set of rearrangements with respect to each other, including a translocation of
the replication terminus (Van Sluys et al., 2003) (Fig. 1). Probably the most important aspe&ybélthe
genome rearrangements is the correlation between the borders of shuffled regions and the presence of phages
or PinDels near such borders, which indicate a possible involvement of phage integrases in the rearrange-
ments observed in these two lineages, as previously suggested by Van Sluys et al. (2003); no similar con-
nection can be made between phage integrase distribution and rearrangemrdantiomonas

All strains analyzed show a high number of phage-related genes, many of them located inside unique
gene islands rich in hypothetical genes. Note howeveXyiatla strains possess much more phage-related
and complete integrated phages tixamthomonasand thatXanthomonasntegrases appear to have less
activity than inXylella, since the higher number of rearrangements in this lineage seems related to phage
integrases. Also, most phage-related gene&imhomonasre located inside unique regions that seem to
be remains of degraded phages. Which mechanism is behind the abundance of complete phages integrated
into the genomes of the tw¢ylellas? Multiple alignments of all integrases found in both genomes lead to
classification of these integrases into groups based on sequence similarity and integration site class, as de-
scribed in Materials and Methods. In Xf-9a5c, integrases of ghooqay be related to insertion on the 3
end of tRNAs (Campbell, 2003; Williams, 2002), whereas the integrases ofjroap determine prophage
termination. Although no experimental work has been done to verify the relation between the pili machin-
ery in Xf-9a5c and this organism’s capacity to acquire phage insertions, pili biosynthesis may be an im-
portant mediator of the entrance of phages Midella, as suggested by Bradley (1972, 1974) for
Pseudomonas aeruginasalso, besides mediating the uptake of iron and other compounds, such as cobal-
amin and heme groups, the tonB and tolA complexes may be involved in interactions with lytic bacterio-
phages and the bacteria cell host (Braun et al., 1976), and facilitate entrance of phages into the genome of
Xylella, thus providing another mechanism through which phage invasion may be facilitidella The
abundance of phage-related genes<ytella, as well as the greater abundance of transposas€anin
thomonasmay be related to distinct restriction and modification systems in each bacterium. Interestingly,
although our initial approach to identify probable insertions was based on phage integrases and site inte-
gration, this approach identified nearly the same regions obtained from an analysis based on GC content
and codon bhias, as shown in Figure 1.

Although molecular mechanisms that promote a higher rate of phage integration into the genome of
Xylellamight be involved in the presence of a higher number of complete phages and phage-related genes,
a population genetics explanation could as well account for such differences. With nearly half the genome
size of Xanthomonasit is possible that th&ylella genome is evolving under a regime of accumulation of
deleterious mutations (Crow and Kimura, 1970), both in the form of degraded gene systems and pseudo-
genes as well as integrated phages. Together with its limited environmental range, restricted to the xylem,
slow growth and fastidious phenotypgylella presents limitations to its propagation derived from the de-
pendence on an insect vector, whflanthomonagan and usually does spread easily from contaminated
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to noncontaminated hosts, being able to survive under adverse conditions over leaf surfaces and on the
ground (Lopez et al., 1999). A&anthomonaslso has a much smaller doubling time both in plants and the
laboratory, we believe that the effective population sizeXtorthomonastrains is much greater than those

for Xylellastrains. If real, the reduction of effective population sizeXfidella might be regarded as a mech-

anism that enables fixation of both gene deletion events, leading to a higher number of depleted systems
and pseudogenes, and the integration of phages into its genome. Both gene deletion and phage insertion
might be considered deleterious events to bacteria and are expected to be removed from sufficiently large
populations by means of natural selection. On smaller populations, though, these mutations might become
fixed by random genetic drift (Woolfit and Bromham, 2003).

As a final note, a link between two of the main threads of this paper, namely variation in gene content
among phylogenetically close genomes and the observed correlation between phage-related genes and re-
gions rich in unique genes, is provided by recent analyses that show that phage-bacteria interactions are im-
portant mechanisms for new gene creation in bacterial hosts (Daubin and Ochman, 2004).
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