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The genome sequence of Leifsonia xyli subsp. xyli, which
causes ratoon stunting disease and affects sugarcane
worldwide, was determined. The single circular chromo-
some of Leifsonia xyli subsp. xyli CTCB07 was 2.6 Mb in
length with a GC content of 68% and 2,044 predicted
open reading frames. The analysis also revealed 307 pre-
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Nucleotide sequence data for the L. xyli subsp. xyli CTCB07 chromosome
reported in this paper are available in the GenBank database under
accession number AE016822. Sequence data for CTCBO7 has been
deposited in the Biological Institute Culture Collection of Phytopatho-
genic Bacteria database under accession number IBSBF 1853.
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dicted pseudogenes, which is more than any bacterial
plant pathogen sequenced to date. Many of these pseu-
dogenes, if functional, would likely be involved in the deg-
radation of plant heteropolysaccharides, uptake of free
sugars, and synthesis of amino acids. Although L. xyli
subsp. xyli has only been identified colonizing the xylem
vessels of sugarcane, the numbers of predicted regulatory
genes and sugar transporters are similar to those in free-
living organisms. Some of the predicted pathogenicity
genes appear to have been acquired by lateral transfer
and include genes for cellulase, pectinase, wilt-inducing
protein, lysozyme, and desaturase. The presence of the
latter may contribute to stunting, since it is likely in-
volved in the synthesis of abscisic acid, a hormone that
arrests growth. Our findings are consistent with the nu-
tritionally fastidious behavior exhibited by L. xyli subsp.
xyli and suggest an ongoing adaptation to the restricted
ecological niche it inhabits.
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Leifsonia xyli subsp. xyli is a member of the gram-positive
GC-rich order Actinomycetales, which includes important
members with fully sequenced genomes, such as the human
pathogens Mycobacterium tuberculosis (Cole et al. 2000), My-
cobacterium leprae (Cole et al. 2001), and Tropheryma
whipplei (Bentley et al. 2003; Raoult et al. 2003), the indus-
trial species Streptomyces coelicolor (Bentley et al. 2002) and
Streptomyces avermitilis (Omura et al. 2001), as well as a
commensal of the human gastrointestinal tract Bifidobacterium
longum (Schell et al. 2002).

The genus Leifsonia comprises seven species that have been
isolated from distinct niches, such as plants, soil, distilled water,
and an Antarctic pond (Janssen et al. 2002; Leifson 1962;
Suzuki et al. 1999; Reddy et al. 2003). Leifsonia xyli comprises
two subspecies: L. xyli subsp. cynodontis, a pathogen that
causes stunting in Bermuda grass (Cynodon dactylon) and L.
xyli subsp. xyli (Evtushenko et al. 2000). Information on the bi-
ology and pathogenicity of L. xyli subsp. xyli is limited, not only
because it has recently been recognized as the causal agent of
the ratoon stunting disease (Davis et al. 1980) but also because
it grows poorly in vitro. So far, L. xyli subsp. xyli has only been
identified in association with sugarcane and does not appear to
be a soil-borne pathogen (Gillaspie and Teakle 1989). More-
over, despite extensive surveys, L. xyli subsp. xyli has never
been found affecting wild sugarcane in its center of diversity
(Magarey et al. 2002), Papua New Guinea, which suggests a
recent contact with its host. Because sugarcane is a perennial
grass and crops are normally harvested up to seven times, the
predominant mode of transmission of the pathogen in commer-
cial fields is mechanical, via contact with the sap of infected
plants during harvesting with machines and knives. Natural
mechanisms of infection are unknown, although no systematic
search for insect vectors or alternative hosts has been under-
taken. L. xyli subsp. xyli colonizes the lumen and the pits of the
xylem vessels but not the phloem or parenchyma (Weaver et al.
1977). No general tissue disorganization results from this colo-
nization, although the xylem may be blocked with a mucilagi-
nous substance probably produced by the host. This blockage is
reported to reduce sap flow up to 34% (Teakle et al. 1978). In-
fection with L. xyli subsp. xyli results in reduced cane diameter
and plant stunting, symptoms that are often misinterpreted as
general growth defects due to poor crop management. Ratoon
stunting disease is regarded as the main disease of sugarcane
worldwide. Yield losses of both cane and sugar per unit area
may approach 50% in highly susceptible genotypes (Gillaspie
and Teakle 1989). Annual losses were estimated at US$11 mil-
lion in Australia (Fegan at al. 1998) and US$36 million in

Table 1. Chromosomal features of Leifsonia xyli subsp. xyli CTCB07

Feature Property
Length 2,584,158 bp
Coding region® 70.6%
GC content 67.7%
Total number of genes (intact protein-coding genes 2,351

and pseudogenes)
Intact protein-coding genes 2,044

Intact protein-coding genes with functional assignment 1,370 (58%)

Conserved hypothetical open reading frames (ORF) 353 (15%)
(intact)

Hypothetical ORF (intact) 321 (14%)

OREF representing pseudogenes (including transposase- 307 (13%)
enconding genes)

tRNA 45

Ribosomal RNA operons 1

Insertion sequence 50

* The coding region was calculated by adding up the sizes of intact open
reading frames and RNA-coding genes and dividing the sum by the
genome length.
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Florida (Dean and Davis 1989). In Brazil, despite being re-
garded as the most important disease of sugarcane, precise esti-
mates of yield losses due to the disease are unavailable. L. xyli
subsp. xyli can be grown in vitro but its growth is slow and de-
pendent on supplementation with cysteine, as described previ-
ously (Davis et al. 1984). Along with Xylella fastidiosa, a gram-
negative gamma-Proteobacterium that infects citrus and grape-
vine among other hosts, L. xyli subsp. xyli belongs to a unique
group of xylem-limited and fastidious bacterial plant pathogens
(Purcell and Hopkins 1996). In this study, we report the genome
sequence of a pathogenic strain of L. xyli subsp. xyli and discuss
the possible consequences of gene loss and gene acquisition on
the ecology and pathogenicity of this organism.

RESULTS AND DISCUSSION

Genome features.

The genome of Leifsonia xyli subsp. xyli CTCBO7
(CTCBO7) comprises a single circular chromosome of
2,584,158 base pairs (Fig. 1 and Table 1). Only 70.6% of the
nucleotide sequence of the genome of CTCBO07 contains intact
open reading frames (ORF), the remaining being represented
by pseudogenes or noncoding DNA sequence. This percentage
is below the lowest value of 80% observed for most bacterial
genomes (Moran 2002). Approximately 13% of the putative
protein-coding genes (307), which accounts for 11.6% of the
nucleotide sequence of the genome, are predicted to be pseu-
dogenes, i.e., gene fragments arising from authentic
frameshifts or deletions due to point mutations that introduced
or removed a stop codon in frame or, alternatively, genes that
are incomplete. From these, 51 are transposase-encoding
genes and the remaining were assigned to different functional
categories. Interspersed noncoding DNA corresponds to
17.7% of the nucleotide sequence. In many cases these inter-
coding spaces revealed similarity to portions of genes, indicat-
ing that they could represent gene remnants.

Five distinct insertion sequence (IS) families were identi-
fied, accounting for 50 insertions distributed throughout the
chromosome. These elements, named ISLxx1 through ISLxx5,
are related to major IS families such as IS110 (ISLxx2), IS21
(ISLxx1 and ISLxx3), [S481 (ISLxx4), and IS30 (ISLxx5) that
are defined by their conserved amino acid motif (DDE) in the
transposase. Of these, ISLxx4 and ISLxx5 are the most repre-
sented and are present, respectively, in 26 and 15 nearly identi-
cal copies. Ten ISLxx4 and five ISLxx5 copies are inserted in
the close vicinity of or within genes with known functions
such as ABC transporters, potassium channel, and regulatory
elements. This suggests that members of the IS481 and IS30
families were recently capable of proliferating and, if still ac-
tive, have the potential to mutagenize the genome of L. xyli
subsp. xyli.

An additional 37 transposases that could not be classified
into one of the five ISLxx elements were identified that are
primarily associated with the genomic islands described be-
low. Together, IS elements and transposases comprise a large
proportion of the genome (3.5%), a percentage similar to that
observed in Yersinia pestis (Parkhill et al. 2001).

General metabolism.

Our analyses suggest that CTCBO7 has the potential to en-
code complete glycolytic, penthose phosphate, and tricarbox-
ylic acid cycle pathways. However, CTCB07 does not contain
any of the 14 known proteins of the oxidative phosphorylation
complex I. This system is also missing in Mycobacterium
leprae, Bacillus subtilis, Haemophilus influenzae, and Vibrio
cholerae. Each of these organisms may transfer hydrogen from
NADH to ubiquinone using a type Il NADH dehydrogenase



(EC 1.6.99.3) or a Na+ transporting NADH:ubiquinone oxi-
doreductase. CTCBO7 presents a homolog of the former that is
highly similar to the one present in Streptomyces coelicolor.
The generation of ATP by CTCBO07 is achieved by an F-type
ATP synthase. All genes coding for enzymes of the gluconeo-
genesis pathway are present except fructose 1,6-biphos-
phatase, which is also absent in other Actinobacteria. The de
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Fig. 1. The circular genome of Leifsonia xyli subsp. xyli CTCBO7. The outer scale corresponds to coordinates in base pairs. The first (outer) circle indicates
Tnp insertions as previously reported (Brumbley et al. 2004). The second indicates the positions of insertion sequences. The third and fourth circles
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to encode enzymes necessary for the synthesis of folic acid,
pantothenate, pyridoxine, riboflavin, and nicotinate but lacks
those involved in the synthesis of cobalamin. CTCB07 may re-
quire external biotin and thiamine, since most of the enzymes
involved in the synthesis of these vitamins, which are common
among other bacteria, are missing in CTCBO07.

Ecology of CTCBO07.

Both L. xyli subsp. xyli and X. fastidiosa inhabit the plant
xylem and have similarly sized genomes. However, unlike X.
fastidiosa, and quite unexpectedly for an organism that sur-
vives on the carbon-poor sap of sugarcane (Dong et al. 1997),
CTCBO07 has a number of genes involved in sugar intake and
gene regulation. Surprisingly, the number of these genes is
comparable to the levels found in free-living soil organisms
(Fig. 2). This suggests that CTCBO7 might spend part of its
life cycle outside of its host. For instance, CTCBO07 has a lar-
ger number of ABC transporters as compared with X. fas-
tidiosa (30 as opposed to 5) and is capable of utilizing a range
of carbohydrates including arabinose, fructose, galactose,
glycerol, glucose, lactose, maltose, maltotriose, ribose, treha-
lose, and xylose. In addition, CTCBO7 has a complete phos-
phoenolpyruvate-dependent phosphotransferase system (PTS)
for the transport of fructose and mannitol. PTS systems are ab-
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Fig. 2. Percentage of the total number of genes in each functional
category as defined by COG (clusters of orthologous groups).

Table 2. Pseudogene counts in various organisms

sent in X. fastidiosa. Moreover, 6.6% of all ORF are predicted
to be involved in gene regulation based on the occurrence of
regulatory motifs. This number is higher than that seen in X.
fastidiosa (4.4%) and closer to that found in the similar-sized
genome of the free-living organism Caulobacter crescentus
(7.7%). Finally, the presence of a photolyase, a flagellar op-
eron (discussed below), genes involved in protection against
hyper- or hypo-osmotic conditions such as trehalose synthase
and phosphatase, mechanosensitive channels, carotenoid bio-
synthesis, and two operons encoding ABC-type glycine and
betaine transporters (one of which has likely been rendered
inoperative as a consequence of the insertion of ISLxx4) fur-
ther strengthen the hypothesis that CTCBO7 has, or at least at
one time had, the capacity to live as a free-living organism.
This is paradoxical, as there are no records indicating that L.
xyli subsp. xyli is able to survive in the soil after removal of
the host (Gillaspie and Teakle 1989). However, it is possible
that L. xyli subsp. xyli inhabits as yet unidentified niches. An
alternative explanation is that L. xyli subsp. xyli once inhabited
diverse niches but is now restricted to the sugarcane environ-
ment due to the loss of key genes as described below.

Pseudogenes.

Although pseudogenes are not as numerous as in the related
species Mycobacterium leprae (Cole et al. 2000), they occur
much more frequently in CTCBO07 than in any other completely
sequenced genome of plant-associated bacterium (Table 2).
These pseudogenes, if intact, would have allowed CTCBO7 to
live on plant debris including those involved in the degradation
of plant heteropolysaccharides (B-galactosidase and a- and -
mannosidases) and cellobiose (B-glucosidase), a major disac-
charide product of cellulose degradation. None of these genes
have identifiable functional homologs elsewhere in the genome.
The metabolism of galactose and glutarate are also compro-
mised due to the inactivation of galactokinase and glutaryl-
CoA dehydrogenase, respectively. Finally, a relatively large
number of ABC transporters (14 out of 30) are predicted to be
pseudogenes.

In addition to its role in restricting the ecological range of
CTCBO07, the loss of genes involved in basic metabolism and
synthesis of amino acids may also contribute to its fastidious
behavior. Noteworthy among these are genes involved in the
synthesis of cysteine and methionine. The sulfite and sulfate
cysteine biosynthetic pathway is affected by the loss of cys-
teine synthase. Although CTCBO07 may synthesize this amino
acid via a cystathionine pathway in a manner similar to that of
Bifidobacterium longum (Schell et al. 2002), the fact that the
in vitro growth of CTCBO07 is cysteine-dependent (Davis et al.
1980) may result from the loss of cysK. Two genes involved in
the biosynthesis of methionine, mefE and mefF, both part of
the folate branch of the pathway, are also pseudogenes. More-

Organism Protein-coding genes Pseudogenes (% of total number of genes)
Leifsonia xyli subsp. xyli CTC BO7 2,326 307 (13.0%)
Xylella fastidiosa 9a5c 2,249 66" (2.9%)
Xanthomonas axonopodis pv. citri 4,427 85* (1.9%)
Xanthomonas campestris pv. campestris 4,181 73* (1.7%)
Agrobacterium tumefaciens C58 5,415 13%(0.2%)
Ralstonia solanacearum 5,036 38° (0.8%)
Mpycobacterium leprae TN 2,653 905° (34.1%)
Rickettsia prowasekii Madrid E 797 40° (5.0%)
Sinorhizobium meliloti 6,138 57° (0.9%)
Streptomyces coelicolor 8,093 447° (5.5%)
Pseudomonas syringae 5,400 60° (1.2%)

* Source: GenBank.
® Source: Pseudogenes and Intergenic Analyses website.
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over, the gene that codes for MetH, which accomplishes the
same role as MetE in converting homocysteine into methion-
ine, is absent. Although there are no reports indicating that L.
xyli subsp. xyli is a methionine auxotroph, we experimentally
determined that the growth of CTCBO7 in culture is greatly
improved if this amino acid is added to the standard growth
medium (Fig. 3), thus suggesting that the loss of mefE and
metF partly explains the fastidious behavior of this bacterium.

Pathogenicity genes.

The paucity of known genes putatively involved in patho-
genicity identified in the genome of CTCBO7 possibly ac-
counts for the stealthy infection it causes in sugarcane. Only
105 genes were assigned to the pathogenicity category, of
which 20 (18%) are predicted pseudogenes. This is the small-
est number of genes in this category reported so far for a plant
pathogenic bacterium (Table 3). It is approximately 20 and
62% less than that reported in the genomes of two X. fas-
tidiosa strains (Simpson et al. 2000; Van Sluys et al. 2003) and
two Xanthomonas species (da Silva et al. 2002), respectively.

Hemolysins, hemagglutinins, and adhesins.

CTCBO7 carries genes that are predicted to encode proteins
similar to bacterial hemolysins, hemagglutinins, and adhesin-
related proteins. These include proteins similar to the TlyA
and TlyC hemolysins of the spirochete Serpulina. In addition,
CTCBO7 has a gene that codes for a predicted surface protein
similar to TadA of Actinobacillus actinomycetemcomitans, a
type IV secretion ATPase involved in the production of an adhe-
sin. Moreover, as in Tropheryma whipplei, the gene that codes
for TadA is the first of a sequence of five membrane-associ-
ated proteins whose presence suggests the existence of a sur-
face apparatus involved in adherence to host cells. In CTCBO07,
however, the gene coding for this protein is interrupted by the
insertion of a genomic island named LxxGI1 (discussed below).
The presence of genes coding for proteins that are involved in
interactions with live host cells seems contradictory in a patho-
gen that inhabits a plant tissue (xylem) mostly composed of
cells that lack protoplast at maturity. However, some xylem
elements with intact cytoplasm can be found in sugarcane just
below the cane node (Dong et al. 1997), indicating that this
would be a potential locality for intimate contact with live host
cells. Interestingly, a conspicuous discoloration of the vascular
bundles can be seen right below the nodes of susceptible cane
varieties infected with CTCB07 and might be one of the out-
comes of such contact.

Quorum-sensing and motility.

Genes involved in quorum-sensing were identified, includ-
ing proteins similar to zinc metalloprotease, involved in the
synthesis of pheromones in Enterococcus faecalis (An et al.

1999), and the butyrolactone receptor SpbR of Streptomyces
pristinaespiralis, which is a member of the TetR regulator
(repressor) family (Folcher et al. 2001). The existence of an-
other signaling mechanism is suggested by the presence of a
cluster of genes predicted to encode membrane proteins includ-
ing one with a sortase domain and another with a membrane
protein thomboid (RHO) domain. Both sortase and RHO do-
mains are known to have proteolytic activities and the latter
has been implicated in the release of quorum-sensing signals
(Gallio et al. 2002). Conserved hypothetical proteins carrying
a rhomboid-like domain are among the few that are shared
among the plant-associated bacteria sequenced to date (Van
Sluys et al. 2002).

A flagellar operon comprised of 28 ORF is also present in
CTCBO7. However, predicted proteins required for assembly
of the flagellar filament (FlgK, FliD, and FliK) and for the ex-
port of flagellin (FIhA) are encoded by pseudogenes, suggesting
that full assembly of the flagellum is not possible. Consistent
with these findings, electron microscopy indicates that L. xyli
subsp. xyli lacks flagella (Kao and Damann 1978; Weaver et al.
1977). Given the established roles of flagellar proteins in host-
parasite interactions, including adhesion and transfer of viru-
lence proteins to animal host cells (Arora et al. 1998; Ghelardi
et al. 2002), virulence in plant hosts (Chesnokova et al. 1997;
Ichinose et al. 2003; Matsumoto et al. 2003; Tans-Kersten et
al. 2001), and induction of rapid cell death in nonhost plants
(Tagushi et al. 2003), it would be interesting to determine
whether intact operons occur in other strains of L. xyli subsp.
xyli and to establish the role of such an intact cellular appara-
tus, if any, on the virulence of L. xyli subsp. xyli.

0,35
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Fig. 3. Growth of Leifsonia xyli subsp. xyli cells in MSCnew liquid media
in the presence and absence of methionine (5 mg/ml). Growth was
evaluated by measuring the optical density at 600 nm of the liquid media.
B = MSCnew without cysteine; A = MSCnew + cysteine; and ¢ =
MSCnew + cysteine + methionine.

Table 3. Number of putative genes involved in virulence and pathogenicity of the different plant pathogens®

Category Rs® Xac Xce Psy Atu Xf-cvc Xf-PD Lxx*¢
Type III secretion system-related functions 34 35 35 87 0 0 0 0
Toxin production and detoxification 133 134 111 30 93 69 63 27 (6)
Host cell wall degradation 13 20 24 6 4 6 6 6(2)
Exopolysaccharides 0 15 14 3 3 9 13 3
Surface proteins 35 14 11 71 28 6 15 31 (10)
Adaptation, atypical conditions 22 25 26 70 21 16 28 36 (1)
Other 33 59 66 31 57 28 34 2(1)
Total number of genes 270 302 287 298 206 134 159 105 (20)

@ Homologs were identified using BLASTP (E < 107), as described previously (Van Sluys et al. 2002). The only exception is Pseudomonas syringae pv.
tomato, for which the data was collected from the Pseudomonas syringae genome project (Buell et al. 2003).

® Rs = Ralstonia solanacearum, Xac = Xanthomonas axonopodis pv. citri, Xcc = Xanthomonas campestris pv. campestris, Psy = Pseudomonas syringae pv.
tomato, Atu = Agrobacterium tumefaciens, Xf-CVC = Xylella fastidiosa 9a5C, Xf-PD = Xylella fastidiosa Temecula 1, and Lxx = Leifsonia xyli subsp. xyli.

¢ The number of Leifsonia xyli subsp. xyli pseudogenes in each category is indicated in parenthesis.
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Secretion systems.

Protein secretion in gram-positive bacteria is facilitated due
to the low structural complexity of the cell wall compared with
gram-negative bacteria (Madden et al. 2001). As a conse-
quence, none of the five typical secretion systems (I through
V) described for gram-negative bacteria are present in
CTCBO7. Also absent is the cytolisin-mediated translocation
(CMT) system described in Streptococcus pyogenes (Madden
et al. 2001). CMT has been implicated in the secretion of
streptolysin O into host cells and, thus, is regarded as a func-
tional gram-positive equivalent of the Type III secretion sys-
tem of gram-negative bacterial pathogens. However, other se-
cretion systems commonly found in gram-positive bacteria
were found. Several genes encoding proteins of a general
secretion pathway have been identified: secA (translocation
motor), secD/F, secY, secE, secG, and yajC (translocation chan-
nel). As with Bacillus subtilis, CTCBO07 has no gene encoding
the SecB chaperone, but other chaperones and targeting fac-
tors, such as Ffh and FtsY, may substitute for the SecB func-
tion. General chaperones such as GroES and GroEL are pre-
sent. Three genes encoding a type I signal peptidase were
found in CTCBO7 but, unlike E. coli, Bacillus subtilis, or
Brucella melitensis, CTCBO7 has neither genes encoding a
type II signal peptidase required for processing of lipo-modified
precursors nor those encoding soluble inorganic pyrophosphata-
ses (sppA and fepA), which are responsible for degradation of
the signal peptide. CTCBO7 is predicted to encode a protein
similar to FkpA of E. coli that is involved in the refolding of
mature proteins after their translocation through the mem-
brane. The twin arginine motif translocation (TAT) pathway
accomplishes the secretion of folded cofactor-containing pro-
teins across the membrane. Of the five known Tat proteins (A
through E), TatE (TatA paralogue), TatC, and TatD are present
in CTCBO7.

Lateral gene transfer and virulence.

The genome of CTCBO7 harbors several regions with al-
tered GC content compared with the rest of the genome (Fig.
1, innermost circle). Four such regions (coded LxxGIl to
LxxGI4) with GC composition around 63% also presented
altered codon bias and dinucleotide signatures and thus were
designated as putative genomic islands (Karlin et al. 1998).
LxxGI1 is 33 kbp long and resembles a degenerated prophage.
It is inserted within a type IV secretion ATPase and is flanked
by 15-bp direct repeats. Most of the genes within this region
encode proteins similar to those found in bacteriophages or
that have no similarity to other proteins in the databases. A
striking feature of the other three regions (LxxGI2 to LxxGI4)
is that they harbor candidate pathogenicity genes (Fig. 4). The
28-kbp LxxGI2 may be the result of a plasmid integration
event, since it harbors genes involved in conjugation, includ-
ing a gene coding for a relaxase/mobilization protein (RIx)
required for the horizontal transfer of plasmids. It also con-
tains a pectinase-coding gene flanked by transposable ele-
ments whose predicted amino acid sequence is most similar to
the endopolygalacturonases of the proteobacteria Xanthomo-
nas axonopodis pv. citri and X. campestris pv. campestris,
pathogens of citrus and Brassica species, respectively. Polyga-
lacturonases are important virulence factors in plant pathogens
as they degrade pectin in the plant cell walls, resulting in the
maceration of host tissues (Collmer and Keen 1986). LxxGI3
is 50 kbp in size and carries several transposases. In addition,
it contains a gene coding for a cellulase similar to CelA of
Clavibacter michiganensis subsp. michiganensis and C. michi-
ganensis subsp. sepedonicus. In both species, celA is located
on a plasmid and plays a decisive role in virulence. In C. michi-
ganensis subsp. michiganensis, the gene confers a wilt-inducing

phenotype when transferred to plasmid-free nonvirulent strains
(Jahr et al. 2000), while in C. michiganensis subsp. sepedoni-
cus, it is associated with increased virulence of low-virulent
plasmid-free strains (Laine et al. 2000). Interestingly, LxxGI3
harbors a gene that codes for a member of the delta fatty acid
desaturase family. The presence of this protein deserves spe-
cial attention, since it could divert the carotenoid biosynthetic
pathway identified in CTCBO7 that enables the production of
[-carotene from geranyl pyrophosphate and isopentenyl pyro-
phosphate (Armstrong 1997) to the synthesis of the plant hor-
mone abscisic acid (ABA) (Bartley and Scolnik 1995; Kende
and Zeevaart 1997). In plants, ABA is widely reported as a
growth inhibitor. Thus, the production and secretion of this
plant hormone could contribute to the symptoms of stunting
seen in L. xyli subsp. xyli-infected plants. Plant pathogens are
known to interfere with host growth by producing or inhibiting
the production of host hormonal growth regulators (gibberel-
lins, cytokinins, ethylene, and auxins). However, this is the
first evidence that a bacterial plant pathogen may produce
ABA.

The last genomic island, LxxGI4, also resembles a prophage
and contains several genes of likely bacteriophage origin as
well as hypothetical genes. This 37-kbp region is integrated
into a tRNAgly and bounded by two identical 30-bp sequences
and one integrase. Most important, LxxGI4 harbors a gene
similar to pat-1 of C. michiganensis subsp. michiganensis. In
this organism, this plasmid-encoded gene plays a decisive role
in causing plant wilting (Dreier 1997). Strains lacking this
gene are only mildly virulent and do not cause wilting; how-
ever, transformation of these strains with pat-1 confers upon
them the wilt-inducing phenotype. This phenotype is attenu-
ated if a repetitive sequence positioned downstream of the
gene (pat-Irep) is deleted. In CTCBO7, the pat-1 homolog is
present in two copies, although only the one present in
LxxGI4 seems functional. This copy has the consensus motif
of the trypsin family of serine proteases characteristic of pat-1,
but lacks the downstream repetitive sequence. The absence of
pat-1rep in CTCB07 may explain why this pathogen causes
wilting only in highly susceptible sugarcane varieties under
drought stress conditions.

Given the importance of the genes discussed above, they are
suitable candidates for further functional studies geared to-
ward determining the virulence mechanisms of CTCBO7. For
instance, pectinase and cellulase genes are present in the ge-
nomes of a number of bacterial plant pathogens (Arora et al.
1998). We predict that, in CTCBO07, they play a primary colo-
nization and adaptation role similar to that predicted for X. fas-
tidiosa, since they would both enable these pathogens to mi-
grate through the xylem vessels and to use pectin and cellulose
as carbon sources (Van Sluys et al. 2002). Finally, since the
genus Clavibacter is closely related to L. xyli subsp. xyli and
was originally classified as Clavibacter xyli (Davis et al. 1984;
Evtushenko et al. 2000), we speculate that the genomic islands
containing celA and pat-1 and the Clavibacter plasmids have a
common origin. This hypothesis may find additional support
when the complete sequence of the plasmids of C. michi-
ganensis subsp. sepedonicus and C. michiganensis subsp.
michiganensis become available.

Adaptation to the host.

Microarray profiling and subsequent analyses of plant-
induced bacterial genes have indicated that genes involved in
adaptation to the host environment are more important than
previously thought (Okinaka et al. 2002). Like other plant
pathogens, CTCBO07 has the potential to encode products that
would enable it to cope with reactive oxygen species produced
by the host as part of its general defense mechanism (superox-
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ide dismutase, catalase, iron dependent peroxidase, and alkyl
hydroperoxide reductase). Also of interest is arginase, which
catalyzes the conversion of arginine to urea and ornithine. In
Helicobacter pylori, arginase inhibits the production of the an-
timicrobial nitric oxide (NO), thus representing an important
mechanism of bacterial survival (Gobert et al. 2001). In the or-
der Actinomycetales, this could be of special significance,
since these organisms are unable to synthesize the antioxidant
glutathione, which is regarded as a protectant against NO
(Fang 1997).

The ability to cope with toxins produced by organisms that
share the same niche is also of great adaptive value. In this re-
spect, CTCBO7 appears to encode a multidrug efflux pump
similar to the AIbF system of Xanthomonas albilineans, a
sugarcane pathogen that also resides within the vascular sys-
tem of sugarcane (Rott et al. 1994). The production of the po-
tent bacterial and plant toxin albicidin by X. albilineans is
responsible for the main symptom it causes, i.e., scalding of
the leaves as a result of blockage of chloroplast differentiation
(Birch and Patil 1985, 1987). The AIbF system exports albi-
cidin, thus protecting X. albilineans from its deleterious
effects. Thus the presence of albF in CTCBO07 may render it
resistant to this toxin, enabling it to colonize the plant host in
the presence of X. abilineans. Casual observations of simulta-
neous infections of L. xyli subsp. xyli and X. albilineans in the
field support this conclusion.

Concluding remarks.

The analysis of the genome sequence of CTCBO7 provided
insights into important biological aspects of L. xyli subsp. xyli.
The large number of pseudogenes found in CTCBO7 in the
context of plant pathogenic bacteria suggests an ongoing proc-
ess of genome decay similar to that described in Mycobacte-
rium leprae (Cole et al. 2001), Coxiella burnetti (Seshadri et
al. 2003), and Rickettsia spp. (Andersson et al. 1998). The loss
of functions associated to these pseudogenes may be redirect-
ing the lifestyle of L. xyli subsp. xyli from a free-living to a
fastidious xylem-limited organism. The limited number of
pathogenicity genes appears to explain why L. xyli subsp. xyli
may be regarded as the near-perfect pathogen (Metzler et al.
1997), since it is able to reach high bacterial titers in the host
without causing significant symptoms. It is intriguing to specu-
late whether the genes putatively acquired by lateral transfer
here described could have turned this bacterium from a free-
living plant commensal into a pathogen. Consistent with this
idea, bacteria similar to Leifsonia xyli have been reported as
endophytes of various grass species (Mills et al. 2001). Given
this, comparative genomic studies of CTCBO7 and other Leif-
sonia spp. will be of great value in our efforts to understand
the evolution of pathogenesis.

MATERIALS AND METHODS

Sequencing and annotation.

The genome of strain CTCB07 was determined by a com-
bined shotgun and cosmid insert sequencing approach as pre-
viously described (da Silva et al. 2002). The Agronomical and
Environmental Genomes Consortium carried out library con-
struction, sequencing, assembly, finishing, and annotation.
Bioinformatics analyses (genome annotation tools, compara-
tive genomics, COG, and PFAM) were performed as previ-
ously described (Van Sluys et al. 2003; Wood et al. 2001). All
intergenic regions were checked for the presence of possible
undetected ORF by performing blastX searches against the
GenBank database.

CTCBO07 was chosen for sequencing based on its routine use
in the selection of ratoon stunting resistant sugarcane varieties
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in the breeding program of COPERSUCAR, a Brazilian coop-
erative of sugarcane growers.
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