











and membrane—questions that largely remain unan-
swered. S. scabies, Streptomyces turgidiscabies and S. acid-
iscabies directly penetrate plant cell walls with the help
of thaxtomin, a phytotoxin that inhibits cellulose bio-
synthesis (reviewed in [3]), presumably allowing
secretion of proteins at the host cell membrane. These
pathogens secrete Necl, a novel protein that is proposed
to suppress host defence through an unknown mechan-
ism [28]. S. turgidiscabies necl deletion mutants that
produced wild-type levels of thaxtomin were unable
to colonize radish roots under conditions in which the
wild-type strain ramified apical and subapical cells
within 24 h. Necl has an unknown target but is secreted
via an N-terminal signal sequence and is expected to
interact with host proteins in the cytoplasm [28]. By
contrast, proteins that manipulate plant defence in
Gram-negative bacteria typically cross bacterial and

host membranes via the T'T'SS [29].

By contrast, spiroplasmas and phytoplasmas are injected
into the cytoplasm of phloem cells by their insect vectors
(reviewed in [7]). These pathogens secrete proteins into
the phloem cell cytoplasm allowing movement of these
proteins to other plant cells, for example, to developing
(sink) tissue cells through plasmodesmata (Figure 4). The
AY-WB secreted protein, SAP11, has been characterized
[7]. SAP11 is ~11 kDa and contains a bipartite nuclear
localization signal (NLS) that is functional in plant cells.
Nuclear localization of SAP11 depends on the plant host
factor importin a. SAP11 also moves out of the phloem as
it is detected in nuclei of mesophyll and other cells of
young tissues in AY-WB-infected plants. Finally, there is
evidence that SAP11 differentially regulates several plant
genes. Thus, SAP11 appears to be a virulence factor
although the mechanism of action remains to be deter-
mined.

Secreted proteases and cellulases appear to be crucial to
virulence in Cms and Cmm. Cms secretes an endo-B-1,
4-glucanase, CelA that consists of a cellulose-binding
domain, a catalytic domain, and a C-terminal expansin-
like domain; CelA is required for wilt induction by this
pathogen [30]. Homologues of CelA that lack the expan-
sin-like domain are present in other xylem colonizing
plant pathogens, including Cms and Lxx, suggesting a
role in degradation of xylem cell walls. Serine proteases,
encoded by the par-1 and multiple ¢Zp genes, are patho-
genicity determinants in Cmm. There is a single Chp
homologue in Lxx, but Cms contains 11 members of the
Chp family [13,20°,21°]. It has been speculated that these
proteins might modulate plant defences, as do some
cysteine proteases in Proteobacteria [29].

Pathogen-derived small molecules play crucial roles in
pathogenicity through manipulation of plant metabolism
and signaling. The best-characterized toxin produced by
Gram-positive plant pathogens is thaxtomin A, a nitrated
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dipeptide required for virulence in 8. scabies and other
scab-causing streptomycetes. Biosynthesis is via a non-
ribosomal peptide pathway and includes a nitric oxide
(NO) synthase; NO is utilized in the nitration of the
tryptophan moiety [31] and NO is released at the host—
pathogen interface where it is available to modulate host
signaling [32°]. Thaxtomin A inhibits the synthesis of
cellulose in expanding plant cells via an unknown mech-
anism that appears to be conserved among higher plants
[33,34]. Thaxtomin A and other members of the thaxto-
min family are produced exclusively by scab-causing
streptomycetes, an example of a novel pathogenicity
determinant, and the biosynthetic pathway is carried
on a PAI, mobilization of which is responsible for emer-
gence of pathogenic species in agricultural systems [35].
Thaxtomin and NO are induced by cellobiose, which is a
ligand for the AraC/XylE family regulator TxtR [36];
apparently cellobiose is a signal for expanding plant
tissue. The fas operon in R. fascians is an interesting
example of a highly regulated pathway that produces a
modified cytokinin and that is absolutely required for
virulence in this pathogen. Interestingly, the fas operon
also exists on the PAI of S. furgidiscabies; it confers on this
soil borne pathogen the ability to produce leafy galls on
aerial plant parts [37].

Horizontal gene transfer: a short cut to
virulence

Genome sequences reveal the importance of lateral gene
transfer (HG'T) in evolution of virulence in both Acti-
nobacteria and Firmicutes. The paz-1 gene, which is
required for virulence in Cmm is plasmid borne
[21°,38]. The somA gene in Cmm [39] lies on a 129-kb
region with a lower G + C content than the rest of the
genome [21°]. This region also encodes several serine
proteases that are required for virulence [21°]. The zomA
gene, which is believed to be involved suppression of
plant defence responses, has a homologue on the PAI of
S. turgidiscabies. This PAl resides on a 660 kb integrative
conjugative element that also encodes the thaxtomin
biosynthetic pathway, #ec/ and the fas operon, and is
capable of mobilizing to other Streptomyces spp. [35].
The fas operon on this PAI is homologous and colinear
and with the fas operon of R. fascians [37,40]. The Lxx
genome has four HGT regions encoding pectinases and
polygalacturonases and a 50-kb HG'T" region harbouring
a ce/A homologue and the gene suggested to be involved
in the biosynthesis of the plant hormone abscissic acid
[13].

Phytoplasma genomes harbour many repeated sequences
that are organized in clusters resembling composite trans-
posons named potential mobile units (PMUSs) [10]. The
PMUs are up to ~20 kb in size and contain genes for a
specialized transcription factor (sigf"), DNA replication
(@naB, dnaG), DNA synthesis (zm£), DNA recombination
(ssb, himA), membrane-targeted proteins, and 7745 that is a
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IS3 family insertion sequence encoding a full-length
ORFAB fusion transposase [10]. Phytoplasma genomes
have many copies of PMUs and PMU-like clusters
[14,41]. The latter appear to be degenerate versions
of PMUs [10]. PMU and PMU-like clusters are preva-
lent in ~500 kb of the phytoplasma chromosomes but
completely absent from ~250-kb chromosome regions
harbouring predominantly genes for important meta-
bolic functions in phytoplasmas [10]. One PMU,
PMUI, in the genome of Aster Yellows strain witches’
broom (AY-WB) phytoplasma contains full-length ver-
sions of all genes with known functions and is also
flanked by 328-bp inverted repeats upstream of sigh
(first gene of PMUT1) and downstream of #7@5 (last gene
of PMUT1) [10]. Recent results suggest that the AY-WB
genome contains a second, probably circular, copy of
PMU1 [7]. Some PMU-like regions encode small
secreted proteins of which one is the candidate viru-
lence protein SAP11 [7].

Phytoplasmas can have two to four plasmids that vary in
size [10,42,43]. The plasmids contain genes for repli-
cases (Rep) similar to those found in geminiviruses
(plant viruses) and circoviruses (animal viruses) [44].
Many of the plasmid genes are predicted to encode
secreted proteins and several spontaneous mutants of
OY-M were not insect transmissible [44] and lacked
several plasmid genes [42], suggesting a relationship
between the plasmids and phytoplasma insect transmis-
sibility [42].

Plasmids of spiroplasmas are also involved in insect
transmission. These plasmids harbour adhesins and com-
ponents of type IV translocation systems [45-47]. In
addition, plasmid pSci6 contains P32, which is a hydro-
philic protein of unknown function that is associated with
insect-transmissible §. cifri strains [48°,49].

Conclusions

Actinobacteria and Firmicutes have evolved exclusive
strategies for plant pathogenicity independent of Proteo-
bacteria. Novel virulence factors, including the cellulose
biosynthesis inhibitor thaxtomin, a highly modified cyto-
kinin produced by the fas operon, and a family of serine
proteases have been characterized. There is also abun-
dant evidence for acquisition of virulence genes through
horizontal gene transfer and there are several examples of
homologous virulence genes in multiple genera. Move-
ment of PAIs and PMUs among species occurs and in at
least some cases may be sufficient for emergence of new
pathogenic species. Research on actinobacterial plant
pathogens and their fastidious relatives, the phytoplasmas
and spiroplasmas, has revealed novel toxins, secreted
proteins and plant hormones, which serve to manipulate
plant metabolic and defence pathways, largely by
unknown mechanisms. The most important commonality
among these extremely diverse Gram-positive plant

pathogens is that they all are under explored, fascinating
pathosystems.
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