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REVIEW ARTICLE

Targeting injectisomes of virulence: Benefits of thirty years of
research on bacterial secretion systems, to crop protection

N. Skandalis', P.F. Sarris? and N.J. Panopoulos?

Summary The discovery in the mid-80s of contiguous gene clusters that were later shown to code
for a novel protein secretion system has been a milestone in plant pathology and the study of plant-
bacterial interactions. This system, named type lll secretion system (T3SS), is dedicated to the trans-
location of virulence-related proteins, called effectors, from the pathogen to the host and is common
among phytopathogenic, zoopathogenic and symbiotic bacteria. Bacterial pathogens overcome mul-
tiple layers of plant defense, both preformed barriers and inducible mechanisms. To accomplish this
they deploy sophisticated molecular devices to secrete selected sets of proteins either to the inter-
cellular spaces or directly inside the plant cell. Such proteins enable pathogens to avoid recognition,
block induction of immune responses and/or interfere with the defense signaling network. Recent de-
velopments in molecular biology facilitated research on these interactions and rendered the inter-
kingdom trafficking of proteins a key element of pathogenicity, virulence and host specificity of Gram-
negative bacterial pathogens. While basic research on phytobacterial pathogens has progressed, lit-
tle has changed on the crop protection schemes against bacterial infections. In this review, we sum-
marize the latest findings on the different levels at which contact-dependent protein secretion from
Gram-negative bacteria subverts and/or manipulates plant immunity. Additionally, we focus on the
biotechnological applications which have emerged from basic research on phytobacterial T35S and its
cognate effectors, ranging from bacterial diagnostics, plant resistance and anti-virulence chemicals to
toolkits for gene targeting in plants.

Additional keywords: Diagnostics, effector protein, hrp, resistance, type Il secretion

Introduction

Bacteria have evolved different strategies to
adapt and colonize specific niches, includ-
ing the plant phyllosphere and rhizosphere.
Dependence on the host for survival has
lead bacterial species to adapt to a symbiot-
ic or a pathogenic lifestyle, the latter includ-
ing strategies to proliferate, disperse and
overcome plant defenses in order to be suc-
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cessful pathogens. For this purpose, patho-
gens deploy an arsenal of molecular weap-
ons, of which toxins, phytohormones, cell
wall degrading enzymes, lipo- and exopoly-
saccharides were identified and character-
ized during the 60s and 70s. In the same pe-
riod, scientists studied the various lines of
plant defense, focusing on preformed phys-
ical barriers, phytoalexins and other antimi-
crobial compounds that pre-existed or were
formed post-infection (reviewed in Hickel-
hoven, 2007). However, with few exceptions,
plant defense, pathogen virulence and host
range (especially race-cultivar specificity)
could not be adequately explained on such
bases (reviewed in Hiickelhoven, 2007) but
instead was thought to rely largely upon in-
duction of a series of host immune respons-
es. Flor's seminal analysis of the complemen-
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tary genetic systems of the flax rust fungus
(Melampsora lini) and its host, uncovered
the complementary genetic systems of the
pathogen and the plant, determining the
outcome of race-cultivar interaction (either
compatible or incompatible) and led him to
formulate the “gene-for-gene hypothesis”,
which explained in genetic terms the basis
of race-cultivar specificity (Flor, 1971).

In the early 60s, Klement and his associ-
ates discovered that phytopathogenic bac-
teria, like fungi, were able to induce a rap-
id plant cell death at the infection site, also
known as the plant hypersensitive response
(HR), which was associated with restriction of
pathogen proliferation (Klement and Good-
man, 1967). Against this background, several
parallel discoveries in the mid-1980s and the
decade that followed led to the unified con-
cept that bacterial virulence on plants relies
heavily on sophisticated molecular machines,
known as bacterial secretion systems or in-
jectisomes, which enable them to target host
defense systems at various levels. Key dis-
coveries included the cloning of phytobacte-
rial avirulence (avr) genes (Staskawicz et al.,
1984), the discovery of gene clusters includ-
ing the hrp genes (phonetic “Harp”) (Panop-
oulos et al., 1984; Panopoulos and Peet, 1985;
Lindgren etal., 1986), and the identification of
virulence genes in animal pathogens (Isberg
and Falkow, 1985). These were later shown
to share homologies with hrp genes and to
mediate secretion of virulence-related pro-
teins lacking a canonical signal peptide (rev.
in Tampakaki et al., 2010). The boost in molec-
ular functional genetics of bacteria that fol-
lowed confirmed this concept and revealed
the injectisomes’ organization and function.
The latter is to help pathogens transfer (in-
ject) directly into the plant cytosol proteins
that affect immunity and are known as effec-
tor proteins. Today, the products of pathogen
avr genes are collectively referred to as effec-
tors, since in the absence of cognate plant
immunity receptors they promote patho-
gen virulence by directly or indirectly inter-
fering with plant defense mechanisms (Ritter
and Dangl, 1996, Grant et al., 2006; Jones and
Dangl, 2006; Guo et al., 2009). These findings

helped explain the enigma why phytopatho-
gens carry avirulence genes (Dangl, 1994; Ga-
briel, 1999).

Plant immunity consists of different lay-
ers of defense, including a series of immune
responses that are triggered post-infection
by a variety of elicitors. One group of elicitors
that are conserved among different bacteri-
al pathogens includes the so-called patho-
gen-associated molecular patterns (PAMPs),
which elicit PAMP-triggered immunity (PTI).
Another group includes effectors, which as
previously mentioned are often coded by
classical avirulence genes. Molecular recog-
nition of PAMPs by the host is mediated by
proteins that recognize molecular structures
conserved across a broad range of pathogen-
ic species and are known as pattern recogni-
tion receptors (PPRs). Recognition of effectors
on the other hand by the host is mediated by
resistance proteins that are plasma mem-
brane or intracellularly located.

It is now widely recognized that in their
interactions with eukaryotes, Gram-nega-
tive bacteria use a variety of molecular de-
vices, including extracellular appendages,
to deliver diverse proteins and other mole-
cules to the host cell interior (Charova et al.,
2012). With the rapid accumulation of bac-
terial genome sequences, our knowledge
of the complexity of bacterial protein secre-
tion systems has expanded and numerous
biochemical studies have revealed the ex-
istence of at least six major mechanisms of
protein secretion (Type |, II, Ill, IV, V and VI),
which are often highly conserved among the
Gram-negative bacteria species. This review
focuses on the type llland type VI protein se-
cretion systems (T3SS, T6SS) that mediate se-
cretion and/or translocation of bacterial vir-
ulence-related proteins inside the host cell
in a host contact dependent manner and
under specific in vitro conditions (Hayes et al.
2010). Emphasis in this review is given on the
biotechnological applications that emerged
from the study of these systems, and range
from plant pathogen diagnostics to antibiot-
ic development. The review does not cover
the Agrobacterial type IV secretion system,
which has provided a basis for biotechnolog-
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ical applications in the field of genetic engi-
neering of crops on a commercial scale - the
subject has been extensively reviewed else-
where (Gelvin, 2010; Van Montagu, 2011).

T3SS function as vehicles of protein traf-
ficking

T3SS are molecular nanomachines found
in many Gram-negative proteobacteria (a,
B, y and 6 subdivisions, also found in some
non-proteobacteria such as Chlamydiae)
that establish intimate relationships (patho-
genic, symbiotic or commensal) with plant,
human, insect, nematode or animal hosts
and are evolutionarily related to bacteri-
al flagella (Dale and Moran, 2006; Tampak-
aki et al., 2004; Troisfontaines and Cornelis,
2005; Charova et al., 2012). They function as
“injectisomes”, translocating diverse reper-
toires of proteins to extracellular locations
and into eukaryotic cells. Many T3SS-secret-
ed proteins (T3SS effectors) modulate the
function of host regulatory networks, which
determine the outcome of recognition and
biological accommodation with the eukary-
otic host. T3SS have evolved into seven phy-
logenetic families (Troisfontaines and Cor-
nelis, 2005). Some bacteria may harbor more
than one T3SS, which usually belong to dif-
ferent phylogenetic families (non-ortholo-
gous), an indication of relatively recent hori-
zontal gene transfer.

In plant pathogenic bacteria, the T3SS
forms a long pilus that equals or exceeds
in length that of the bacterial cell and has a
central channel through which the secreted
proteins are transported from the prokary-
otic cytoplasm across the inner and outer
bacterial membrane as well as the plant cell
wall, into the host cytosol. The proteins that
build and regulate the assembly and func-
tion of this secretion apparatus are coded
by three classes of genes (reviewed in Tam-
pakaki et al., 2010). Firstly, the hrc genes (hrp
conserved), which also have homologs in
the bacterial flagellum and whose protein
products are conserved at the sequence lev-
el among animal and plant pathogenic bac-
teria. They express proteins known as the
T3SS core components, including HrcJ, HrcU,
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HrcV, HrcN, HrcR, HrcT, HrcS and HrcC, which
form the basal body of the apparatus that
is embedded in the inner and outer bacte-
rial membrane. HrcC forms a ring-like struc-
ture in the outer membrane. HrcN and its
homologs catalyze ATP hydrolysis provid-
ing energy to the system and are involved
in protein unfolding and transport (Lorenz
and Buttner, 2009). Secondly, transcriptional
regulators of the T3SS operons and effector
genes, such as a) the alternative sigma factor
(oY) HrpL, the master regulator of the secre-
tion system in P. syringae pathovars, Pantoea,
Pectobacterium and Erwinia/Dickeya species,
and b) the AraC-type regulators HrpB and
HrpX in Ralstonia and Xanthomonas species,
respectively (Blttner and Bonas U., 2009).
Importantly, avr/effector genes and hrp/
hrc operons are co-regulated, a finding that
provided an early clue about their function-
al linkage. The third class of genes codes for
the extracellular T3SS components (the pilus
subunits, HrpA in P. syringae and Erwinia am-
ylovora, HrpY in R. solanacearum, HrpE in X.
campestris), proteins serving as chaperones
assisting in injectisome assembly, secreted
proteins with extracellular enzymatic func-
tion, proteins forming pores in the plant cell
wall or assisting translocation activity (HrpK,
HrpF; reviewed in Bittner and He, 2009) and
proteins such as harpins (HrpZ, HrpW, PopA;
He et al., 1993) that are able to elicit the HR in
purified form.

The hrp/hrc genes are generally located
in pathogenicity islands (PAls) and are pri-
marily found on the bacterial chromosome
rather than on plasmids. Typical hrp clus-
ters, such as those of P. syringae pathovars,
consist of core regions of 6 operons and
27 open reading frames (ORFs), flanked by
two effector rich loci, the conserved effec-
tor locus (CEL) and the exchangeable effec-
tor locus (EEL; Alfano et al., 2000). New in sil-
ico analysis revealed multiple T3SS clusters
in the same strain, found not to be non-or-
thologous and functionally non-redundant
but serving bacterial virulence in different
ways. For example, in case of E. amylovo-
ra, one T3SS mediates interaction with the
plant host, while the second might be serv-
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ing dissemination by insect vectors (Triplett
etal., 2006).

The type VI secretion system

The recently discovered T6SS is typical-
ly encoded by clusters of 13 genes thought
to constitute the minimal set needed to pro-
duce a functional secretion apparatus. Our
current knowledge concerning T6SS reg-
ulation of gene expression and apparatus
components has been obtained basically
from studies on human and animal bacte-
rial pathogens (Boyer et al., 2009). T6SS oc-
cur mostly in a-, B-, and y-proteobacteria
(about 25% of the sequenced genomes; Bin-
gle etal., 2008) and in Helicobacter hepaticus
(Chow and Mazmanian, 2010), a member of
the &-(epsilon) group, which is an intestinal
microbiote. Multiple copies of these clusters
(often referred to as T6SS loci in the litera-
ture) are frequently found in the same ge-
nome and are non-orthologous, indicating
that they did not originate from internal du-
plicationin the bacterial host but were prob-
ably acquired independently by horizontal
transfer (Sarris et al., 2010). In few such cases
that have been studied, each T6SS assumes
a different role in the interactions of the bac-
terial organism with others.

At present, only few T6SS substrates
have been verified experimentally, but oth-
ers may merely await identification. Some
of the T6SS core component proteins are
structurally related to the cell-puncturing
devices of tailed bacteriophages, and at
least in some well-studied cases, the sys-
tem has been shown capable of translocat-
ing effector proteins into the host cell cyto-
plasm, and thus is implicated in virulence of
certain plant pathogenic bacteria, includ-
ing Agrobacterium tumefaciens, Pectobacte-
rium atrosepticum and Xanthomonas oryz-
ae, as well as in the multi-host pathogen
Pseudomonas aeruginosa strain PA14 (re-
viewed in Sarris et al., 2012). However, the
T6SS is not only implicated in pathogene-
sis, as several reports attribute a fundamen-
tal role in efficient root colonization/nodule
formation by the nitrogen-fixing plant sym-
bionts/mutualists Mesorhizobium loti, Rhizo-

bium leguminosarum and Cupriavidus tai-
wanensis (Bingle et al., 2008).

The diverse role of Bacterial effectors-
not the last words

Bacterial T3SS effectors constitute a large
and diverse group of virulence proteins with
a wide range of cellular-subcellular targets
and biochemical functions. A prominent
feature of these proteins is their modular ar-
chitecture, comprised by domains or mo-
tifs that confer an array of biochemical func-
tions within the eukaryotic cell. They are in
essence molecular chimeras of functional-
ly distinct sequence domains, distributed in
different ways along the effector sequence
properly but with some common rules. For
example, sequence motifs required to direct
secretion from the bacterial cell, transloca-
tion into the host cell and membrane local-
ization, are generally located to the N-termi-
nus of the protein, while functional domains
and motifs mediating subcellular targeting
and interactions with host targets typical-
ly localize to the central or C-terminal por-
tions. This modularity has been exploited
for construction of reporters to monitor se-
cretion/translocation and in genetic screens
designed to identify new effectors. An im-
pressive variety of structural motifs are
found in various combinations in T3SS ef-
fectors (Dean, 2012), which may be viewed
as “genetic jugglery” to borrow a term from
Davis and Davis (2010).

The motifs required for T3SS are locat-
ed in the first 15-25 N-terminal residues,
but without discernible consensus, and a
chaperone binding domain 50 to 150 resi-
dues downstream. Subcellular targeting sig-
nals include mitochondrial targeting motifs,
membrane targeting motifs nuclear localiza-
tion signals, caspase processing sites and G-
protein regulatory domains, a variety of mo-
tifs involved in protein—protein interactions,
and a long list of catalytic activities (Dean,
2012). These features form the bases of the
diverse cellular roles of effectors in bacteria-
host interactions.

Particular effectors have been found to
control bacterial proliferation on the plant
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surface, prevent stomata closure and inhib-
it enzymatic degradation of bacterial pep-
tidoglycans in the leaf apoplast. Moreover,
they mask elicitor recognition and block sig-
naling receptors. They are able to down-
regulate, suppress and/or degrade defense
mechanisms such as callose deposition and
papillae formation, kinase phosphoryla-
tion and dephosphorylation, resistance pro-
tein activation, and block the hypersensi-
tive response triggered by other effectors
(reviewed in Jones and Dangl, 2006; Goéhre
and Robatzek, 2008). Moreover, they mod-
ulate plant transcription, proteosomal deg-
radation machinery and hormone-signaling
networks (involved in defense signaling) by
down regulation of microRNAs in the RNA
silencing mechanism (Navarro et al., 2008;
Zhang et al., 2011). The plant defense-sup-
pression functions of P. syringae effectors
are summarized in Table 1.

Large scale genome sequencing and
subsequent effector prediction, answered
the riddle of effector redundancy and re-
vealed the rich effector repertoire of dif-
ferent pathogens: Studies by Sharkar et al.
(2006) on host specificity showed that low
conservation of T3SS effector repertoires
among different bacterial pathovars and
species underlies their differences on host
specificity, while high conservation of T3SS
effectors can explain pathogenicity and a
broad host range. Further on, acquisition of
new T3SS effectors by HGT or other genet-
ic mechanisms can widen a pathogen'’s host
range (Jones and Dangl, 2006). It is there-
fore evident that the effector repertoire of
a pathogen largely determines its infection
strategy as well as its host range.

Biotechnological applications

Mining for effectors reveals new poten-
tial tools in plant breeding

Following Flor's hypothesis and using
Klement's technique (see introduction), dif-
ferent panels of scientists determined that
plant resistance was associated with HR elic-
itation to specific pathogen races. This led
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to the characterization of many avirulence
(effector) genes and their matching plant re-
sistance (R) genes, which in some cases en-
abled the full characterization of resistance
due to avr-R interacting gene pairs in sever-
al pathosystems at the race/cultivar or spe-
cies level. One of the first resistance genes
to be cloned was Bs7 from pepper accession
PI163192, which interacted with the protein
effector encoded by the avr gene avrBsi
from X. campestris pv. vesicatoria (Minsav-
age et al., 1990). Backcross programs were
initiated to transfer the resistance gene into
commercially valuable cultivars (Early Cal-
wonder). Similar efforts will help the devel-
opment and/or identification of several cul-
tivars of pepper (Bs1-4) and tomato (rx1-3,
Xv3, Xv4) with resistance towards bacteri-
al spots caused by Xanthomonas spp. (re-
viewed in Stall et al., 2009). Indeed, several
pepper varieties resistant to three or more
of the six bacterial leaf spot races are now
commercially available (Sweet Bell, Sweet
Italian, Hot peppers etc.). Also in the ear-
ly nineties, Martin et al. (1991) isolated the
Pto kinase R gene, which confers resistance
to bacterial speck disease in tomato by rec-
ognition of the corresponding avrPto aviru-
lence gene, in the pathogen P. syringae pv.
tomato. Similarly, breeding efforts with rice
R genes such as Xal-26 that confer resistance
to bacterial blast caused by Xanthomonas
oryzae pathovars, are now implemented in
control measures along with cultural prac-
tices, chemical and biological control, and
disease forecasting (Nifo-Liu et al., 2006).
Several other efforts have been reported on
different pathosystems. Genome sequenc-
ing programs and protein motif comparison
and function prediction analysis facilitate
similar efforts and will provide breeders and
geneticists with a significant number of re-
sistance genes in the near future.

TAL Effectors: Novel tools for gene tar-
geting and genome engineering
Transcription activator-like effectors
(TALEs) are T3SS-secreted avirulence proteins
found in Xanthomonas. These proteins can
bind promoter sequences in the host plant
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and activate the expression of plant genes
that aid in bacterial infection. They recog-
nize plant DNA sequences through a central
domain consisting of a variable number of
tandem, 33-35 amino acid repeats, followed
by a single truncated repeat of 20 amino ac-
ids. The native function of these proteins is
to directly modulate host gene expression.
Upon delivery into host cells via the bacteri-
al T3SS, TAL effectors enter the nucleus, bind
to effector-specific sequences in host gene
promoters and activate transcription (Boch
and Bonas, 2010; Voytas and Bogdanove,
2011). The DNA binding code of TAL effec-
tors is fairly simple: a hypervariable pair
of adjacent residues at positions 12 and 13
in each repeat, the ‘repeat-variable di-resi-
due’ (RVD), specifies the target, one RVD to
one nucleotide, with the four most common
RVDs each preferentially associating with
one of the four bases in the DNA target. In
naturally occurring TAL proteins the recog-
nition sites are uniformly preceded by a T
nucleotide that is required for TAL effector
activity (Voytas and Joung, 2009; Moscou
and Bogdanove, 2009; Boch et al., 2009).

These straightforward sequence rela-
tionships between the variable amino ac-
ids in TAL effector repeats and DNA bases
in their target sites both allow the predic-
tion of TALEs and their target sites and en-
able the redesigning of effectors to selec-
tively bind to DNA targets of choice. These
proteins are interesting to researchers both
for their role in disease of important crop
species and the relative ease of retargeting
them to bind at pre-chosen DNA sequences.
Similar proteins can be found in the patho-
gen Ralstonia solanacearum.

Genome sequencing generates oppor-
tunities to strategically manipulate selected
genes in DNA targeting for a wide range of
applications: understanding gene function
in model organisms, reprogramming the
regulation of selected loci in higher eukary-
otic genomes through novel transcription
factors, site directed mutagenesis and other
techniques. Potential applications are envi-
sioned in treating human genetic disorders,
improving traits in crop plants, genome en-
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gineering and synthetic biology. At pres-
ent, a serious technical limitation of such
applications is the difficulty of altering nu-
cleotide sequences and expression of genes
in living cells in a targeted fashion. The TAL
effectors of plant pathogenic Xanthomonas
have provided researchers with a new tool
to meet this challenge. Fusions of these ef-
fectors to rare-cutting restriction endonu-
cleases (called TALENs, TALE nucleases), or
other programmable nucleases, to custom-
izable arrays of polymorphic amino acid re-
peats, direct the nuclease to particular DNA
sites which they subsequently cleave (Bog-
danove and Voytas, 2011; Morbitzer et al.,
2010). In a recent plant-related application
(Lietal., 2012) a TAL effector of Xanthomonas
oryzae pv. oryzae (Xoo), which transcription-
ally activates a specific rice disease-suscep-
tibility (S) gene, was fused to the DNA cleav-
age domain of Fokl to create a TALEN able to
edit the particular S gene, altering the sus-
ceptibility response and thereby engineer-
ing resistance to bacterial blight.

Harpins

T3SS proteins of phytopathogenic bac-
teria, such as harpins, have been studied for
their use in crop protection. The first exam-
ple was the use of the harpin protein HrpN
from E. amylovora overproduced in a heter-
ologous bacterial system (Escherichia coli)
(Wei et al., 1992). Harpins elicit a complex set
of metabolic responses in the treated plant,
which result in promotion of plant growth,
induction of defense responses against dif-
ferent types of pathogens and insects, and
tolerance to drought stress (reviewed in
He et al., 2004). Harpins or harpin-like pro-
teins such as HrpZ from P. syringae pv. syrin-
gae (Strobel et al., 1996), PopA from Ralsto-
nia solanacerum (Belbahri et al., 2001) also
elicit similar reactions on non-host plants.
Transgenic cotton lines expressing Harpin,
from X. oryzae pv. oryzae accumulate harpin
along the plant cell wall where it likely
acts as an endogenous elicitor (Miao et al.,
2010), leading the plant to a primed state
which improves resistance against Verticilli-
um wilt. Similarly, transgenically expressed
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HrpZ protein fused to a plant signal pep-
tide enhanced “rhizomania” resistance both
in a model plant (Nicotiana benthamiana)
and sugar beet, the natural host of BNYVV
(Pavli et al., 2011). However, the exact action
site of harpins remains unknown. Tampak-
aki and Panopoulos (2000) suggested that
the harpin receptor could be extracellular
in transgenic tobacco expressing HrpZ of P.
syringae pv. phaseolicola, while other groups
proposed the plasma membrane as the lo-
cation of harpin receptor using immune-cy-
tological experiments (Lee et al., 2001).

Harpin’s potential culminated from basic
and applied research that led to the regis-
tration and placing in the market plant pro-
tection products with various harpins as the
active ingredients, by companies such as
EDEN Bioscience, which launched Messen-
ger™and ProAct as biopesticides for yield
enhancement and disease management.
This novel crop management technolo-
gy offers the advantages of being environ-
mentally friendly as it does not leach, bio-
acccumulate, or persist in the environment,
and leaves no detectable residues on treat-
ed crops. Nevertheless, its small share in the
global market indicates that there are limita-
tions to this technology and probably space
for improvement.

Hrp-based Diagnostics

Conventional methods for detection
of bacterial plant pathogens relies on cul-
ture-based methods, biochemical and se-
rological typing (immunofluorescence,
enzyme-linked immunosorbent assay -
ELISA), protein profiling (SDS-PAGE), fat-
ty acid methyl-ester (FAME) profiling and
pathogenicity confirmation testing. How-
ever, detection is increasingly depending
on polymerase chain reaction (PCR) - based
techniques, which mainly focus on amplifi-
cation of the 16S rDNA gene and the 165-23S
internal transcribed spacer by genera/spe-
cies specific primers, combined occasional-
ly with simple restriction fragment length
polymorphisms (RFLPs) and repetitive-se-
quence-based PCR (REP-PCR) analysis. A list
of internationally agreed diagnostic proto-

cols for regulated pests is published by the
European and Mediterranean Plant Protec-
tion Organization (EPPO, 2012). Other primer
target genes usually include genes involved
in basic cellular functions, as for example the
Rhs gene family (Park et al., 2006; Albuquer-
que et al., 2012) and gyrase B (gyrB) (Weller
et al., 2007). Moreover, several specific prim-
ers have been designed on genera and spe-
cies specific genes, such as the genes con-
trolling production of bacterial phytotoxins,
such as phaseolotoxin or coronatine for the
detection of the bean halo blight (Schaad et
al., 1995) and the bacterial speck pathogen
of tomato (Cuppels, 2006). The main draw-
backs so far of PCR-based methods are sen-
sitivity, cross reaction with other bacteria,
and false negatives/positives, usually due
to the DNA extraction method and/or the
plant tissue. Real time, multiplex and com-
petitive PCR protocols have been developed
to overcome such limitations (Pastrik, 2000;
Berg et al., 2006; Chen et al., 2010).

The use of primers targeting functional
systems that only pathogenic bacteria pos-
sess, such as the T3SS, could offer an alterna-
tive tool to overcome the aforementioned
limitations. In this direction, there have
been reports for the detection of Gram-
negative pathogens by PCR amplification
of hrc genes by means of genus, species or
pathovar specific primers. In their pioneer-
ing work, at a time when full annotations of
the hrp cluster were not available, the Stall
and Bonas group (Leite et al., 1994) had fore-
seen the potential of hrp genes for diagnos-
tic purposes. They have used genomic DNA
of a X. campestris pv. vesicatoria strain and
DNA from plasmids that contained cloned
parts of the hrp cluster to develop oligonu-
cleotide primers specific for different hrp re-
gions, which amplified DNA from X. fragar-
iae and 28 pathovars of X. campestris. More
recently, other groups have also used the
same set of primers for Xanthomonas species
either per se or as a basis for designing new
primer sets against additional Xanthomonas
species and pathovars, based on the load of
available sequences. Indeed, Obradovich et
al. (2004) differentiated the X. campestris pv.
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vesicatoria groups in isolations from pep-
per and tomato with the same primers as
Leite et al. (1994), while Park et al. (2010) de-
signed new primers that specifically ampli-
fied a 243-bp product from genomic DNA of
X. arboricola pv. pruni strains, and not from
the 21 other strains of Xanthomonas and two
epiphytic bacterial species. In addition, Zac-
cardelli et al. (2007) proposed a rapid de-
tection method for X. campestris pv. camp-
estris in crucifer seeds and plants, based on
amplification under stringent conditions of
an internal hrcC fragment of 519 bp from a
number of isolates and by means of patho-
gen-specific primers.

Recently, conventional PCR assays were
adapted to real-time PCR to develop more
sensitive and rapid techniques. Even if most
of these studies target gene sequences oth-
er than those involved in T3SS function, as
for example those coding for putative mem-
bers of the ATP-binding cassette (ABC) trans-
porter family in X. arboricola pv. pruni (Pala-
cio-Bielsa et al., 2011), there have been pilot
reports on real-time PCR diagnostic assays
based on hrp genes. Berg et al. (2006) for ex-
ample, used fluorescently labeled probes to
develop a multiplex PCR amplifying a 78-bp
segment of the hrpF gene from different X.
campestris pathovars and a 100-bp segment
of the Brassica spp. 185-25S internal tran-
scribed spacer. The latter provided an inter-
nal control for the amplification process to
prevent false negatives. Nevertheless, sever-
al real-time PCR protocols have been pub-
lished in the last few years based on T3SS
gene sequences of mammalian pathogens.
Most of these PCR protocols target gene se-
quences such as hilA and ssaN, a T3SS tran-
scriptional regulator and a putative T3SS
ATP synthase gene of Salmonella enterica
serovars, respectively, of pathogens borne
in food and dairy products (McCabe et al.,
2011; Chen et al., 2010). Moreover, similar as-
says target genes coding for T3SS secreted
effectors such as tccP and tccP2 from patho-
genic Escherichia coli (Madic et al., 2011).
Considering the fact that both basic and ap-
plied research on bacterial secretion system
progress since the very beginning hand in
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hand for plant and mammalian pathogens,
one should only expect that use of real time
PCR with sensitive and efficient probes (such
as the TagMan technology), will also ex-
pand rapidly in the next few years for phy-
topathogen detection. This approach offers
the advantage that detection can be com-
pleted within a few hours with a sensitivity
of 102 CFU ml™, thus surpassing the sensitiv-
ity of the existing conventional PCR.

The microarray technology offers a
promising tool for transcriptional profiling,
which has also been exploited for T3SS ex-
pression profiling and regulation (Ferreira
et al., 2006). Moreover, microarrays have re-
cently been exploited for microbial species
detection, community profiling on specific
niches and/or hosts. High density microar-
rays for example, based on gene sequenc-
es encoding mainly for the small ribosom-
al subunit (16S) rRNA, have been developed
for microbe/pathogen monitoring (Brodie et
al., 2007). Such tools could complement the
currently available methods for pathogen
detection, which are time consuming, and
specific, but still lack economic feasibility.
The approval of DNA microarray technology
by governmental authorities (US Food and
Drug Administration) has paved the way for
new applications to clinical diagnostics and
pathogen detection in foods and crops.

Microarray applications for the detec-
tion of plant pathogens have already been
developed, mainly targeting a specific host
plant. Probe designing on most cases has
been based on the 16S rRNA gene region
with the complementation of pathoge-
nicity islands containing known virulence
genes (Aittamaa et al. 2008) or housekeep-
ing genes such as rpoB, groEL, ftsZ (Pellu-
dat et al., 2009) and gyrB (Kostic et al.,2007).
The diagnostic ability could extend from ge-
nus and species to pathovar level. However,
such diagnostic tools are still in their infan-
cy with plant pathogens as they have been
applied to pure culture lysates rather than
infected plants and cross hybridization be-
tween probes often occurs. The use of hrp
genes could address the latter problem, as
although they are conserved, they still in-
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clude regions of high polymorphism. Based
on pilot studies from the authors of this
manuscript (Skandalis et al., 2010), we sug-
gest that microarray target probe design-
ing on hrc genes could be a valuable tool
for detection of a wide range of Gram-neg-
ative plant pathogens as well as for simul-
taneous infections. In support, Garrido et al.
(2006) already developed a diagnostic oli-
gonucleotide array for the detection of shi-
ga toxin-producing and enteropathogenic
E. coli strains based on the genetic variabil-
ity present at the enterocyte effacement
(LEE) pathogenicity locus, which contains
genes encoding for the T3SS and T3SS effec-
tor proteins.

Are secretion systems the key to a new
generation of antibiotics?

Development of resistance to antibiot-
ics that target bacterial viability, urged for
new antimicrobial development strategies
that target various pathways related to vir-
ulence, including toxin function, toxin deliv-
ery, regulation of virulence expression and
bacterial adhesion (reviewed in Clatworthy
etal., 2007). Inhibition of these virulence fac-
tors would render hazardous bacteria non-
infectious only within the host, thereby re-
ducing the selective pressure for resistance
development, and would not perturb the
nontarget microflora. In this regard, T3SS
apparatus components that are linked to
the outer membrane or exposed, offer an
attractive substrate for inhibitor (antibiotic)
development. Hence, screening for T3SS in-
hibitors has involved four distinct approach-
es, yielding inhibitors of T3SS transcription,
assembly and specific effector protein se-
cretion (reviewed in Lee and Kessler, 2009).
In particular, small molecules termed In-
nate Parmaceuticals AB (INPs), and in partic-
ular acylated hydrazones of different salicy-
laldehydes were found to prevent molecule
translocation for Yersinia pseudotuberculo-
sis (Nordfelth et al., 2005), inhibit intracel-
lular growth but not invasion of Chlamydia
trachomatis into host cells (Muschiol et al.,
2009), inhibit the T3SS and virulence of Sal-
monella enterica serovar Typhimurium (Hud-

son et al., 2007) and finally inhibit secretion
assembly of Shigella flexneri T3SS. Effector
protein inhibitors were identified either —in
the case of pseudolipasin A - on the basis of
inhibition of host cell lysis by the P. aerugino-
sa ExoU cytotoxin effector or alternatively,
by screening for compounds, such as exosin
and 0433YC1-2, that permitted the growth
of yeast with induced expression of cytotox-
ic effectors of P. aeruginosa (ExoS) and Chla-
mydia pleumoniae (CopN). Determination of
3-D structures of T3SS components and ef-
fectors provide unexplored options for de-
signing antivirulence chemicals, including
next generation virulence inhibitors bind-
ing to adjacent, functionally relevant bind-
ing pockets of T3SS components to reduce
the chances of resistance development.

Conclusions

Historically, the genes coding for the T3SS
were identified in phenotypic screens of
mutants altered in their interaction with
other organisms (higher eukaryotes). The
identification of effectors in plant patho-
gens also had a similar starting point (trans-
fer of whole genome libraries from aviru-
lent to virulent strains and carrying out HR
screens on R gene differentials; Staskawicz
et al., 1984; Table 1). The discovery of the
T6SS followed the opposite route: its exis-
tence emerged from bioinformatic sourcing
of genomic data. It is conceivable that fu-
ture sourcing of genomic, proteomic, tran-
scriptome and structural database data may
point to new potential candidates, partic-
ularly for effectors. Possibly, new secretion
systems and new effectors may even be pre-
dicted, “the way Mendeleev had anticipated
characteristics of yet unknown elements”,
as is already the case with TAL effector DNA
binding specificities.

Large scale analysis of interactions of
effectors with different hosts by means of
Agrobacterium transient expression (Wro-
blewski et al., 2009; Lindeberg et al., 2012)
confirmed that their suppression and avir-
ulence function varied significantly, espe-
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cially among distant plant families, some of
which are highlighted in Table 1. This might
reveal new potential in genetic engineering
towards phytoprotection, as exploitation of
a certain effector function in a specific crop
could lead to priming of defense respons-
es upon challenge with a pathogen. More-
over, the genomics era for plant pathogens,
which began with the sequencing of Xylella
fastidiosa genome in year 2000 (Simpson et
al., 2000) and the new comparative analysis
of genomes (Hamilton et al., 2011), which al-
lows for identification of conserved and di-
vergent features, thus leading to species,
pathovar and isolate-specific genes, sup-
ports diagnostics research towards new
molecular kits based on such targets, where
both hrp genes and T3SS effectors might be
in the centerfold.

With regard to applications, it is per-
haps significant that various uses of bacte-
rial effectors have been the subject of sev-
eral patents, to enable possible applications
inanumber of areas, including plant disease
and pest control. In addition, new frontier
areas are likely to emerge from the develop-
ments in high-throughput DNA sequencing
(next-generation sequencing technologies).
Very high-throughput DNA sequencing
platforms are commercially available at af-
fordable costs and new more cost effective
techniques are under development. Rapid
genome-wide characterization and targeted
capture of genomic subsets and polymor-
phisms from many phytopathogen strains
atatime, and public access to genome, tran-
scriptome and metagenome data will likely
reshape many areas of “phytopathogenics”
and will enable applications in disease di-
agnosis, epidemiology, effectoromics and
comparative pathogenomics and the de-
velopment of resistance strategies in the fu-
ture. Characteristic of this trend are two re-
cent publications (Baltrus et al,, 2012; Bart et
al., 2012), which concern the sequencing of
new 14 and 65 phytobacterial genomes, re-
spectively.

Research on antibacterial compounds
for phytoprotection could follow the mam-
malian research initiatives. Specificity of
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T3SS virulence inhibitors could render field
application feasible, in contrast to conven-
tional antibiotics. However, development of
such molecules would face drawbacks sim-
ilar to those of the mammalian pathogens:
post-infection usage, broad range activi-
ty, targeting of infected tissue and non-tar-
get organism safety issues. In addition, the
lack of an adaptive immune system would
render T3SS therapeutics more complicat-
ed and disqualify methods such as usage of
secreted effectors as vaccines and T3SS mu-
tants as live vaccines, which are under inves-
tigation for mammalian bacterial pathogens
(see Coburn et al., 2007).

Disclaimer: Mention of commercial product
or manufacturer does not imply endorse-
ment by the authors.
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APOPO ANAZKOIMHXHZ

Tpravta Xpovia épguvag 6Ta EKKPITIKA GUCTHHATA TWV
Baktnpiwv: BloteXVOAOYIKEG EQAPHOYEG KAl OPEAN OTN
putonpootacia

N. Zkavdding, NM.O. Zappng kat N.I. Mavémoulog

NepiAnPn H avakdhugn ota péoa tng Sekastiag Tou ‘80 VG EKKPITIKOU CUOTAUATOC IPWTEIVWY,
TIOU OVOUAOTNKE EKKPITIKO oUoTnua tumou Il (T3SS), kovol oe mabBoydva gutwv Kal {wwv Kabwg Kat
o€ OUUPIWTIKA BakTripla, amoTéAeoe opdONUO oTNV QUTOTIABONOYIA KAl CUYKEKPIUEVA OTIC AAANAETI-
Spdoeic putwv-Baktnpiwv. Ta putonaboydva Baktrpla mpémel va kataBalouv Ta ToOAaAmAG emineda
AMLVOAC TOU QUTOU OV €iTe IPOUMAPXOULV EiTe EMAyovTal HETA T POAuvaon. [ia va To emTUXOUV, Xpnol-
HoTol0UV GUUTAOKA TIPWTEIVWV TToU Snutoupyolv Sopéc KATAANAEC YIa TNV €KKPLON TTPWTEIVWY TOGO
oToV €EWKUTTAPIKS XWPO Tou BakTnpiou, 600 kal ameuBeiag 0To KUTTAPO TOU PUTOU EevIoTH. Ot Tpw-
Teiveg auTtég eumodiCouv T avayvwpion Twv maboydvwy amd Tov EEVIOTH, amoTPEMOUV TNV EMAywYH
QUUVTIKWV PNXAVICHWV Kat TapepBaivouv otnv onpatoddtnon mou odnyei oTnv evepyomoinor Toug.
Mpdo@ata emTeVYUATa 0TN Hoplakn Bloloyia forBnoav tnv épeuva oTov Topéd Twv aAnAemdpdoe-
WV Kal £X0UV KATAOTAOEL TN HETAPOPE TIPWTEIVWV UE To T3SS w¢ Bepehiwdn otnv maboyévela, Tn po-
AuopatikoTnTa Kat Tov KaBoplopd Tou e0poug Twv EEVIOTWY Twv gram- @utomaboyovwy Baktnpiwv.
Y avtiBeon pe ™ mpoodo oTn yvwon pag otn Broloyia Twv maboyovwy, Aiya mpdypata £xouv aAAd-
&1 0TIC uEBOBOUC Kal TOV TPOTIO KATATTOAEUNGONC TOUC. XTNV Mapolod avaoKomnon mapouctaleTal ou-
VOTTTIKA N AstToupyia Kat o Tpomog Spdaong tou T3SS. H éupacn divetal oTiG BloTeXVONOYIKEG EQapPLIO-
YEC TIou €xouv TpoKUYEL pe afova Tn Bactkn épeuva oTo T3SS, anmd v avamtuén véwv SlayvwoTIKWY
peBSSwV kat TNV PeAtivon TG avBekTIKOTNTAC TWV PUTWV O TaBoydva, 0Tn dnutoupyia avTIBIOTIKWY
Kal TEXVOAOYIWV Yla yovidlakr 0TOXeuon 0Ta QUTA.

Hellenic Plant Protection Journal 5: 31-47, 2012
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