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Pseudomonas savastanoi pv. savastanoi strain NCPPB 3335 is a model bacterial pathogen for studying the
molecular basis of disease production in woody hosts. We report the sequencing of the hrpS-to-hrpZ region of
NCPPB 3335, which has allowed us to determine the phylogenetic position of this pathogen with respect to
previously sequenced Pseudomonas syringae hrp clusters. In addition, we constructed a mutant of NCPPB 3335,
termed T3, which carries a deletion from the 3’ end of the irpS gene to the 5’ end of the hrpZ operon. Despite
its inability to multiply in olive tissues and to induce tumor formation in woody olive plants, P. savastanoi pv.
savastanoi T3 can induce knot formation on young micropropagated olive plants. However, the necrosis and
formation of internal open cavities previously reported in knots induced by the wild-type strain were not
observed in those induced by P. savastanoi pv. savastanoi T3. Tagging of P. savastanoi pv. savastanoi T3 with
green fluorescent protein (GFP) allowed real-time monitoring of its behavior on olive plants. In olive plant
tissues, the wild-type strain formed aggregates that colonized the intercellular spaces and internal cavities of
the hypertrophic knots, while the mutant T3 strain showed a disorganized distribution within the parenchyma
of the knot. Ultrastructural analysis of knot sections revealed the release of extensive outer membrane vesicles
from the bacterial cell surface of the P. savastanoi pv. savastanoi T3 mutant, while the wild-type strain exhibited
very few vesicles. This phenomenon has not been described before for any other bacterial phytopathogen during

host infection.

The Gram-negative plant-pathogenic bacterium Pseudomo-
nas syringae is an economically important pathogen and a rel-
evant model for the study of plant-microbe interactions (1, 16).
Based on its pathogenicity and host range, the species is di-
vided into at least 50 pathovars, of which glycinea, phaseoli-
cola, and savastanoi were transferred to the newly defined
species Pseudomonas savastanoi (8). In addition, DNA-DNA
hybridization and multilocus sequence typing divide the P.
syringae group, which includes P. savastanoi pathovars, into at
least nine different genomospecies (9, 35).
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Bacteria of the P. syringae group cause disease by suppress-
ing plant defense responses after injecting specialized proteins,
called effectors, into the host cell cytoplasm using a type III
secretion system (T3SS) (12). The P. syringae T3SS is encoded
by a regulon of approximately 20 genes that are organized into
a classic pathogenicity island, called the Arp cluster, which is
required both for the hypersensitive response (HR) and for
pathogenesis (10, 14, 24, 25). A set of these genes have been
designated Arc genes, because they are involved in the HR and
are conserved among a wide range of animal and plant patho-
gens (2, 7). In addition, sequence analysis of the ArpS-to-hrpB
region, which includes the hrpZ operon, has shown that P.
syringae strains can be divided into five phylogroups (17). In
parallel with sequence analyses, genetic dissection of the T3SS
regulon has allowed the identification of 4rp and hrc genes that
are essential for the pathogenicity of P. syringae pathovars that
affect herbaceous plants. However, knowledge of the pathoge-
nicity determinants of P. syringae and P. savastanoi pathovars
that are required for infection of woody plants, including those
of tumor-inducing strains, lags far behind.

Pseudomonas phytopathogens that induce tumor formation
in host plants are restricted to P. savastanoi pathovars nerii,
retacarpa, and savastanoi. Infection of Olea europaea L. by P.
savastanoi pv. savastanoi leads to hypertrophy of the stems and
branches and, occasionally, of the leaves and fruits (19). The
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first and best-characterized P. savastanoi determinants that
have been shown to be involved in olive knot development are
the phytohormones indoleacetic acid (IAA) and cytokinins
(CKs) (11, 31, 32, 41). More recently, it was shown that inac-
tivation of the hrpC cluster by insertional mutagenesis of the
hrcC gene completely abolishes induction of knot formation by
P. savastanoi pv. savastanoi strain ITM317, despite its intact
ability to produce IAA and CKs (38). However, with the ex-
ception of the hrpE gene and the hrpC operon (38), the se-
quences and roles of the Arp and hrc genes in the virulence and
pathogenicity of tumor-inducing P. savastanoi strains have not
yet been determined.

P. savastanoi pv. savastanoi strain NCPPB 3335 is a model
organism for the study of the pathosystem P. savastanoi pv.
savastanoi olive because it can accept foreign DNA with a high
frequency in comparison to other P. savastanoi pv. savastanoi
strains (29). In addition, this strain is highly virulent to olive
plants, both in adult plants and in young micropropagated
plants (32). Furthermore, descriptions of the endopathogenic
lifestyle of NCPPB 3335 in olive knots (33) and the genetic
contents of its plasmids (30) have been recently reported.
However, future studies on the function of P. savastanoi pv.
savastanoi T3SS effectors, including their translocation into
plant cells, require the availability of a T3SS mutant of P.
savastanoi pv. savastanoi NCPPB 3335 and a broader under-
standing of the role of the T3SS in the colonization of olive
tissues by this pathogen and in the biological processes in-
volved in tumor formation and its development, which was the
aim of this study.

MATERIALS AND METHODS

Bacterial strains and growth conditions. P. savastanoi pv. savastanoi strains
were routinely cultured at 28°C in LB medium (23) that was supplemented, when
required, with 100 wg/ml ampicillin (Ap), 10 pg/ml gentamicin (Gm), and 7
pg/ml kanamycin (Km). P. savastanoi pv. savastanoi strain NCPPB 3335 was
isolated in 1984 from a diseased olive tree in France. A T3SS mutant of this
strain, named T3, was constructed as described below. Green fluorescent protein
(GFP)-tagged derivatives of NCPPB 3335 and T3 harboring the pLRMI-GFP
plasmid (33) are referred to here as NCPPB 3335-GFP (33) and T3-GFP,
respectively. Transformation of electrocompetent P. savastanoi pv. savastanoi
cells with pLRM1-GFP was performed as previously described (29).

General molecular techniques. Agarose gel electrophoresis and other stan-
dard recombinant DNA techniques were performed as described previously (34).
Genomic DNA was extracted using the Jet Flex Extraction Kit (Genomed,
Lohne, Germany) according to the manufacturer’s instructions. For Southern
blotting, genomic DNA was digested with appropriate restriction enzymes and
separated by electrophoresis using 0.8% agarose gels in 1X TBE. The digested
DNA was transferred to positively charged nylon membranes (Sigma-Aldrich,
Inc., St. Louis, MO) by upward capillary transfer and cross-linked by UV irra-
diation. DNA fragments from the aphA (Km resistance), hrpS, hrpA, and hipZ
genes were amplified by PCR using specific primers (Table 1), labeled individ-
ually with a nonradioactive digoxigenin kit (Roche, Mannheim, Germany) ac-
cording to the manufacturer’s instructions, and used as probes. Hybridization
was performed at 65°C.

Construction of a T3SS mutant of P. savastanoi pv. savastanoi NCPPB 3335 by
marker exchange mutagenesis. The pUC18N-Km plasmid (27) is a pUC18Not
derivative (15) that carries the Sphl fragment of pMKm (26), which contains an
aphA gene. The PCR fragments for the /i7pS and hrpZ genes were amplified from
P. savastanoi pv. savastanoi strain NCPPB 3335 using primers designed according
to the genetic sequence of its closest relative, P. syringae pv. phaseolicola 1448A
(18). First, the hrpS fragment was cloned into the EcoRI/Kpnl-digested
pUCI18N-Km plasmid, resulting in the formation of the p18N-S-Km plasmid.
Then, the hrpZ fragment was cloned into the BamHI/Xbal-digested p18N-S-Km
plasmid, yielding plasmid p18N-S-Km-Z; the EcoRI-Xbal fragment of this plas-
mid was then cloned into the pKAS32 plasmid (39), resulting in the formation of
the pKAS-S-Km-Z plasmid. The resulting mutagenic DNA contained a deletion
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TABLE 1. Oligonucleotide primers used in this work

Name Primer sequence (5'-3")" Reference
HrpA-F CGCTGGAACCGATTTAAGGG This study
HrpA-R CACAACCTCCTCAAAGTAGCAG This study
HrpS-F TGAATTCGAGGAGCGTGTTCCA  This study
AATCTG; EcoRI

HrpS-R TTGGTACCATAGAGCGTGCGG This study
CGTGG; Kpnl

HrpZ-F TGGATCCGGCTGCTACTTTGAG This study
GAGGTTG; BamHI

HrpZ-R TATCTAGAGGTCACTTGAGTTC This study
TCCGTCAG; Xbal

Km-aphA-R ATGAGCCATATTCAACGG 29

Km-aphA-F AGCATCAAATGAAACTGC 29

“ Underlined bases represent restriction sites (shown to the right of the se-
quence) introduced for cloning of PCR-amplified fragments.

of the last 8 amino acids of ArpS and the whole coding sequence of hrpA, also
including the Arp box preceding irpA, which likely controls the expression of the
hrpZ operon. For marker exchange mutagenesis, the pKAS-S-Km-Z plasmid was
introduced into the recipient strain P. savastanoi pv. savastanoi NCPPB 3335 by
biparental mating (29) using Escherichia coli S17-1 (37) as the donor strain.

DNA sequencing. A 2,422-bp fragment containing a partial rpS open reading
frame (ORF), the intergenic region located between ArpS and hrpA, and the
complete hrpA and hrpZ ORFs was amplified from P. savastanoi pv. savastanoi
NCPPB 3335 using primers HrpS-F and HrpZ-R (Table 1). After amplification,
the fragment was sequenced using the ABI Prism BigDye Terminator Ready
Reaction Kit V 3.1 and the 3730 DNA Analyzer (both from Applied Biosystems).

Phylogenetic analysis. Multiple-sequence alignment of the DNA and amino
acid sequences was performed using Clustal W version 1.8 software (45). Neigh-
bor-joining (NJ) trees were generated with 10,000 bootstrap replicates for all
sequences using MEGA4 (43). The DNA sequences of the arpS, hipA, and hipZ
genes of the P. syringae strains used for phylogenetic analysis were downloaded
from the GenBank database, and their accession numbers are shown in Table S1
in the supplemental material. Cluster analysis of the amino acid sequences of
HrpS, HrpA, and HrpZ was performed as previously described (17). For analysis
of the sequences of HrpS putative proteins, the C-terminal 159 amino acid
residues of these proteins were used.

Plant infection and isolation of bacteria from olive knots. Olive plants (Olea
europaea L.) derived from seeds germinated in vitro (originally collected from a
cv. Arbequina plant) were micropropagated and rooted, as previously described
(32), in Driver Kuniyuki Walnut (DKW) medium (4). Rooted explants were
transferred to DKW medium without hormones and kept for at least 2 weeks in
a growth chamber at 25 = 1°C with a 16-h photoperiod prior to infection. The
olive plants used for in vitro studies were 60 to 80 mm long (stem diameter, 1 to
2 mm) and contained three to five internodal fragments.

Micropropagated olive plants were wounded by excision of an intermediate
leaf and infected in the stem wound with a bacterial suspension under sterile
conditions. For this purpose, bacterial lawns were grown for 48 h in LB plates
and resuspended in 10 mM MgCl,. The concentration of the bacterial cells was
adjusted to an optical density at 600 nm (ODj) of 0.1, corresponding to 107
CFU/ml. The plant wounds were infected with two microliters (approximately
10* CFU) of the resulting cell suspension. The plants were then incubated in a
growth chamber at 25 = 1°C with a 16-h photoperiod and a light intensity of 35
umol X m?s. At different time points, P. savastanoi pv. savastanoi cells were
recovered from the infected explants and spotted onto LB (to detect NCPPB
3335) or LB-Gm (to detect NCPPB 3335-GFP and T3-GFP) plates as previously
described (33). Population densities were calculated from at least three repli-
cates. The morphology of the olive plants infected with bacteria was visualized
using a stereoscopic microscope (Leica MZ FLIII).

To analyze the pathogenicity of P. savastanoi pv. savastanoi isolates in 1-year-
old olive explants, micropropagated olive plants were transferred to soil and
maintained in a greenhouse at 27°C with a relative humidity of 58% under
natural daylight. The plants were wounded at five sites on the main stem. The
wounds, which were 0.5 cm deep and spanned from the stem surface to the
cambial area, were made with a sterile scalpel. Each wound was infected with
approximately 10° CFU of P. savastanoi pv. savastanoi strains. For this purpose,
bacterial suspensions were prepared as previously described (28, 29). Morpho-
logical changes, scored 90 days after infection, were captured with a high-
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resolution digital camera (Nikon DXM 1200), and the images were processed
using Adobe Photoshop CS software.

Hypersensitive response assays. Nicotiana tabacum var. Newdel plants were
grown at 23/26°C with a photoperiod cycle of 16/8 h of light/dark and a light
intensity of 40 pmol X m?%/s. Bacterial cells of the corresponding strain were
grown overnight in LB medium at 28°C, resuspended in 10 mM MgCl,, and
adjusted to an ODg, of 0.5, which corresponds to approximately 5 X 107
CFU/ml. Three tobacco plants were infected per strain in the intracellular spaces
of the abaxial side of a leaf with 100 to 200 pl of bacterial suspension (approx-
imately 107 CFU). Penetration of the bacterial suspension into the intracellular
leaf space was achieved by pressing a 2-ml syringe without a needle to the
underside of the leaf. The development of HR was scored 24 h after infection.
Symptoms were captured with a high-resolution digital camera (Nikon DXM
1200), and the images were processed using Adobe Photoshop CS software.

Real-time monitoring of bacterial infection by epifluorescence microscopy and
scanning confocal electron microscopy (SCEM). To visualize bacterial infection
within tumors in real time, whole knots were directly examined with a stereo-
scopic fluorescence microscope (Leica MZ FLIIT) equipped with a 100-W mer-
cury lamp and a GFP2 filter (excitation, 480/40 nm). Images were captured using
a high-resolution digital camera (Nikon DXM 1200), and the images were pro-
cessed using Adobe Photoshop CS software.

To visualize bacterial infection within the tumors of the olive plants, the knots
were sampled on different days postinoculation (p.i.) at locations 1 cm above and
1 cm below the inoculation point. These samples were fixed and embedded in
agarose as previously described (33). Samples were fixed overnight at 4°C in
2.5% paraformaldehyde (PFA) prepared in 0.1 M phosphate buffer, pH 7.4. The
fixed samples were then transferred into 2.5% PFA with an ascending gradient
of 10%, 20%, and 30% sucrose for 10, 20, and 30 min, respectively. Finally,
samples were embedded in 7% low-melting-point agarose and cooled to 4°C.
Sections (40 and 60 wm thick) were cut from the knot samples using a freezing
microtome (Leica CM1325). Fluorescence of the bacterial cells within knot
sections was visualized by epifluorescence microscopy using a Nikon Microphot
FXA microscope. For confocal microscopy, we used an inverted SCEM (model
TCS-NT; Leica, Germany) equipped with detectors and filters that simulta-
neously detect green and red fluorescence. Images of green fluorescence were
acquired at an excitation wavelength of 488 nm and an emission wavelength of
500 to 560 nm. The images were acquired by sequential scan analysis and
processed using Adobe PhotoShop 6 software (Adobe, Mountain View, CA).

Transmission electron microscopy (TEM). Cross sections (1 to 2 mm thick)
were cut from the fixed knots using a blade. The sections were then immersed in
a solution of 3% glutaraldehyde and 0.1 M cacodylate buffer (pH 7.4) for 2 h at
room temperature and then at 4°C overnight. Postfixation was performed in cold
1% osmium tetroxide, prepared in 0.1 M cacodylate buffer, for 2 h at 4°C. The
fixed sections were then dehydrated and embedded in Araldite 502 (EMS,
Hatfield, PA). Semithin (1-pm-thick) and ultrathin (50- to 70-nm-thick) sections
of the knots were cut using an ultramicrotome (Ultracut E; Leica, Germany).
The semithin sections were mounted on glass slides and stained with 1% tolu-
idine blue. The ultrathin sections were mounted on grids, stained with Reynold’s
lead citrate solution and uranyl acetate, and visualized using a Philips CM100
electron microscope.

Nucleotide sequence accession number. The sequence of the 2,422-bp frag-
ment containing a partial 4rpS ORF, the intergenic region located between hrpS
and hrpA, and the complete hrpA and hrpZ ORFs was deposited in GenBank
under accession number GU299771.

RESULTS

Sequence analysis of P. savastanoi pv. savastanoi NCPPB
3335 hrpS, hrpA, and hrpZ genes. A 2,422-bp fragment con-
taining a partial AirpS OREF, the intergenic region located be-
tween hrpS and hrpA, and the complete hrpA and hrpZ ORFs
was amplified from P. savastanoi pv. savastanoi NCPPB 3335
and sequenced as described in Materials and Methods. Anal-
ysis of this fragment revealed a 98% nucleotide identity to the
corresponding P. syringae pv. phaseolicola 1448A sequence
(18). The deduced amino acid sequences of the NCPPB 3335
HrpS, HrpA, and HrpZ proteins showed 99%, 97%, and 96%
identity, respectively, with the corresponding P. syringae pv.
phaseolicola 1448A sequences.

Cluster analysis of the HrpS sequences revealed that P.
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savastanoi pv. savastanoi NCPPB 3335 belongs to group I of
the HrpS proteins (see Fig. S1A in the supplemental material),
which is comprised exclusively of proteins from P. syringae
pathovars that belong to genomospecies 2 (9), such as phase-
olicola, glycinea, sesami, morsprunorum, tabaci, and lachry-
mans.

In the cluster analysis based on the sequence of HrpA, P.
savastanoi pv. savastanoi NCPPB 3335 was classified into
group IA of division 1 (17). Thus, this strain contains an hrpA2
gene that encodes a 108-amino-acid protein that is highly sim-
ilar to those of P. syringae pathovars phaseolicola (1448A),
glycinea (race 0), and tabaci (strain 11528) (see Fig. S1B in the
supplemental material). Cluster analysis of the sequences of
HrpZ also classified P. savastanoi pv. savastanoi NCPPB 3335
in the same group of strains (see Fig. S1C in the supplemental
material).

Sequence analysis of the intergenic region located between
hrpS and hrpA revealed the existence of a sequence (GGAA
CCG-N,5-CCACCTA) that matched the HrpL-dependent
promoter consensus sequence, or Hrp box, of P. syringae (6).
Multialignment of this 29-base fragment with the correspond-
ing DNA fragments of previously sequenced P. syringae strains
revealed that all of them share an identical Hrp box, indepen-
dent of the type of HrpA protein encoded by each strain.
Furthermore, the 15-base sequence (N;5) located between the
two conserved motifs in this putative Hrp box of P. savastanoi
pv. savastanoi NCPPB 3335 was identical to those of P. syringae
pathovars phaseolicola, glycinea, and tabaci (see Fig. S2 in the
supplemental material).

Genetic characterization of P. savastanoi pv. savastanoi T3,
a T3SS mutant derived from NCPPB 3335. For marker ex-
change mutagenesis, the pKAS-S-Km-Z suicide plasmid was
introduced into recipient strain P. savastanoi pv. savastanoi
NCPPB 3335. Transconjugants were selected on LB medium
containing Km, and replica plates of the resulting colonies
were made on LB-Ap plates to determine whether each
transconjugant underwent plasmid integration (Ap") or allelic
exchange (Ap®). A Km" Ap® strain called T3 was selected and
further characterized. To verify that double homologous re-
combination between the pKAS-S-Km-Z plasmid and the ge-
nome of NCPPB 3335 resulted in aphA disruption of the hrpA
ORF (Fig. 1A), EcoRI-digested total DNA isolated from both
P. savastanoi pv. savastanoi T3 and NCPPB 3335 was hybrid-
ized with aphA, hrpA, hrpS, and hrpZ probes. The aphA probe
did not hybridize with the NCPPB 3335 sample. In contrast, a
single hybridization band was obtained for T3 using this probe.
The hrpA probe hybridized only with the wild-type strain
NCPPB 3335, yielding a single hybridization band. These re-
sults were expected, since neither the aph4 ORF nor the DNA
fragment spanning from hrpS to hrpZ, which also includes
hrpA, contains EcoRI sites. Furthermore, hybridization with
hrpS and hrpZ probes yielded a single band with both NCPPB
3335 and T3 strains; however, the size of the hybridization
band obtained for T3 was larger than that of the wild-type
strain. This result was expected, since the hrp4 ORF and the
intergenic region located between hrpS and hrpA were re-
placed by the aphA cassette (Fig. 1). Disruption of this DNA
region in P. savastanoi pv. savastanoi T3 was further confirmed
by PCR and sequencing (data not shown).
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A aphA (Kmp)
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FIG. 1. (A) Schematic representation of the organization of the
hipS, hripA, and hrpZ genes in P. savastanoi pv. savastanoi NCPPB
3335. P. savastanoi pv. savastanoi T3 carries an aphA disruption cov-
ering from the 3’ end of the /rpS gene to the 5’ end of the hipZ
operon. (B) Southern blot analysis of EcoRI-digested genomic DNA
isolated from NCPPB 3335 (lanes 1) and T3 (lanes 2). The DNA
probes used are indicated above each image. Lanes L, HindIII-di-
gested N phage DNA. The positions of the molecular size markers (in
kilobases) are indicated on the left of the gel.

P. savastanoi pv. savastanoi T3 induces knot formation on
young micropropagated olive plants, but not in woody plants.
As expected for a P. savastanoi pv. savastanoi strain, NCPPB
3335 elicited a characteristic HR in tobacco leaves 24 h after
infiltration; however, T3 did not induce this incompatible re-
action (Fig. 2A). Thus, induction of HR by P. savastanoi pv.
savastanoi NCPPB 3335 in tobacco leaves depends on a func-
tional T3SS. The pathogenicity of P. savastanoi pv. savastanoi
T3 was first examined in 1-year-old olive plants and compared
to the pathogenicity of the wild-type strain. In agreement with
previous reports (29), the wild-type strain induced visible knots
on the stems of the olive plants at 90 days p.i., whereas P.
savastanoi pv. savastanoi T3 did not. The appearance of the
stems infected with the mutant strain was identical to that of
control plants inoculated with a solution of MgCl, (Fig. 2B).
Thus, a functional P. savastanoi pv. savastanoi hrpZ operon
seems to also be required for knot formation in woody olive
plants.

Recently, we reported the construction of a P. savastanoi pv.
savastanoi strain carrying a stable plasmid vector expressing
GFP (pLRM1-GFP) in combination with the use of young
micropropagated olive plants, which are highly susceptible to
knot formation. In this system, the time required for symptoms
to occur is significantly reduced in comparison to older plants,
and it allows real-time monitoring of P. savastanoi pv. savas-
tanoi infection (32, 33). The ability of P. savastanoi pv. savas-
tanoi T3 to grow in olive plant tissues was markedly reduced in
comparison to the wild-type strain. NCPPB 3335 multiplied in
the olive tissues within 1 week when the plants were infected
with a diluted suspension (approximately 10* to 10° CFU),
reaching approximately 10” CFU at 7 days p.i. Thereafter,
bacterial counts for the strain remained at this level through-
out the duration of the experiment (28 days p.i.). In contrast,
the population sizes of P. savastanoi pv. savastanoi T3 and its
GFP-tagged derivative remained at 10* to 10° CFU until the
end of the experiment (Fig. 3A).

Despite the low cell density observed for P. savastanoi pv.
savastanoi T3 in olive plants, swelling of the stem tissues was
visualized at 5 days p.i. in plants infected with either the wild-
type or the mutant strain; this response was followed by knot
formation, which was visible at 9 days p.i. Similar results were
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A NCPPB 3335 Control

FIG. 2. (A) Hypersensitive response on N. tabacum leaves 24 h
after infection with P. savastanoi pv. savastanoi NCPPB 3335 or T3SS
mutant T3. (B) Symptoms induced on the stems of 1-year-old olive
plants 90 days after inoculation with NCPPB 3335 or T3. Control,
treatments with 10 mM MgCl,.

obtained after infection with NCPPB 3335-GFP and T3-GFP.
The size of the knots increased from 9 to 28 days p.i. in plants
infected with each of these four strains. However, the wild-type
strain and its GFP derivative exhibited necrotic lesions cover-
ing the hypertrophic tissue at 28 days p.i. In contrast, T3-GFP-
induced tumors lacked such lesions (Fig. 3B). In general, the
tumors induced by the mutant strain were whiter than those
induced by the wild-type strain (Fig. 3B). Thus, the induction
of necrosis previously reported in knots produced by wild-type
NCPPB 3335 in young micropropagated olive plants (33) is
dependent on a functional T3SS.

As we previously reported (33), we were able to monitor
P. savastanoi pv. savastanoi infection in real time using epi-
fluorescence microscopy in plants infected with NCPPB
3335-GFP. The knots induced by this strain exhibited green
fluorescent clusters that spanned the entire surface of the
knot at 28 days p.i. However, plants infected with mutant
T3-GFP exhibited only small nuclei of green fluorescence,
which were restricted to the stem wounds infected with
bacteria, at 5 and 9 days p.i.. Beyond this time point, the
green fluorescence detected in the knots could not be dis-
tinguished from the autofluorescence detected in control
plants infected with the nonfluorescent wild-type bacteria
(Fig. 3C).

Knots induced by P. savastanoi pv. savastanoi T3 on young
micropropagated olive plants show neither aggregation of
pathogen cells nor lysis of host cells. The knots induced by
NCPPB 3335-GFP on young micropropagated olive plants ex-
hibit histological features similar to those previously reported
in older olive plants, such as hypertrophic parenchymal tissue
that expands from the vascular cylinder and exhibits internal
open fissures surrounded by plasmolyzed cells (33). The local-
ization of GFP-tagged bacterial cells in knot tissues was mon-
itored by epifluorescence and SCEM. The autofluorescence
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FIG. 3. (A) Growth curves of NCPPB 3335 (O), T3 ([]), and T3-GFP (M) strains in young micropropagated olive plants. The data represent
the averages of three independent experiments; the error bars indicate the standard deviations from the averages. (B) Images of knots induced
by P. savastanoi pv. savastanoi strains NCPPB 3335, NCPPB 3335-GFP, and T3-GFP on olive plants. (C) Complementary epifluorescence

microscopy images of knots induced by the indicated strains.

emitted by the plant tissues was used to differentiate the his-
tological structures found in the knot sections (33). Transverse
sections of the knots induced by NCPPB 3335-GFP at 28 days
p.i. clearly showed expanded areas of green fluorescent spots
colonizing the internal open cavities and periphery of the knot
tissues (Fig. 4A). In contrast, only a few small spots of GFP-
tagged cells were visualized near the main vascular cylinder of
the knots induced by T3-GFP at 28 days p.i. (Fig. 4B). Inter-
estingly, the internal cavities observed in the sections of the
knots induced by the GFP-tagged wild-type strain (Fig. 4A)
were not evident in those induced by the T3SS mutant (Fig.
4B). To view the parenchymal tissues of the olive plant knots in
more detail, transverse semithin sections of the knots induced
at 35 days p.i. by NCPPB 3335-GFP and T3-GFP were stained
with toluidine blue and visualized by light microscopy. The
characteristic internal cavities formed in knots induced by the
GFP-tagged wild-type strain are shown in Fig. 4C and E. In
contrast, tumors induced by T3-GFP exhibited a compact tis-
sue structure composed of parenchyma-like cells (Fig. 4D) and
newly formed nuclei of xylem and phloem vessels (Fig. 4F);
these structures were also visualized in the knots induced by

the wild-type strain (33). However, the plasmolyzed host cells
surrounding the internal open cavities were not observed in the
hypertrophic tissue of the knots induced by the T3SS mutant.
Thus, lysis of host cells within the knots induced by P. savas-
tanoi pv. savastanoi on young micropropagated olive plants is
dependent on a functional T3SS.

High-magnification images of knot sections induced at 28
days p.i. by NCPPB 3335-GFP and T3-GFP were analyzed by
SCEM. Aggregates of NCPPB 3335-GFP cells were observed
filling the intercellular spaces of the parenchymal tissues and
colonizing the cell surfaces and internal cavities of the knots
(Fig. 4G). These aggregates are composed of multilayer bio-
films, and their visualization by scanning electron microscopy
(SEM) has been previously reported (33). T3-GFP cells, in
contrast, exhibited a disorganized distribution within the pa-
renchymal knot tissues (Fig. 4H).

Ultrastructural analysis of P. savastanoi pv. savastanoi T3-
induced knots on young micropropagated olive plants. Ultra-
thin sections of olive plant knots induced by P. savastanoi pv.
savastanoi T3 at 35 days p.i. were analyzed by TEM and com-
pared with knots induced by the wild-type strain. The ultra-
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T3-GFP

_"" " ‘40um

FIG. 4. Microscopic analysis of knots induced by P. savastanoi pv. savastanoi NCPPB 3335-GFP (A, C, E, and G) and T3-GFP (B, D, F, and
H) on young micropropagated olive plants. (A and B) Epifluorescence microscopy images of transverse sections of knots induced by NCPPB
3335-GFP and T3-GFP, respectively, 28 days p.i. (C, D, E, and F) Light microscopy images of semithin cross sections of knots stained with toluidine
blue. (C and D) Panoramic view of knots induced by NCPPB 3335-GFP and T3-GFP, respectively, 35 days p.i. e, epidermis; vc, vascular cylinder;
t, hypertrophied parenchyma. (E) Detail of boxed area in panel C showing characteristic open fissures (asterisks) surrounded by disorganized and
collapsed parenchymal cells. (F) Detail of boxed area of panel D showing compacted hypertrophic tissue containing newly formed nuclei of xylem
vessels (n). (G and H) Scanning confocal laser microscopy images of knots induced by NCPPB 3335-GFP and T3-GFP, respectively, at 28 days

p.

structure of the olive plant knots induced by the wild-type
strain (Fig. 5SA and B) was identical to that previously reported
for its GFP-tagged derivative (33). Also in agreement with this
report, we found that outer membrane vesicles (OMVs) were
released from the cell surface of the wild-type strain (Fig. 5B).
In contrast, P. savastanoi pv. savastanoi T3 cells exhibited an
irregular morphology and were localized only to the intercel-
lular spaces of parenchyma-like cells (Fig. 5C and D). Host
cells in contact with either the wild-type (Fig. 5A) or the
mutant (Fig. 5C) strain exhibited a degenerated cytoplasm and
electron-lucent points surrounded by secondary cell wall de-
positions. Interestingly, high-magnification images of P. savas-

tanoi pv. savastanoi T3 cells, which were surrounded by an
electron-lucent halo and immersed in a fibroreticular matrix,
clearly showed that a significant number of vesicles emerged
from the outer membrane of the bacterial envelope and fused
with the fibroreticular matrix (Fig. 5D). The release of these
OMVs was drastically enhanced in the mutant strain (Fig. SD)
compared to the wild-type strain (Fig. 5B).

DISCUSSION

P. savastanoi pv. savastanoi is an unusual member of the P.
syringae group in that it induces the formation of aerial tumors
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B NCPPB 3335

FIG. 5. Transmission electron micrographs of ultrathin sections of knots induced by P. savastanoi pv. savastanoi NCPPB 3335 (A and B) and
T3 (C and D) at 35 days p.i. on olive plants. (A) Ultrastructure of the parenchymal knot tissue invaded by rod-shaped wild-type bacteria.
(C) Intercellular space located between parenchyma-like cells filled with P. savastanoi pv. savastanoi T3 cells showing abnormal morphology. (B
and D) Details of the boxed areas in panels A and C, respectively, showing the release of OMVs from the cell surfaces of the indicated bacterial

strains.

in a woody plant host. Symptom development on olive plants
has been associated with the ability of the bacterium to pro-
duce phytohormones that alter the physiological hormone bal-
ance in infected tissues (19). In contrast with the tumor-induc-
ing bacteria Agrobacterium tumefaciens and Rhodococcus
fascians, P. savastanoi pv. savastanoi is endowed with a T3SS,
which is also required for knot formation in woody olive plants
(38), and a corresponding set of T3SS effectors (30). The P.
syringae hrpZ operon encodes the pore-forming hairpin HrpZ;
the pilus subunit HrpA; the conserved HrcJ protein, which is
associated with the inner and outer bacterial membranes; and
the HrpB, HrpD, and HrpE proteins, whose functions are
unknown. Therefore, this operon is an excellent genetic ele-
ment for the study of the evolutionary forces that drive host-
pathogen interactions (13). The results of our sequence anal-
ysis of the NCPPB 3335 hrpS, hipA, and hrpZ genes supports
the previous hypothesis that the genetic composition, arrange-
ment, and operon organization of the hrp-hrc gene cluster of P.
savastanoi resembles that of P. syringae (38). In addition, it
allowed us to classify P. savastanoi pv. savastanoi within the
previously defined Arp phylogroups of P. syringae (13, 17) and
to group P. savastanoi pv. savastanoi NCPPB 3335 with other
P. syringae pathovars that are included in genomospecies 2 (see
Fig. S1 in the supplemental material). These results are in
agreement with previous phylogenetic studies of the P. syringae
group based on housekeeping genes (36) and suggest that the
current nomenclature for these bacteria needs to be carefully
revised because their taxonomy and phylogeny show marked
disparity.

Despite the hypervariability in the amino acid sequences of

HrpA proteins from the different pathovars belonging to the P.
syringae group, our sequence analysis showed that they all have
identical Arp boxes (see Fig. S2 in the supplemental material)
and all have a highly conserved region located between the
promoter and the hrpA start codon (data not shown). These
results suggest that the evolutionary forces acting on hrpA,
which favor the maintenance of genetic diversity and appar-
ently enable the bacterium to avoid recognition by the host
(13), affect neither its transcriptional regulation nor the stabil-
ity of its mRNA. In P. syringae pv. tomato DC3000, the stability
of the mRNA has been shown to be dependent on its 5
nucleotide sequence (42).

As previously reported for a P. savastanoi pv. savastanoi
ITM317 mutant containing a transposon insertion in gene hrcC
(38), P. savastanoi pv. savastanoi T3 (Fig. 1) could not multiply
in olive plant tissues (Fig. 3A), induce HR in tobacco plants
(Fig. 2A), or induce tumor formation in woody olive plants
(Fig. 2B). In contrast, this mutant strain was capable of induc-
ing knot formation on young micropropagated olive plants
(Fig. 3B). In addition, the weights of overgrowths developed
on plants infected with P. savastanoi pv. savastanoi T3 were not
significantly different from the weights of those infected with
the parental strain (data not shown). This result is likely due to
the high susceptibility of the micropropagated plant material to
P. savastanoi pv. savastanoi (32) and to the ability of P. savas-
tanoi pv. savastanoi T3 to produce IAA. Micropropagated
cranberry plants have also been reported to be more suscep-
tible than woody plants to infection with IAA-producing bac-
teria (46). In agreement with this hypothesis, the wild-type
strain and P. savastanoi pv. savastanoi T3 produced equal
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amounts of IAA in culture medium, as determined by a col-
orimetric assay (data not shown). In fact, differentiation of
parenchymal cells into xylem and phloem vessels, a phenom-
enon associated with bacterial secretion of phytohormones
into the plant tissues (22), has been previously observed in
knots induced by the wild-type strain (33) and was shown to be
induced by P. savastanoi pv. savastanoi T3 on olive plants (Fig.
4F). Our results therefore suggest that the process of tumor
formation on young micropropagated olive plants is indepen-
dent of the T3SS apparatus.

The bacterial aggregates formed in knots from plants in-
fected with NCPPB 3335-GFP (Fig. 4A and G) have been
shown to consist of microcolonies of rod-shaped bacteria and
multilayer biofilms that colonize the surfaces and interiors of
plasmolyzed host cells (33). The low cell density observed for
P. savastanoi pv. savastanoi T3 in olive plant tissues (Fig. 3A)
was consistent with the decreased GFP fluorescence detected
in knots induced by T3-GFP in olive plants (Fig. 3C). In ad-
dition, we found that the mutant strain lacked the ability to
form cell aggregates within olive plant tissues (Fig. 4B and H).
Taken together, our results suggest that mutations in the T3SS
of P. savastanoi pv. savastanoi affect bacterial fitness inside
olive knot tissues. Similar results have been reported with
respect to the epiphytic and endophytic multiplication of an
hrpA mutant of P. syringae pv. tomato DC3000 in tomato leaves
(3). Nevertheless, although the Hrp pili of P. syringae and
Dickeya dadantii (formerly Erwinia chrysanthemi) appear to be
directly involved in bacterial attachment to plant cells and in
the formation of multicellular aggregates in vitro (42, 47), their
roles in biofilm formation in planta have not been reported to
date.

The absence of superficial necrosis in knots induced by P.
savastanoi pv. savastanoi T3-GFP on olive plants (Fig. 3B) was
consistent with the integrity of the hypertrophic knot tissue
observed (Fig. 4B, D, and F). Thus, the reduced fitness of P.
savastanoi pv. savastanoi T3, which is associated with the lack
of a functional T3SS, seems to prevent the bacterial activity
that is required for host cell lysis. Consequently, P. savastanoi
pv. savastanoi T3 did not colonize the characteristic internal
cavities formed by natural isolates of P. savastanoi pv. savas-
tanoi in woody plants (40, 44) and young micropropagated
olive plants (33). All these results suggest that the P. savastanoi
pv. savastanoi T3SS is not necessary for hyperplasia of the olive
tissue; however, necrosis of the hyperplastic tissue seems to be
a T3SS-dependent phenomenon.

The release of outer membrane vesicles from the envelope
of NCPPB 3335-GFP cells during colonization of olive knots
has been previously reported (33). However, to demonstrate
that OMV release by this bacterial strain was not a conse-
quence of GFP expression, ultrastructural analysis of the non-
tagged wild-type strain was needed. As shown in Fig. 5, the
release of OMVs from the cell surface of nontagged NCPPB
3335 is similar to that previously reported for the GFP-tagged
strain. Furthermore, the release of these vesicles from the
envelope of P. savastanoi pv. savastanoi T3 cells found within
olive plant tissues was clearly enhanced in comparison with the
wild-type strain (Fig. 5). OMVs were always visualized sur-
rounding bacterial cells, and they were never observed either
deep in the neighbor network of extracellular matrix or emerg-
ing from the plant cell wall (Fig. 5B). Thus, it is very unlikely

APPL. ENVIRON. MICROBIOL.

that the plant cells release these vesicles. The formation of
blebs on the surfaces of P. syringae pv. phaseolicola cells has
been previously observed during its colonization in a nonhost
plant. This reaction was postulated to be a consequence of the
osmotic shock undergone by the bacteria in the apoplast. In-
terestingly, formation of these bladder-like structures in planta
was enhanced by an Arp mutant strain, while the wild-type
strain exhibited little surface blebbing (5). Bacterial release of
OMVs, which is a phenomenon that occurs and is well studied
in Gram-negative animal pathogens, plays a role in establishing
a colonization niche, carrying and transmitting virulence fac-
tors into host cells, and modulating host defenses and re-
sponses (20). To the best of our knowledge, no reports exist
describing OMV release in bacterial phytopathogens during
plant infection. In addition to their roles in promoting viru-
lence, production of OMVs by Gram-negative bacteria has
been recently shown to function in the alleviation of bacterial
stress (21). In agreement with this study, we found that P.
savastanoi pv. savastanoi T3 exhibits an abnormal morphology
when inside olive plant tissues (Fig. 5C and D). This morpho-
logical feature is likely reflective of the stress which P. savas-
tanoi pv. savastanoi T3 cells undergo in planta. However, fur-
ther studies will be needed to understand these biological
processes in bacterial phytopathogens.
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