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Abstract

Olive strain ITM317 of Pseudomonas syringae subsp. sav-
astanoi, the causal agent of ‘Olive and Oleander knot
disease’ was mutagenized by random transposon (TnS5)
insertion. Of the 1400 transconjugants, four were altered
in their ability to induce a hypersensitive reaction (HR)
on tobacco; Southern blot analysis showed that a single
copy of the Tn5 element was present in their chro-
mosomes. In particular, mutants ITM317-69, ITM317-
1010 and ITM317-1194 did not elicit HR whereas mutant
ITM317-916 induced a variable response. When assayed
for pathogenicity on olive, mutants ITM317-916 and
ITM317-1010 induced knots comparable both in size
and morphology to those caused by the parental strain.
Prototrophic mutant ITM317-1194, still able to produce
indole-3-acetic acid and cytokinins, did not cause any
knot formation on olive; furthermore, it was unable to
multiply in host tissue. Auxotrophic mutant ITM317-
69 caused the formation of smaller-sized knots and its
prototrophic revertant fully regained the parental pheno-
types, suggesting that a single Tn5 insertion had a plei-
otropic effect on the mutated phenotypes. Tn5-
containing EcoRI fragments from mutants ITM317-69,
ITM317-916, ITM317-1010 and ITM317-1194 were
cloned into the plasmid vector pPBR322. Hybridization of
these clones with the hrp gene cluster of P. s. pv. syringae
strain 61 was not detected. These results suggest that
genes different from those of the above gene cluster might
be involved in the interaction of P. s. subsp. savastanoi
with olive and with the non-host plant tobacco.

Zusammenfassung

Isolierung und Charakterisierung von Pseudomonas-syringae-
subsp. savastanoi-Mutanten, die keine Hypersensitivititsreaktion
hervorrufen und nicht pathogen sind

Der Olbaumstamm ITM317 von Pseudomonas syringae
subsp. savastanoi, dem Erreger der Tuberkelkrankheit

von Olbaum und Oleander, wurde durch zufillige Trans-
posoninsertion (Tn5) mutagenisiert. Bei vier der 1.400
Transkonjuganten was die Fahigkeit verdndert, bei
Tabak eine Hypersensitivitdtsreaktion (HR) auszulGsen.
Eine Southern-blot-analyse zeigte, dal3 eine Kopie von
TnJ5 in ihren Chromosomen vorhanden war. Im einzelnen
riefen die Mutanten ITM317-69, ITM317-1010 und
ITM317-1194 keine HR hervor, wihrend die Mutante
ITM317-916 eine variable Reaktion induzierte. Bei der
Pathogenititspriifung an Olbidumen I6sten die Mutanten
ITM317-916 und ITM317-1010 die Bildung von Knoten
aus, die in GroBe und Morphologie den vom
Elternstamm hervorgerufenen Knoten entsprachen. Die
prototrophe Mutante ITM317-1194, die weiterhin zur
Bildung von 3-Indolylessigsdure und Cytokininen in der
Lage war, rief bei Olbiumen keine Knotenbildung hervor
und war zudem nicht in der Lage, sich in Wirtsgewebe zu
vermehren. Die auxotrophe Mutante ITM317-69 indu-
zierte die Bildung kleinerer Knoten, ihre prototrophe
Riickmutante entsprach den elterlichen Phidnotypen.
Dies legt nahe, daf3 die Insertion von nur einem TnJ einen
pleiotropen Effekt auf die mutierten Phédnotypen austibte.
Tn5-haltige EcoRI-Fragmente von den Mutanten
ITM317-69, ITM317-916, ITM317-1010 und ITM317—
1194 wurde in den Plasmidvektor pBR322 kloniert. Eine
Hybridisierung dieser Klone mit dem /4rp-Gencluster von
P.s. pv. syringae Stamm 61 wurde nicht festgestellt. Diese
Ergebnisse legen nahe, da andere Gene als die des
genannten Genclusters an der Interaktion von P. s. subsp.
savastanoi mit dem Olbaum und der Nichtwirtspflanze
Takak beteiligt sein kénnten.

Introduction

Pseudomonas syringae subsp. savastanoi (ex Smith, 1908)
Janse (1982) is a plant pathogenic bacterium which causes
disease on oleander (Nerium oleander 1..) and some Ole-
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aceae [olive (Olea europea L.), ash (Fraxinus excelsior L.),
privet (Ligustrus japonicum Thumb.) and jasmin (Jas-
minus officinalis L.)]. Even though the above pathogen
has recently been reclassified as Pseudomonas savastanoi
pv. savastanoi (Gardan et al., 1992), the present authors
prefer to use the old denomination because it is still
unclear whether P. s. pv. savastanoi includes the strains
isolated from oleander and ash, classified as P. s. pv. nerii
and P. s. pv. fraxini, respectively (Young et al., 1996). In
any case, the strains isolated from olive and oleander can
be differentiated on the basis of their host specificity.
In particular, after infecting olive plants with oleander
strains, typical hyperplastic symptoms (i.e. knots) form at
the sites of inoculation, whereas after infecting oleander
plants with olive strains necrosis is often induced (Iaco-
bellis et al., 1994; Surico et al., 1985). All the strains are
able to elicit a hypersensitive reaction on non-host plants,
such as tobacco (Janse, 1982).

Knot formation depends on the ability of virulent
strains of the pathogen to produce indole-3-acetic acid
(IAA) and cytokinins (Smidt and Kosuge, 1978; Comai
et al., 1982; Surico et al., 1985; Surico and Iacobellis,
1992; Tacobellis et al., 1994). The production of the two
classes of phytohormones by Pseudomonas syringae
subsp. savastanoi strains accounts for their virulence but
not for their pathogenic capability (Iacobellis et al.,
1994).

Although several studies have provided significant
information on the genetic organization and metabolic
regulation of phytohormone production (Comai et al.,
1982; Yamada et al., 1985; Powell and Morris, 1986;
Glass and Kosuge, 1988), no data on pathogenicity deter-
minants, other than phytohormones, are available con-
cerning this plant—pathogen interaction.

In the last decade, the development of transposon
mutagenesis (Mills, 1985) and recombinant DNA pro-
cedures has led to the identification of Arp (hypersensitive
reaction and pathogenicity) genes in several non-tumo-
rigenic, gram-negative bacterial pathogens. These genes
are required for a successful plant—pathogen interaction.
Their inactivation by transposon insertion has a pleio-
tropic effect: Hrp~ mutant bacteria are unable to elicit a
hypersensitive reaction (HR) on both non-host plants
and resistant cultivars of a susceptible host species; they
are impaired in their ability to grow in host-plant tissues
and to cause disease symptoms (Willis et al., 1991). So
far, hrp genes, typically clustered in bacterial genomes,
have been shown to be present in phytopathogens of
the genera Pseudomonas, Ralstonia, Xanthomonas and
Erwinia (Bonas, 1994; Willis et al., 1991), which mainly
cause necrotic symptoms on their respective host plants.
More recently, similar genes have been identified in
Erwinia chrysanthemi (Bauer et al., 1994) and in Erwinia
herbicola pv. gypsophilae (Nizan et al., 1997), which cause
soft rot and hyperplasia of the infected tissues, respec-
tively.

In order to evaluate whether hrp-like genes are also
required in the interaction between P. s. subsp. savastanoi
and olive, the olive strain ITM317 (Surico et al., 1985)
was mutagenized with a transposable genetic element

(transposon TnJj) (Berg, 1989). Here the isolation and
characterization of mutants altered in their ability to elicit
HR (HR™ mutants) on tobacco and to induce symptoms
on olive is reported.

Materials and Methods

Bacterial strains, plasmids and culture conditions

The bacterial strains and plasmids used in this study are
listed in Table 1. Escherichia coli strains were grown
overnight in LB agar or LB broth (Sambrook et al., 1989)
at 37°C. Plasmids pBR322 (Bolivar, 1978) and pGS9
(Selvaraj and Iyer, 1983) were carried in E. coli HB101
(Boyer and Roulland-Dussoix, 1969), and pBluescript
SKII (Stratagene, La Jolla, CA, USA) in TG1 (Gibson,
1984). Recombinant plasmid derivatives of pBR322 and
pBluescript SKII were propagated in E. coli Easypores H
(Eurogentec, Belgium), and in E. coli TG1, respectively.
Plasmid pRK 7813 (Jones and Gutterson, 1987) was car-
ried in E. coli DH1a (Hanahan, 1983) and its recombinant
derivatives were propagated in E. coli JM83 (Yanisch-
Perron et al., 1985).

P. 5. subsp. savastanoi strains were grown at 26°C on
King’s medium B (KB) (King et al., 1954), 523 medium
(Kado et al., 1972) or Woolley’s medium (Woolley et al.,
1955), as indicated.

Miller’s minimal A medium (Miller, 1972) was used to
screen for auxotrophic mutants among the kanamycin-
resistant (Km") P. s. subsp. savastanoi transconjugants.
Antibiotics in selective media were used in the following
amounts (ug/ml): ampicillin (Ap), 100; chloramphenicol
(Cm), 50; kanamycin (Km), 20; rifampicin (Rif), 100;
streptomycin (Sm), 50; tetracycline (Tc), 10, unless other-
wise stated.

Transposon mutagenesis and identification of auxotrophic
mutants

The suicide plasmid pGS9 (Selvaraj and Iyer, 1983) was
used to deliver transposon Tn5 (which confers kanamycin
resistance) by conjugation into a spontaneous rifampicin-
resistant (Rif") derivative (ITM317R) of P. s. subsp. sav-
astanoi strain ITM317. Strain ITM317R was shown to
be indistinguishable from its parental strain with regard
to IAA and cytokinin production, ability to induce HR
on tobacco and pathogenicity on olive.

The donor strain HB101 (pGS9) and the recipient
strain ITM317R were grown to late log phase in LB broth
containing Km and Cm and in KB broth amended with
Rif, respectively. The donor and recipient cells were sedi-
mented by centrifugation (5 000 g) and resuspended in an
aliquot of 523 broth; then their suspensions were adjusted
to 10® and 10" colony forming units (cfu)/ml, respec-
tively. Twenty microlitre aliquots of each suspension were
mixed and spotted on 523. After 20 h incubation at 29°C,
the bacterial mass was suspended in aliquots of KB broth,
plated on KB agar containing Rif and Km and then
incubated for 48-72 h at 26°C. The colonies resistant to
Km (Km") were isolated and cultured in duplicate on KB
containing Km. Each set of plates was incubated at 25
and 37°C, respectively.

The Km" colonies, which failed to grow at 37°C, were
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Table 1
Bacterial strains and plasmids used in this study

Strains or plasmids Relevant characteristics

Sources or references

E. coli
HBI101 thr leu thi pro Sm" (Sambrook et al., 1989)
TGl thi (Gibson, 1984)
DHlu (Hanahan, 1983)
IMS83 (Yanisch-Perron et al., 1985)
Easypore-H Eurogentec
P. syringae subsp. savastanoi
ITM317 Wild-type isolated from olive (Surico et al., 1985)
ITM317R spontaneous Rif" derivative of ITM317 This study
Plasmids
pBR322 Ap'Tc'Cm" (Bolivar, 1978)
pBluescript SK 11 Ap* Stratagene (La Jolla, CA)
pGS9 Cm'Km'N-tra Tn5 donor (Selvaraj and Iyer, 1983)
pRK7813 cosmid vector Tc" (Jones and Gutterson, 1987)
pLAFR3 Tc" cosmid derivative of pRK2 (Staskawicz et al., 1987)
pHIRI1 30 Kb fragment of P. s. pv. syringae 61 containing hrp/hrm gene cluster ~ (Huang et al., 1988)
cloned into pLAFR3
pITM-69 11.7 Kb EcoRI fragment carrying Tn5 from ITM317-69 cloned into  This study
pBR322
pITM-916 21 Kb EcoRI fragment carying Tn5 from ITM317-916 cloned into pBR322  This study
pITM-1010 7.9 Kb EcoRI fragment carrying Tn5 from ITM317-1010 cloned into  This study
pBR322
pITM-1194 11.7 Kb EcoRI fragment carrying Tn5 from ITM317-1194 cloned into  This study
pBR322
pRK7813E11.7 11.7 Kb EcoRI fragment carrying Tn5 from ITM317-1194 cloned into  This study
pRK7813
pBSTn5H3.4 3.4 Kb HindIII fragment from Tn5 cloned into pBluescript SK 11 This study

Ap, ampicillin; Cm, chloramphenicol; Rif, rifampicin; Sm, streptomycin; Tc, tetracycline;

r

, resistant; leu, leucine requirement; pro, proline

requirement; z4i, thiamine requirement; #/r, threonine requirement; N-tra, functional conjugal transfer system; I'TM, Istituto Tossine e Micotossine

da Parassiti Vegetali, CNR, Bari, Italy.

screened for fluorescent pigment production on KB agar.
Then, they were evaluated for auxotrophy on minimal A
agar medium and for their ability to grow on KB amen-
ded with Sm or Cm.

The K" mutants of P. s. subsp. savastanoi that failed to
grow on minimal A agar were further characterized for
specific nutritional requirements using the method of
Carlton and Brown (1981).

The frequency of reversion to prototrophy of auxo-
trophic and HR™ mutant strain ITM317-69 was deter-
mined by growing it on KB medium to the stationary
phase. The culture was centrifuged (5000 g), the pellet
was rinsed twice with minimal A medium and the sus-
pension containing about 2 x 10'° cfu/ml was plated on
minimal A agar. The prototrophic revertants were sub-
sequently tested for sensitivity to Km.

Hypersensitivity assays
The Km" Cm°® (chloramphenicol-sensitive) mutants of P.
s. subsp. savastanoi strain ITM317R were screened for
hypersensitive reaction on tobacco (Nicotiana tabacum,
cv. Samsun) plants measuring about 15 cm in height,
grown for 21 days in a growth chamber at 24°C, 75%
relative humidity, with a 15 h light cycle (Philips, Eind-
hoven, The Netherlands, TDL 32 W, General Electric,
Hendersonville, NC, USA, KM2 60 W). The parental
strain ITM317R was used for comparison.

The bacteria were grown to log phase on KB agar and
then suspensions containing about 3 x 10® cfu/ml were

injected into three leaves of three tobacco plants fol-
lowing the method of Baker et al. (1987). The plants
were then observed for the development of tissue collapse
within 24 h. The mutant found to induce a variable HR
response was further assayed as above by using sus-
pensions containing 1.8 x 107 to 1.5 x 10° cfu/ml as deter-
mined by a viable cell count on KB agar.

Pathogenicity tests

The mutants of P. s. subsp. savastanoi strain ITM317R,
which failed to induce a typical HR, were tested for
pathogenicity on olive (cv. Nocellara del Belice) and
oleander plants, as previously described (Surico et al.,
1985). Wounds made in the bark of 1-year-old olive stems
were inoculated with 3 ul of bacterial suspensions con-
taining about 1 x 10° cfu/ml. Then, about 50 ul of the
above suspensions were injected into the second inter-
node below the apex of 1-year-old oleander shoots. The
pathogenicity tests were repeated three times.

The population dynamics of P. s. subsp. savastanoi
ITM317R parental strain and its mutant derivatives were
determined in olive plants. For this purpose, 1-year-old
stems were inoculated as above with about 10° cfu/
inoculation site. At different times for up to 15 days,
the inoculated tissues were collected, ground in sterile
distilled water and 0.1 ml aliquots of serially diluted sus-
pensions were plated on KB agar. The above experiment
was repeated three times.
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Table 2
Relevant characteristics of parental strain ITM317R of Pseudomonas syringae subsp. savastanoi and of its transposon-induced mutants
Strains
Relevant characteristics ITM317R ITM317-916 ITM317-1010 ITM317-1194 ITM317-69
Presence of TnJ into the genome — + + + +
Nutritional phenotype Prototroph Prototroph Prototroph Prototroph Auxotroph
HR on tobacco + + - - -
Pathogenicity on olive + + + — +
Pathogenicity on oleander — — — — —
Multiplication in olive plant + + + — +
Production of IAA + + + + +*
Production of cytokinins + + + + +*
+, positive response; —, negative response; =+, reduced ability in comparison with parental strain ITM317R.

#, this mutant showed a reduced ability to grow in Woolley’s medium used to evaluate the phytohormone production.

Production of phytohormones

The ability of P. s. subsp. savastanoi strain ITM317R
and its HR™ mutants (Table 2) to produce IAA and
cytokinins in culture was assessed as previously described
(Surico et al., 1985). The bacteria were grown with shak-
ing in 500 ml Erlenmeyer flasks containing 150 ml of
Woolley’s medium (Woolley et al., 1955) supplemented
with 0.5 mM L-tryptophan. In the case of the auxotrophic
mutant ITM317-69, the medium was also amended with
0.5 mMm methionine. After 6 days’ incubation, the cells
were removed by centrifugation and the resulting super-
natants were extracted four times with an equal volume
of ethyl acetate at pH 2.8 and subsequently at pH 8.5.
The organic extracts were evaporated under reduced
pressure at 30°C and the residues dissolved in methanol.
The TAA content in the acidic extracts was evaluated
using the colorimetric method of Gordon and Weber
(1951). The cytokinin activity of the basic extracts was
detected by using the cucumber cotyledon bioassay (Flet-
cher et al., 1982).

DNA manipulation

Restriction enzyme digestions, agarose gel elec-
trophoresis, and DNA ligation were performed as
described by Sambrook et al. (1989). Calf intestine alka-
line phosphatase and molecular weight markers were
purchased from Boehringer Mannheim (Mannheim,
Germany). The DNAs used as probes were labelled with
2P, applying the random primer method of Feinberg and
Vogelstein (1983). Southern blot analyses were per-
formed as described by Sambrook et al. (1989). DNA
labelling, hybridization and detection were also carried
out using a non-radioactive DIG-labelling and detection
kit (Boehringer Mannheim) according to the manu-
facturer’s instructions. The genomic DNA of P. s. subsp.
savastanoi strains was extracted by applying the pro-
cedure of Glass and Kosuge (1988). Preparations of plas-
mid DNA from P. s. subsp. savastanoi and E. coli strains
were made as described by Iacobellis et al. (1991) and
Sambrook et al. (1989), respectively.

Cloning of Tn5-containing fragment from P. s. subsp. savastanoi
HR™ mutants

Genomic DNA from mutants was digested to completion
with restriction endonuclease EcoRI, and DNA frag-

ments were ligated to the EcoRI-digested and calf intes-
tine alkaline phosphatase-treated plasmid vector
pBR322. Recombinant plasmids were introduced into E.
coli Easypores-H (Eurogentec) by electroporation using
a Gene Pulser (Bio-Rad, CA) apparatus with a gene pulse
controller set at 200 Q. Cells were pulsed into 0.2 cm
cuvettes at 12.5 Kv/cm and 25 uF capacity, which resulted
in a pulse length of about 4.5 msec. Immediately after
electroporation, the suspensions were amended with 1 ml
of LB medium, incubated for 1 h at 37°C and plated
on LB agar containing Ap and Km. The EcoRI TnJ5-
containing fragment from mutant ITM317-1194 was also
cloned into plasmid vector pRK7813. The resulting con-
struct pPRK7813E11.7 was introduced into E. coli IM8&3
by electroporation as above. The presence of the expected
DNA inserts in the recombinant plasmids was confirmed
by the agarose gel electrophoresis of EcoRI-digested
plasmid preparations, followed by hybridization with the
3.4 Kb Hindlll internal fragment of the Tn5 element.

Marker exchange mutagenesis

Because of its prototrophic and Hrp™ phenotype, mutant
ITM317-1194 was chosen to attempt a marker-exchange
mutagenesis in the wild-type strain ITM317 of P. 5. subsp.
savastanoi. Recombinant plasmid pRK7813E11.7, car-
rying the EcoRI TnJ-containing fragment of the above
mutant, was introduced into ITM317 by electroporation
as previously described (Keen et al., 1992). About 1 ug
of plasmid DNA in each electroporation was used. Km"
and Tc¢' transformants were selected and the presence of
pRK7813E11.7 was ascertained by agarose gel electro-
phoresis of plasmid DNA followed by Southern blot
analysis, using pRK7813 and pGS9, both labelled with
digoxygenin, as probes. Transformants were cultured in
KB broth supplemented with kanamycin for four con-
secutive cycles of 24 h each. The final culture was serially
diluted and plated on KB agar containing kanamycin;
then individual colonies were grown on KB agar, with
and without tetracycline, to identify the Tc® (Tc-sensitive)
colonies that had lost the plasmid vector and were poten-
tial marker-exchanged mutants. The above colonies were
tested for HR elicitation on tobacco, as described in the
specific paragraph.
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Results
Transposon (Tn5) mutagenesis
The Km" transconjugants of P. s. subsp. savastanoi
ITM317R strain were obtained at frequencies ranging
from 6.0 x 10~7 to 1.0 x 10~° per recipient cell. The trans-
conjugants produced fluorescent pigments on KB, were
resistant to Sm and Rif, and most of them (about 94%)
were sensitive to chloramphenicol (Cm?®). The sensitivity
of transconjugants to Cm and their resistance to Km
(conferred by TnS) indicated the absence of the pGS9
plasmid in the cells and, consequently, the insertion of
Tn5 in the genome. Only transconjugants resistant to Km
and sensitive to Cm were further characterized. Southern
blot analysis of randomly selected transconjugants, using
pGS9 as a probe, showed that a single transposon (TnJ5)
insertion had occurred in different loci (data not shown).
Seventeen out of the 1400 ITM317R::Tn5 trans-
conjugants tested were unable to grow on minimal A agar
medium (Miller, 1972). The analysis of the nutritional
requirements of these auxotrophs showed that they
required adenine (one strain), asparagine (one strain)
arginine (five strains), cysteine (two strains), isoleucine
and valine (one strain) and methionine (four strains) for
growth. The nutritional requirements of the three remain-
ing auxotrophs could not be determined by using the
procedure used in this study.

Identification of HR™ mutants

A total of 1400 Km" Cm® transconjugants were tested for
elicitation of HR on tobacco. Four failed to elicit a typical
HR (Table 2). In particular three of these, namely
ITM317-69, ITM317-1010 and ITM317-1194, did not
elicit HR when suspensions containing about 3 x 10®
cfu/ml were used. On the contrary, under the same assay
conditions, transconjugant ITM317-916 was found to
induce a variable response. In fact, in the different tob-
acco plants it elicited either no response or a weak HR,
characterized by a partial collapse of the infiltrated area.
Moreover, in some assays, it gave a response comparable
with that caused by the parental strain. Further inves-
tigations in this regard, revealed that the HR behaviour
of the parental strain ITM317R could be distinguished
from that of its mutant derivative ITM317-916 when
suspensions containing 7.5 x 107 cfu/ml or less were used:
under these assay conditions, the above mutant failed to
induce HR in all cases (Fig. 1).

Characterization of HR™ mutant strains
The relevant characteristics of the HR™ mutants are
described in Table 2.

HR ™ mutants, evaluated for nutritional requirements,
were observed to have different phenotypes: mutants
ITM317-916, 1ITM317-1010 and ITM317-1194 were
prototrophs, whereas mutant ITM317-69 was unable to
multiply on minimal medium and required methionine to
grow.

When assayed for pathogenicity on olive plants, HR™
mutants behaved differently, e.g. mutant strain ITM317-
1194 did not induce knot formation (Fig. 2, Table 2)
whereas mutants ITM317-916 and ITM317-1010

induced knots comparable to those caused by the par-
ental strain ITM317R (Table 2). The auxotrophic mutant
strain ITM317-69 was found to cause reduced size knots
with an atypical morphology (Fig. 3). In that case over-
growths appeared only on the surface of the inoculated
wounds and they were greener and softer than those
caused by the parental strain. The above differences were
mainly evident in the first phase of symptom development
(25 days after inoculation) and were attenuated about 2
months after inoculation (data not shown).

Mutant strain ITM317-69 showed a low reversion rate
(1 x 107%), indicating the stability of the Tn3 insertion.
As expected, the naturally occurring revertant ITM317—
69R was sensitive to Km, elicited a HR on tobacco and
fully regained pathogenicity on olive (Fig. 3). Southern
blot analysis of genomic DNA from ITM317-69R,
digested with EcoRI restriction endonuclease and hybrid-
ized with pGS9, confirmed the absence of the TnJ5 element
in its genome.

Parental strain ITM317R and its mutants ITM317—
916, ITM317-1010, ITM317-1194 and ITM317-69
behaved differently when evaluated for their ability to
grow in olive tissues (Fig. 4). In particular, mutants
ITM317-916, ITM317-1010 and the parental strain
ITM317R multiplied in a similar pattern in the above
tissues. On the contrary, the growth of mutant ITM317—
1194 was markedly reduced (Fig. 4). The growth of
mutant ITM317-69 was altered, e.g. the population size
of the above mutant decreased soon after the inoculation
but 9 days later the number of viable cells started to
increase (Fig. 4). Similar results were obtained in three
different experiments.

When inoculated on oleander shoots, P. 5. subsp. sav-
astanoi parental strain ITM317R as well as its HR™
mutants were avirulent, since they did not cause any
overgrowth of the inoculated tissues (Table 2).

Finally, mutant strain ITM317-916, ITM317-1010,
ITM317-1194 produced in culture levels of TAA and
cytokinins as high as those of the parental strain (Table
2). On the contrary, mutant strain ITM317-69 accumu-
lated a reduced level of phytohormones in culture, but it
also showed a reduced ability to grow in the Woolley’s
medium (data not shown).

Physical characterization of Tn5 insertions and cloning of Tn5-
containing fragments

To determine if a single TnJ insertion had occurred into
the genome of mutants ITM317-69, ITM317-916,
ITM317-1010 and ITM317-1194, their total DNA prep-
arations were digested to completion with EcoRI or Hin-
dIII restriction endonucleases. The DNA fragments were
then separated by agarose gel electrophoresis and hybrid-
ized with **P labelled pGS9 (carrying TnJ5). EcoRI and
HindIIl digested DNAs of mutant strains showed one
and three DNA fragments, respectively, which hybridized
with the probe. These findings showed that a single Tn5
insertion had occurred in the genome and, furthermore
they are in agreement with the fact that Tn5 does not
contain any EcoRI recognition sites but two HindlIII sites
(Jorgensen et al., 1979). In the case of HindIlI-digested
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Control
75x10° .
15x 10
7
7.5x10 8
1.5x 10
7
56x10 8
1.1x10
7
3.7x10 . Fig. 1 I;IZpIelrsefnsitixlzle r.eagltion.on
tobacco after the infiltration
7 7.5x10 with  bacterial suspension of
18x10 Pseudomonas syringae subsp. sav-
astanoi parental strain ITM317R
3.7 x 107 (on the left) and its mutant

Fig.2 Symptoms on olive stems 60 days after inoculation with Pseudo-
monas syringae subsp. savastanoi strains. (A) treatment with sterile
water; (B) parental strain ITM317R and, (C) Hrp~ mutant ITM317-
1194

DNA, one of the three signals of hybridization was com-
mon to all the mutants and corresponded to the 3.4 Kb
HindIIl fragment within the Tn5 element (Fig. 5). The
other two DNA fragments varied in size depending on
the mutants, thus indicating that the single TnJ insertion
had occurred in different loci of the genome (Fig. 5). As
expected, no hybridization signal was observed in the
DNA of the parental strain ITM317R (Fig. 5). When
plasmid DNA preparations of P. s. subsp. savastanoi
ITM317R and its HR ™ mutants were hybridized with the
above probe, no hybridization was observed (data not
shown), indicating that transposon insertion occurred in
the chromosome.

EcoRI DNA fragments containing TnJ from the four

ITM317-916 (on the right). The
numbers indicate the density
(cfu/ml) of the bacterial suspension
infiltrated in each panel. Control,
sterile distilled water

A B C D

Fig.3 Symptoms on olive stems 25 days after inoculation with Pseudo-
monas syringae subsp. savastanoi strains. (A) treatment with sterile
water, (B) parental strain ITM317R; (C) auxotrophic mutant ITM317—
69 and, (D) its spontaneous revertant ITM317-69R

HR ™ mutants ITM317-69, ITM317-916, ITM317-1010
and ITM317-1194 were cloned into the plasmid vector
pBR322 and the resulting recombinant plasmids were
named pITM—69, pITM-916, pITM-1010, and pITM-
1194, respectively (Table 1). EcoRI digestions of the
above recombinant plasmids and Southern blot analysis,
using the 3.4 Kb HindIIl Tn5 fragment as a probe, con-
firmed that the clones contained the expected EcoRI frag-
ments. The sizes of these EcoRI fragments were estimated
to be as follows: pITM-69, 11.7 Kb; pITM-916, 21 Kb;
pITM-1010, 7.9 Kb; and pITM-1194, 11.7 Kb (Fig. 6).
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—o— ITM317R
8 |- | —— ITM317-916
—A— |TM317-1010
—v— ITM317-1194
7| —— ITM317-69

log N bacteria (cfu) / inoculation site

Days after inoculation

Fig. 4 Growth curves of Pseudomonas syringae subsp. savastanoi
ITM317R and its mutant derivatives ITM317-916, ITM317-1010,
ITM317-1194 and ITM317-69 in olive stem tissues. Similar results
were obtained in three separate experiments

12345

Fig. 5 Southern blot analysis of HindIlI-digested genomic DNAs
from TnS-mutant strains of Pseudomonas syringae subsp. savastanoi
ITM317R hybridized with **P-labelled pGS9 (carrying TnS5). Lanes: 1,
parental strain ITM317R; 2, mutant ITM317-916; 3, mutant ITM317—
1010; 4, mutant ITM317-69; 5, mutant ITM317-1194

Similar results were obtained with the clone
pRK7813E11.7, obtained by cloning the above EcoRI
fragment from mutant ITM317-1194 into the plasmid
vector pRK7813 (Table 1). When probed under high
stringency conditions, none of the above EcoRI TnJ5-
containing fragments hybridized with plasmid pHIR11,
a clone carrying the Arp gene cluster of P. s. pv. syringae
61 (Huang et al., 1988, 1991) (Fig. 7). On the contrary,

similar experiments, using EcoRI-digested genomic DNA
from P. s. subsp. savastanoi ITM317R showed the pres-
ence of sequences of DNA homologous to the above
probe (Fig. 8).

Marker-exchange mutagenesis

The recombinant plasmid pRK7813E11.7 was intro-
duced into the wild-type strain ITM317 of P. s. subsp.
savastanoi by electroporation; then, after growing on KB
with kanamycin, Km" Tc® colonies were obtained. These
results suggest that Tn5 had been inserted into the genome
of the above colonies and that the plasmid vector had
been lost. However, when the above potential marker-
exchanged colonies were assayed for the elicitation of
HR on tobacco, none of them showed the expected HR ~
phenotype.

Discussion

By single transposon insertion in different loci of the
chromosome of P. s. subsp. savastanoi, four mutants
altered in their ability to elicit HR on tobacco were
obtained; in two of them their pathogenicity on olive was
also altered. In particular, mutant ITM317-1010 did not
elicit HR, even when highly concentrated bacterial sus-
pensions (i.e. 3 x 10® cfu/ml) were used, whereas mutant
ITM317-916 showed an attenuated HR-inducing ability
since it was able to elicit a variable HR under the same
conditions. Further investigations in this regard showed
that the latter mutant did not elicit HR when bacterial
suspensions containing less than 7.5 x 107 cfu/ml were
used. The variability of the HR assay results has been
reported by other authors (Bauer and Beer, 1991) and
may be due, at least in part, to the different sensitivity
levels of individual tobacco plants or leaves. Nevertheless
both of the above HR ™ mutants retained their full capa-
bility to cause disease symptoms on olive. These findings
suggest that although the inactivated genes accounted for
the hypersensitive reaction in different ways, they might
not be involved in pathogenesis. This event seems par-
ticularly true for mutant ITM317-1010 which showed a
distinct HR ™ phenotype.

Mutant ITM317-69, auxotrophic for methionine, did
not elicit HR on tobacco; on olive it induced knots which
were smaller than those caused by the parental strain
and they were atypical in their morphology. The reduced
ability of the above mutant to multiply in olive tissues,
as ascertained in this study, and the possible relatively
low level of phytohormones in planta might account for
this behaviour. The fact that the prototrophic revertant
of ITM317-69, obtained by the spontaneous excision of
transposon TnJ, fully regained the wild-type phenotypes
suggests that the single TnJ5 insertion accounted for auxo-
trophy, for failure to induce HR and for attenuated viru-
lence on olive. However, the possible relationship
between auxotrophy and the above phenotypes remains
to be determined. In this regard, Miller and Panopoulos
(1993) isolated a Hrp~ mutant from P. syringae pv. phase-
olicola which required methionine to grow, but the
authors concluded that auxotrophy per se did not account
for the Hrp™ phenotype.
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Finally, mutant ITM317-1194 showed a typical Hrp~
phenotype. In fact it did not induce HR and did not cause
knots on olive, although it produced phytohormones in
culture in same amounts as the parental strain ITM317R,
and was not able to multiply in host plant tissues. Note-
worthy in this regard is the observation that both the
parental and mutant strain showed similar growth pat-
tern in culture, on a complex medium as well as on a
minimal medium. Attempts to marker-exchange the
Hrp~ mutation of ITM317-1194 into the parental strain
were unsuccessful. The above failure might be due to
the fact that, as ascertained during this study (data not
shown), the DNA flanking the TnJ insertion in [TM317—
1194 showed sequences which hybridized to other regions
of the genome. Consequently, it cannot be ruled out
that in the examined marker-exchanged mutants the Tn5
transposon had been inserted into those other regions of
the genome.

The genes inactivated in the four mutants of P. s.
subsp. savastanoi strain ITM317 analysed in this study
seemed to be different from those of the Arp gene cluster
from P. s. pv. syringae 61. In fact, sequences homologous

5 6

Fig. 6 (A) Agarose gel elec-
trophoresis of  EcoRI-digested
recombinant plasmids pITM—-1194,
pITM-1010, pITM-916 and
pITM-69. (B) Southern blot
hybridization of DNA from A with
the DIG-labelled 3.4 Kb HindIIl
Tn5 fragment. Lanes: 1, pITM—
1194; 2, pITM-1010; 3, molecular
weight marker X (Boehringer
Mannheim; fragment sizes in Kb:
12.2, 11.2, 10.2, 9.2, 8.1, 7.1, 6.1,
5.1,4.1,3.1, 2.0, 1.6); 4, pITM-916;
S, pITM-69; 6, molecular weight
marker II (Boehringer Mannheim;
fragments sizes in Kb:23.1, 9.4, 6.6,
4.4, 2.3, 2.0). The numbers on the
left refer to the weight markers

4 5 6

Fig. 7 (A) Agarose gel elec-
trophoresis of the recombinant
plasmids pITM-69, pITM-916,
pITM-1010 and pITM-1194 car-
rying EcoRI fragments containing
Tn5. (B) Southern blot hybrid-
ization of DNA from A with the
DIG-labelled pHIRI1 containing
the hrp gene cluster from Pseudo-
monas syringae pv. syringae 61
cloned into the cosmid vector
pLAFR3. Lanes: 1, molecular
weight marker IV (Boehringer
Mannheim; fragments sizes in Kb:
19.3,7.7,5.5,4.2,3.1,2.7,2.3, 1.9,
1.5, 1.1, 0.9, 0.7, 0.4). 2, pHIR11
digested with EcoRI, Bg/ll and
BamHI; 3, EcoRI-digested pITM—
69; 4, EcoRI-digested pITM-916; 5,
EcoRI-digested pITM-1010; 6,
EcoRI-digested pITM-1194. The
numbers on the left refer to the
weight marker

to the Arp gene cluster of P. 5. pv. syringae were found in
the genome of ITM317R, but they were physically dis-
tinct from the four mutated genes. Although no direct
evidence is yet available, it can be surmised that also in
P. 5. subsp. savastanoi the latter genes might be important
in the interaction of this pathogen with olive. Moreover,
similarities between the amino acid sequences of the irpS
and /hrpR gene products of P. s. pv. phaseolicola and the
sequences in P. s. subsp. savastanoi have been reported
(Mindrinos et al., 1990) but, to the best of the authors’
knowledge, the function of these genes in the latter patho-
gen has not yet been studied.

In conclusion, the results reported in this paper suggest
thatin P. s. subsp. savastanoi olive strain ITM317, besides
genes homologous to the hrp genes of P. s. pv. syringae,
at least four other genes are involved in the elicitation of
the hypersensitive response on the non-host plant
tobacco, and two of these genes seem also to be involved
in pathogenicity. It also seems clear that the inactivated
genes in mutants described in this study do not account
for the host-range determination. In fact, none of the
mutants was virulent on oleander. The availability of the
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A B

Fig. 8 Southern blot analysis of EcoRI-digested genomic DNA from
Pseudomonas syringae subsp. savastanoi ITM317R hybridized with (A)
DIG-labelled plasmid vector pLAFR3 and (B) DIG-labelled pHIR11
containing the Arp gene cluster from Pseudomonas syringae pv. syringae
61 cloned into the cosmid vector pLAFR3. Lanes: Al, plasmid vector
pLAFR3; A2, EcoRI-digested genomic DNA from ITM317; B1, plas-
mid pHIRII digested with EcoRI, Bg/ll and BamHI; B2, EcoRI-
digested genomic DNA from ITM317

mutants of P. s. subsp. savastanoi here described and the
clones bearing the Tn5-containing DNA fragments now
provide a basis for the characterization of these genes.
The possible relationship of the four inactivated genes
and the region of DNA homologous to the /rp gene
cluster of P. s. pv. syringae strain 61 remains to be eluci-
dated.

Acknowledgements

Research supported by National Research Council of Italy, and by the
EC Structural Funds FESR no. 94.05.09.013. We wish to thank
Dr D. I. Willis, University of Wisconsin, Madison, W1, for generously
providing plasmids pGS9 and pRK7813 and Dr A. Collmer, Cornell
University, Ithaca, NY, USA, for the /irp gene cluster from P. s. pv.
syringae strain 61. We also thank Mrs S. L. Lonigro for her technical
assistance and Mr Franco De Marzo for his technical assistance in
processing the photographs.

Literature
Baker, C. J., M. M. Atkinson, A. Collmer (1987): Concurrent loss in
Tn5 mutants of Pseudomonas syringae pv. syringae of the ability to

induce the hypersensitive response and host plasma membrane
K*/H™* exchange in tobacco. Phytopathology 77, 1268—1272.

Bauer, D. W., S. V. Beer (1991): Further characterization of an hrp
gene cluster of Erwinia amylovora. Mol. Plant-Microbe Interac. 4,
493-499.

Bauer, D. W., A. J. Bogdanove, S. V. Beer, A. Collmer (1994): Erwinia
chrysanthemi hrp genes and their involvement in soft rot pathogenesis
and elicitation of the hypersensitive response. Mol. Plant-Microbe
Interac. 7, 573-581.

Berg, D. E. (1989): Transposon Tn5. In: Berg, D. E. and M. M. Howe
(eds), Mobile DNA, pp. 185-210. American Society for Micro-
biology, Washington, DC.

Bolivar, F. (1978) Construction and characterization of new cloning
vehicles. II1. Derivatives of plasmid pBR322 carrying unique EcoRI
sites for selection of EcoRI generated recombinant molecules. Gene
4, 121-136.

Bonas, U. (1994): hrp genes of phytopathogenic bacteria. In: Dangl J.
L. (ed.), Current Topics in Microbiology and Immunology, Vol.
192: Bacterial Pathogenesis of Plants and Animals— Molecular and
Cellular Mechanisms, pp. 79-98. Springer-Verlag, Berlin.

Boyer, H. W., D. Roulland-Dussoix (1969): A complementation analy-
sis of the restriction and modification of DNA in Escherichia coli. J.
Mol. Biol. 41, 459-472.

Carlton, B. C., B. J. Brown (1981): Gene mutation. In: Gerhardt, P.,
R. G. E. Murray, R. N. Costilow, E. W. Nester, W. A. Wood, N. R.
Krieg, and G. B. Phillips (eds), Manual of Methods for General
Bacteriology, pp. 222-224. American Society for Microbiology,
Washington, DC.

Comai, L., G. Surico, T. Kosuge (1982): Relation of plasmid DNA
to indoleacetic acid production in different strains of Pseudomonas
syringae pv. savastanoi. J. Gen. Microbiol. 128, 2157-2163.

Feinberg, A. P., B. Vogelstein (1983): A technique for radiolabelling
DNA restriction endonuclease fragments to high specific activity.
Anal. Biochem. 132, 6-13.

Fletcher, R. A., V. Kallidumbil, P. Steele (1982): An improved bioassay
for cytokinins using cucumber cotyledons. Plant Physiol. 69, 675—
677.

Gardan, L., C. Bollet, M. Abu Ghorrah, F. Grimont, P. A. D. Grimont
(1992): DNA relatedness among the pathovar strains of Pseudomonas
syringae subsp. savastanoi Janse (1982) and proposal of Pseudomonas
savastanoi sp. nov.. Int. J. Syst. Bacteriol. 42, 606-612.

Gibson, J. J. (1984): Studies on Epstein-Barr virus genome. Ph.D. thesis,
Cambridge University, UK.

Glass, N. L., T. Kosuge (1988): Role of indoleacetic acid-lysine syn-
thetase in regulation of indoleacetic acid pool size and virulence of
Pseudomonas syringae subsp. savastanoi. J. Bacteriol. 170,2367-2373.

Gordon, S. A., R. P. Weber (1951): Colorimetric estimation of indole-
acetic acid. Plant Physiol. 26, 192-195.

Hanahan, D. (1983): Studies on transformation of Escherichia coli with
plasmids. J. Mol. Biol. 166, 557-580.

Huang, H-C., R. Schuurink, T. P. Denny, M. M. Atkinson, C. J. Baker,
I. Yucel, S. W. Hutcheson, A. Collmer (1988): Molecular cloning
of a Pseudomonas syringae pv. syringae gene cluster that enables
Pseudomonas fluorescens to elicit the hypersensitive response in tob-
acco plants. J. Bacteriol. 170, 4748-4756.

Huang, H-C., S. W. Hutcheson, A. Collmer (1991): Characterization
of the hrp cluster from Pseudomonas syringae pv. syringae 61 and
TnphoA tagging of genes encoding exported or membrane-spanning
Hrp proteins. Mol. Plant-Microbe Interac. 4, 469—476.

Tacobellis, N. S., M. Morea, G. Palumbo, A. Sisto, C. Ciriaco (1991):
Detection and characterization of plasmids in Pseudomonas amyg-
dali. Phytopathol. Medit. 30, 112-115.

Tacobellis, N. S., A. Sisto, G. Surico, A. Evidente, E. DiMaio (1994):
Pathogenicity of Pseudomonas syringae subsp. savastanoi mutants
defective in phytohormone production. J. Phytopathol. 140, 238—
248.

Janse, J. D. (1982): Pseudomonas syringae subsp. savastanoi (ex Smith)
subsp. nov., nom. rev., the bacterium causing excrescences on Ole-
aceae and Nerium oleander L. Int. J. Syst. Bacteriol. 32, 166-169.

Jones, J. D. G., N. Gutterson (1987): An efficient mobilizable cosmid
vector, pRK 7813, and its use in a rapid method for marker exchange
in Pseudomonas fluorescens strain HV37a. Gene 61, 299-306.

Jorgensen, R. A., S. J. Rothstein, W. S. Reznikoff (1979): A restriction



330

SisTO et al.

enzyme cleavage map of Tn5 and location of a region encoding
neomycin resistance. Mol. Gen. Genet. 177, 65-72.

Kado, C. 1., M. G. Heskett, R. A. Langley (1972): Studies of Agro-
bacterium tumefaciens characterization of strains 1D135 and B6, and
analysis of the bacterial chromosome, transfer RNA and ribosomes
for tumor inducing ability. Physiol. Plant Pathol. 2, 47-57.

Keen, N. T., H. Shen, D. A. Cooksey (1992): Introduction of cloned
DNA into plant pathogenic bacteria. In: Gurr, S. J., M. J. McPherson
and D. J. Bowles (eds), The Practical Approach Series; Molecular
Plant Pathology Vol. 1, pp. 45-50. IRL Press, Oxford University
Press, New York.

King, E. O., M. K. Ward, D. E. Raney (1954): Two simple media for
the demonstration of pyocyanin and fluorescin. J. Lab. Clin. Med.
44, 301-307.

Miller, J. H. (1972): Experiments in Molecular Genetics. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, New York.

Miller, W., N. J. Panopoulos (1993): The role of tryptophan and meth-
ionine biosynthetic genes in the regulation of pathogenicity in Pseudo-
monas syringae pv. phaseolicola-plant interaction. In: Abstract of 6th
International Congress of Plant Pathology, July 28—August 6 1993,
Montréal, Canada, National Research Council Canada, Ottawa, p.
223.

Mills, D. (1985): Transposon mutagenesis and its potential for studying
virulence genes in plant pathogens. Annu. Rev. Phytopathol. 23,
297-320.

Mindrinos, M. N., L. G. Rahme, R. D. Fredrick, E. Hatziloukas, C.
Grimm, N. J. Panopoulos (1990): Structure, function, regulation,
and evolution of genes involved in pathogenicity, the hypersensitive
response, and phaseolotoxin immunity in the bean halo blight patho-
gen. In: Silver, S., A. M. Chakrabarty, B. Iglewski and S. Kaplan
(eds), Pseudomonas. Biotransformations, Pathogenesis, and Evolv-
ing Biotechnology. pp. 74-81, American Society for Microbiology,
Washington, D.C.

Nizan, R., I. Barash, L. Valinsky, A. Lichter, S. Manulis (1997): The
presence of /irp genes on the pathogenicity-associated plasmid of the
tumorigenic bacterium Erwinia herbicola pv. gypsophilae. Mol. Plant-
Microbe. Interac. 10(5), 677-682.

Powell, G. K., R. O. Morris, (1986): Nucleotide sequence and

expression of a Pseudomonas savastanoi cytokinin biosynthetic gene:
homology with Agrobacterium tumefaciens tmr and tzs loci. Nucl.
Acid Res. 14(6), 255-265.

Sambrook, J., E. F. Fritsch, T. Maniatis (1989): Molecular Cloning: A
Laboratory Manual. 2nd edn. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, New York.

Selvaraj, G., V. N. Iyer (1983): Suicide plasmid vehicles for insertion
mutagenesis in Rhizobium meliloti and related bacteria. J. Bacteriol.
156, 1292-1300.

Smidt, M., T. Kosuge (1978): The role of indole-3-acetic acid accumu-
lation by alpha methyl tryptophan-resistant mutants of Pseudomonas
savastanoi in gall formation on oleanders. Physiol. Plant Pathol. 13,
203-214.

Staskawicz, B., D. Dahlbeck, N. Keen, C. Napoli (1987): Molecular
characterization of the cloned avirulence gene from race 0 and race
1 of Pseudomonas syringae pv. glicinea. J. Bacteriol. 169, 5789-5794.

Surico, G., N. S. ITacobellis (1992): Phytohormone and olive knot
disease. In: Verma, D. P. S. (ed.) Molecular Signals in Plant—-Microbe
Communications, pp. 209-229. CRC Press, Boca Raton.

Surico, G., N. S. Iacobellis, A. Sisto (1985): Studies on the role of
indole-3-acetic acid and cytokinins in the formation of knots on olive
and oleander plants by Pseudomonas syringae pv. savastanoi. Physiol.
Plant Pathol. 26, 309-320.

Willis D. K., J. J. Rich, E. M. Hrabak (1991): hrp genes of phyto-
pathogenic bacteria. Mol. Plant-Microbe Interac. 4, 132-138.

Woolley, D. W., G. Schaffner, A. C. Broun (1955): Studies on the
structure of the phytopathogenic toxin of Pseudomonas tabaci. J.
Biol. Chem. 215, 485-493.

Yamada, T., C. J. Palm, B. Brooks, T. Kosuge (1985): Nucleotide
sequences in the Pseudomonas savastanoi indoleacetic acid genes show
homology with Agrobacterium tumefaciens T-DNA. Proc. Natl.
Acad. Sci. USA 82, 6 522-6 526.

Yanisch-Perron, C., L. Veira, J. Messing (1985): Improved M 13 phage
cloning vectors and host strains: nucleotide sequences of M13mpl8
and pUC19 vectors. Gene 33, 103—119.

Young, J. M., G. S. Saddler, Y. Takikawa, S. H. De Boer, L. Vauterin,
L. Gardan, R. I. Gvozdyak, D. E. Stead (1996): Names of plant
pathogenic bacteria 1864-1995. Rev. Plant Pathol. 75, 721-763.



