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A real-time PCR quantitative detection assay for
Pseudomonas savastanoi pv. nerii in Nerium oleander
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Summary. A real-time PCR assay based on TagMan chemistry was developed for the detection of Pseudomonas
savastanoi pathovars that cause bacterial knot disease on different plant species. Primers and probe sequences were
based on the iaaL gene coding for (indole-3-acetyl)-L-lysine synthetase and previously used in conventional PCR
tests. Assay specificity was tested with an extended range of strains of P. savastanoi from eight hosts, with 13 other
Pseudomonas spp., and with other microorganisms naturally occurring on or in oleander plants. A pure culture cell
suspension was quantified over a seven log concentration range (10® to 102 cfu ml?). Different protocols were developed
for the detection and quantification of P. savastanoi pv. nerii from symptomatic and asymptomatic oleander plants.
A 24-h bacterial enrichment step either on PVF-1 or OKA-M broth improved the sensitivity of the assay, making it

suitable to screen planting material for latent infections.
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Introduction

Pseudomonas savastanoi includes three pathovars,
pv. glycinea, pv. phaseolicola and pv. savastanoi sensu
Gardan et al. (1992). The latter includes strains that
cause bacterial knot disease in a number of plant spe-
cies. In “Names of Plant Pathogenic Bacteria” (http://
www.isppweb.org/mames_bacterial_revised.asp), four
pathovars of P. savastanoi which induce knots and
cankers on different hosts are listed: pv. savastanoi
(olive and other Oleaceae), pv. nerii (oleander), pv.
fraxini (ash) and pv. retacarpa (Spanish broom). Ne-
vertheless, according to Gardan et al. (1999), based on
DNA-DNA hybridization studies, P. savastanoi is in-
cluded in genomospecies 2 with a number of P. syringae
pathovars, and other related Pseudomonas species.
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Knot development is incited by the production
of the phytohormone indoleacetic acid (IAA) and
cytokinins produced by the bacterium (Surico
and Tacobellis, 1992). The Hrp/hrc genes of P.
savastanoi have a role in the pathogenicity and
multiplication of the pathogen within the host
(Sisto et al., 2004).

Pseudomonas savastanoi pv. nerii is the causal
agent of oleander knot. It not only causes knots on
stems, twigs and leaves but also deforms inflore-
scences and seedpods, reduces blooming and kills
pistils (Smith, 1928). The severity of the disease
is mainly due to the invasion of the laticifers by
the pathogen which causes extensive secondary
knotting (Wilson and Magie, 1964). The inoculum
carried endophytically or epiphytically in propa-
gation materials, such as cuttings and plantlets,
represents a threat for the spread of the pathogen
(Wilson and Magie, 1964; Azad and Cooksey, 1995).
It would thus be helpful to have a sensitive method
to detect this bacterium early in source plants and
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cuttings, and to produce disease-free propagation
material for certification programs.

Oleander knot disease is diagnosed mainly by
visual inspection of the host plants, as in other
diseases also caused by P. savastanoi pathovars.
Bacteria can be isolated from the knots and
asymptomatic tissues on general media (nutrient
agar sucrose, NAS, King’s B medium, KB) and
on semiselective media, ANS-S (Varvaro, 1983)
and PVF-1 (Surico and Lavermicocca, 1989). A
semiselective medium, oleander knot agar (OKA),
was specifically developed to isolate P. savastanoi
pv. nerii from oleander plants and to monitor the
systemic movement of the pathogen (Azad and
Cooksey, 1995). Bacterial isolation is more difficult
when performed on old, cracked or lignified knots
because of the high presence of saprophytic bacteria
and a low viable population of the pathogen (Surico
and Lavermicocca, 1989; Azad and Cooksey, 1995).
Furthermore, bacterial concentration in asympto-
matic samples is very low, and detection is further
reduced on semi-selective media where the recovery
of P. savastanoi pathovars varies, and some strains
do not grow at all (Azad and Cooksey, 1995; Surico
and Marchi, 2003).

Pure cultures of P. savastanoi are identified by
biochemical and serological techniques or by fatty
acid methyl ester profiling (Casano et al., 1987,
Janse, 1991; Young and Triggs, 1994). The iaaL
gene coding for (indole-3-acetyl)-L-lysine syntheta-
se involved in the conversion of TAA to IAA-lysine
has proved useful as a target to identify and detect
the bacterium by conventional PCR, enriched PCR
and nested PCR (Penyalver et al., 2000; Bertolini
et al., 2003). The primers that were developed
amplified the target sequence in strains isolated
from different host plants, but a protocol for plant
material was developed to detect the bacterium in
olive (Penyalver et al., 2000).

Real-time PCR has recently been employed to
detect and quantify phytopathogens (Schaad and
Friederick, 2002; Schena et al., 2004). This technique
combines the sensitivity of conventional PCR with
specific real-time fluorescent signals throughout the
reaction, allowing faster and less labour-intensive
quantification of the target than is possible with
conventional PCR as it eliminates the need for post-
PCR processing. An increasing number of real-time
PCR assays have been developed for phytopathoge-
nic bacteria in the plants themselves (Schaad and

Friederick, 2002; Schaad et al., 2003; Mumford et al.,
2006). This technique also accurately and reliably
quantifies target DNA in various environmental
samples to study epidemiology and host-pathogen
interactions as well as inoculum threshold levels
as has been described for different phytopathogens
(Schaad and Friederick, 2002; Schena et al., 2004).

In this paper we describe a sensitive, quantita-
tive real-time PCR assay targeted at the iaaL gene
which is a suitable target for all P. savastanoi gall-
forming strains (Penyalver et al., 2000; Bella, 2002).
Since the primers described by Penyalver amplified
a fragment of 454 bp in length that was too long for
real-time PCR, new primers and a TagMan probe
were designed. Different sample preparation pro-
tocols to detect P. savastanoi pv. nerii in oleander
plants were examined.

Materials and methods
Bacterial and fungal strains and culture conditions

Fifty strains of P. savastanoi isolated from olean-
der, olive, privet, jasmine, Phillyrea, myrtle, ash,
and Spanish broom, from different countries, and 13
strains of other Pseudomonads and some phytopatho-
genic fungi isolated from oleander were used to test
the specificity of the primers (Table 1). Fluorescent
bacterial strains were routinely grown on King’s B
medium (KB) and other bacteria on nutrient agar
plus 1% D-glucose (NDA), and the fungal isolates were
grown on potato dextrose agar (PDA).

For DNA extraction, bacteria were grown over-
night at 28°C in KB broth (fluorescent pseudomo-
nads) or nutrient broth NB (other Pseudomonas
spp.). To extract DNA, fungi were grown in 30 ml
of potato dextrose broth (Oxoid Ltd, Basingstoke
Hampshire, UK) at 24°C for 5 days, then the total
DNA was extracted from 60 mg of fresh mycelium
washed twice in sterile distilled water. Bacterial
enrichment and selective plating were carried out on
PVF-1 (Surico and Lavermicocca, 1989) and a modi-
fied Oleander Knot Agar formulation (OKA-M), in
which SDS was added at 0.04% and four antibiotics
(bacitracin, ampicillin, novobiocin and cycloheximi-
de) were omitted (Azad and Cooksey, 1995).

DNA isolation

DNA was isolated from pure cultures of bacterial
strains and from various tissue extracts (healthy,
symptomatic and asymptomatic oleander stems),

Vol. 47, No. 3 December, 2008 205



P. Bella et al.

Table 1. Bacterial and fungi isolates used in this study.

No. of

Pathogen strains Strain designation® Host Geographical origin Real-time PCR
P. savastanoi pv.:
pv. fraxini 2 CFBP5965 Ash France +
CFBP2094 Ash Algeria +
pv. glycinea 1 CFBP2214 Glycinea max New Zealand
pv. nerii 11 PVCT49; PVCT51; PVCT83; PVCT87.1.6;,PVCT89.1.1;  Oleander Italy
PVCT90.1.1; PVCT90.1.2;,PVCT91.1.1; PVCT92.1.14; +
PVCT99.2.3;PVCT100.1.3;
1 CFBP6022 Oleander Spain +
5 1835550303534; CFBP1839; CFBP2087; CFBP5967,; Oleander France N
1 CFBP5051 Oleander Ex Yugoslavia +
2 CFBP2083; CFBP2088 Oleander Algeria +
1 CFBP6008 Oleander Greece +
pv. phaseolicola 1 1449B L(Z)l;lr%bureus Ethiopia
pv. retacarpa 3 CFBP5510 CFBP5511; CFBP5512 Spanish broom Spain +
pv. savastanoi 10 PVCTS3; PVCT10; PVCT13; PVCT18; PVCT26; Olive Italy ;
PVCT40; PVCT55; PVCT63; PVCT97; PVCT101
1 CFBP1670 Olive Ex Yugoslavia +
1 CFBP2073 Olive France +
1 CFBP6013 Olive Syria +
1 CFBP5050 Olive Portugal +
3 CFBP5081; CFBP5082;CFBP5083 Privet Italy +
2 CFBP1751 T12.4 Jasmine Greece +
3 Ph1; T51.1; T51.2 Phillyrea sp. Algeria +
2 U5b8.1;U582 Mirtle Syria +
Other Pseudomonads
P. fluorescens 1 CFBP2102 Pre-filter tanks UK
P. cichorii 1 CFBP2101 Endive Germany
P. corrugata 1 CFBP5454 Tomato Italy
P. %%ﬁﬁ pV. 1 CFBPI1387 Chicory USA
P. mediterranea 1 CFBP5447 Tomato Italy
P. putida 1 CFBP2066 Soil USA
P. syringae pv. syringae 2 PVCT10.2, PVCT26 Lemon, pear Italy
P. syringae pv. pisi 1 CFBP2704 Pea USA
P. syringae pv. tomato 1 PV(CT28.3.1 Tomato Italy
P. viridiflava 1 PVCT26.1.1 Riﬁ;ﬁ%ﬁ;‘sd Ttaly
Other oleander pathogens
Colletotrichum sp. 1 PVCT CO1.1 Oleander Italy
o enigua var 1 PVCTPeH 11 Oleander Ttaly
Septoria oleandrina 1 PVCTPO 1 Oleander Italy
Unidentified bacteria 12 Oleander Italy

2PVCT, Istituto di Patologia Vegetale, Dipartimento di Scienze e Tecnologie Fitosanitarie, Catania, Italy; CFBP, Collection Francaise des
Bacteries Phytopathogenes, INRA, Beaucouzé Cedex, France; NCPPB, National Collection of Plant Pathogenic Bacteria, York, UK.
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with two commercial kits according to the manu-
facturer’s instructions: Puregene ® genomic DNA
isolation kit (Gentra Systems, Minneapolis, MN,
USA) and Generation Capture Column kit (Gentra
Systems). DNA was extracted from fungi as pre-
viously described using the Puregene ® genomic
DNA isolation kit (Licciardello et al., 2006). DNA
concentration was measured using a biophotometer
(Eppendorf Srl, Milan, Italy).

TagMan probe design and PCR

The primers and TagMan probe were designed
with the Primer Express v2 software (Applied Bio-
systems, Monza, Italy) using sequence information
from the DNA target sequence of the IAA-lysine
synthetase (iaaL) gene used for the PCR detection
of P. savastanoi pv. savastanoi by Penyalver et al.
(2000). Of the potential primer pairs identified, the
primers IAAL-F (TTCCGCAGCAACGGCTTTAT)
and TAAL-R1 (CCGGCCATCATGGTAATCGT)
were selected, as well as the TagMan probe IAAL-P
(5-FAM-TGCCCGGTGATCGCTGCGC-TAMRA-3).
They amplified a 101-bp fragment. The specificity
of the primer pairs designed for real-time quanti-
tative PCR was first tested by conventional PCR.
Standard PCR was performed in a 25 ul reaction
containing:1x PCR buffer (Invitrogen Srl, Milan,
Italy), 1.5 mM MgCl,, 0.2 mM of each dNTP, 400 nM
of each primer and 1.25 U Taq DNA recombinant
polymerase (Invitrogen). Amplification was carried
out in a GeneAmp PCR thermal cycler system
9700 (PE Applied Biosystems, Forster City, CA,
USA) programmed for one cycle of 10 min at 94°C,
followed by 30 cycles of 30 s at 94°C, 30 s at 57°C
and 30 s at 72°C, with a final extension step of 5
min at 72°C. Amplified products were resolved by
electrophoresis at 5.7 volt em™ in 2% agarose gel
in 0.5x Tris-acetate EDTA buffer and stained with
ethidium bromide (Sambrook et al., 1989).

The real-time PCR assay was performed using
OmniMix HS lyophilised beads (Cepheid, Sunnyvale,
CA, USA) in a final volume of 50 ul (for two reactions).
We added 400 nM primers, 200 nM fluorogenic probe
and 1 ul genomic DNA. The negative control reaction
contained the same mixture with 1 ul sterile water
replacing the DNA template. All PCR reactions were
performed in 25 ul tubes (Cepheid) in a Smart Cycler
II System (Transportable Device, TD Configuration;
Cepheid). The thermal cycling conditions for P. sa-
vastanoi pv. nerit DNA template amplification were:

an initial denaturation at 95°C for 120 s, followed by
40 cycles at 95°C for 10 s, 60°C for 15 s and 72°C for
15 s, with heating ramp rates (max) of 10°C s* and
cooling ramp rates (max) of 2.5°C s™. For each sample,
detection was by online monitoring to identify the
exact Ct value where the log-linear phase could be
distinguished from the background. To confirm that
only the PCR product was amplified, all reactions were
analysed by 2% agarose gel electrophoresis.

Sensitivity of the real-time PCR assay

The sensitivity of real-time PCR and the stan-
dard curve for absolute quantification were assessed
by analysing P. savastanoi pv. nerii strain PVCT
89.1.1. One-ml aliquots of a pure culture grown in
KB medium (108 cfu ml™) were washed twice with 1
ml of 0.1 M Tris-HCL. The pellet was resuspended
in 100 zl of 0.1 M Tris-HCL and heated for 5 min at
95°C. The cell lysate was serially diluted in sterile
distilled water and 1 ul aliquots were subjected to
conventional PCR and real-time PCR amplification.
Standard curves were obtained by plotting the Ct
values versus the logarithm of the concentration
of each 10-fold-dilution series. Ct values for each
standard reaction were calculated for three PCR
replications, performed in three separate runs.

Plant samples

Spiked samples were used to optimise detec-
tion of P. savastanoi pv. nerii from oleander by
real-time PCR. Plant extracts were prepared from
stems collected from uninfected nursery-grown
oleander plants. Stem portions of about 1 g were
cut with a razor blade and homogenized in 20 ml of
either PVF-1 or OKA-M using a Polytron PTA 20
TS. Then 30 ml of the corresponding medium was
added, making a final volume of 50 ml. Known
amounts of a fresh overnight culture of P. sava-
stanoi pv. nerii PVCT89.1.1 from 1 to 10° cfu ml?
final concentration were added to the plant extracts.
One millilitre of spiked plant samples from each
bacterial concentration was added to 50 ml of the
semi-selective medium, either PVF-1 or OKA-M,
for bacterial enrichment and incubated at 28°C at
180 rpm for 24 h. Spiked samples were subjected to
DNA extraction before and after enrichment using
the extraction kits.

To evaluate the detection of P. savastanoi in
naturally infected plants, we selected three sample
types: 1. stem segments including knots; 2. adjacent
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portions without symptoms; and 3. segments from
asymptomatic stems. The 1-2 cm long segments
were surface sterilized in 10% sodium hypochlorite,
homogenised in PVF-1 like the spiked samples, and
incubated at 28°C at 180 rpm for 24 h in the same
medium as that used for bacterial enrichment. Ali-
quots of plant extracts were spread on PVF-1 with
the Eddy Jet Spiral Plater (LabScientific Inc., NJ,
USA) for bacterial isolation, or subjected to DNA ex-
traction with the Puregene® genomic DNA isolation
kit for conventional and real-time PCR analysis.

Plant extracts from knots were also prepared
according to Azad and Cooksey (1995). Briefly, knots
were excised and macerated in sterile distilled wa-
ter at 4°C for 30 min. Aliquots were spread on PVF-1
or used directly for PCR or real-time PCR.

To assess whether real-time PCR could be fur-
ther exploited to detect P. savastanoi pathovars in
other hosts, we prick-inoculated the following com-
binations of bacterial strains and hosts: PVCT31-
olive, CFBP5081-privet, CFBP1751-jasmine, T51.1-
Phillyrea, U58.1-myrtle and CFBP2094-ash.

Results

Primers and probe specificity testing

The specificity of the primers (IAAL-F, IAAL-
R1) and probe (IAAL-P) was evaluated using the
bacteria and fungi listed in Table 1. Conventional
PCRs performed with primers IAAL-F and IAAL-
R1, preliminarily tested on a number of P. sava-

Fluorescence

Threshold cycle

stanoi strains agents of galls, produced a single
DNA amplicon of 101 bp (data not shown) whereas
no amplicon was obtained with any of the other
Pseudomonas species. The strains were analysed
by real-time PCR. All fifty P. savastanoi strains
isolated from 8 different hosts, produced threshold
cycle values (Cts) between 12 and 19, with DNA
concentrations between 50 and 180 ng DNA ul™,
indicating amplification. No fluorescence was de-
tected for various Pseudomonas species belonging
to DNA-RNA homology group I or other microorga-
nisms naturally occurring on or in oleander tissues
or oleander DNA, indicating that amplification
had not occurred. Real-time PCR amplicons were
further visualised by gel electrophoresis, displaying
the expected band of 101 bp (data not shown).

Sensitivity and linear range of quantification

To estimate the sensitivity of the method, a ten-
fold dilution series of cell lysates from P. savastanoi
pv. nerii strain PVCT89.1.1, covering seven logs
ranging from 10® to 10* cfu ml' was measured in
triplicate by real-time quantitative PCR (Fig.1a).
Amounts as small as 10? cfu ml” could be detected.
The correlation coefficient (r?) 0.998 demonstrated
the linearity of the quantification over a range of
seven logs (from 10°® to 10* cells ml™") (Fig.1b). The
standard deviation for each point on the standard
curve increased with decreasing initial target concen-
tration. The slope of the standard curve was —3.43,
which was equivalent to a PCR efficiency of 95.4%.

0 R2= 0.9989

13 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 0 3 5 3 4 5 M 7 8 9

Cycle Cell concentration (log cfu ml™)

Fig. 1. Calibration curve for the absolute quantification of P. savastanoi pv. nerii PVCT89.1.1 cell lysate targeting
the iaaL gene. (A) Amplification plot generated from the change in fluorescence vs. the threshold cycle number of the
10-fold dilution series (1-7 from 10® to 102 cells). (B) Standard curve were generated from threshold cycle number (Ct
value) of dilution of P. savastanoi pv. nerii PVCT89.1.1 cell lysate plotted vs. the log of the number of cells in the lysis
reaction, illustrating a 7 log linearity range. Error bars represent the standard deviation from three replicates for
each dilution obtained in three independent runs. R*= correlation coefficient. Data of both graphs from Smart Cycler
software 2.0 were exported as Microsoft Excel data to build black-and-white graphs.
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Detection of P. savastanoi pv. nerii in oleander
spiked samples by PCR and real-time PCR

PCR and real-time PCR assays detected P. sa-
vastanoi pv. nerii PVCT89.1.1 in oleander extracts
spiked with known amounts of the bacterium. The
sensitivity achieved differed depending on the DNA
extraction method, the PCR assay and an enrich-
ment step (Table 2). In tests with conventional
PCR the detection limit of P. savastanoi pv. nerii
was 10% cfu ml?! with both PVF-1 and OKA-M-pre-
pared samples, but only when the DNA had been
extracted with the Puregene® genomic DNA iso-
lation kit (solution kit). After 24 hours of bacterial
enrichment in PVF-1, the bacterium was detected
in the sample contaminated with 10! and 102 cfu
ml?, using DNA extracted with the solution kit and
the Generation Capture Column kit (column kit)
respectively. Similarly, when OKA-M was used as
the enrichment medium, the detection limit was 10!
cfu ml* for DNA extracted with the solution kit and
10? cfu ml™ for column-extracted DNA. In real time
PCR assays the presence and amount of target DNA

were determined on the basis of Ct values. The Ct
values were compared to evaluate the efficacy and
sensitivity of the sample preparation methods.
The detection limit by real-time PCR before en-
richment of the samples extracted with the solution
kit was 102 cfu ml?, and the bacterial concentrations
inferred by interpolating Ct values from the stan-
dard curve were, in some cases, about one log lower
than the cells actually added to the spiked samples.
When DNA was extracted with the column kit (10?
cfu ml?), sensitivity was lower, but no correlation
was found between the concentration of the sample
and that inferred by real-time PCR. After enrich-
ment, P. savastanoi was detected in spiked samples
up to 10* cfu ml* when using DNA extracted with
the solution kit, and to 10 cfu m1* whenusing DNA
extracted with the column kit. Considerably lower
Cts were obtained compared to the same samples
before enrichment, but no quantification in this case
was applicable. When comparing the Ct values of
the enrichment media, it was generally possible to
obtain lower values for samples enriched in PVF-

Table 2. Detection of Pseudomonas savastanoi pv. nerii PVCT 89.1.1 in oleander tissue extracts spiked
with known amounts of bacterial cells by conventional (PCR) and Real-time (ReT) PCR.

Without enrichment With enrichment
Cﬁ% PCR method PVF-1 OKA-M PVF-1 OKA-M
ml
Solutions® Columns® Solutions Columns Solutions Columns Solutions Columns
10° PCR + - + - + + + +
ReT PCR Ct/ 22.35/ 30.87/ 24.34/ 31.03/ nt nt nt nt
cells ml? 1.7x10° 4.6x10? 3.4x10* 4.1x10? - - o o
10* PCR + - + - + + + +
ReT PCR Ct/ 28.72/ 32.99/ 217.75/ 30.59/ t t t t
cells ml? 1.9x10*  1.1x102 3.6x10°  5.5x10? n.t. n.t. ot ot
10> PCR - - - - + + + +
ReT PCR Ct/ 30.85/ ) 29.71/ 33.09/ 21.20/ 27.72/ 23.99/ 28.46/
cells ml* 4.7x10% 1.0x10° 1.0x10? 2.7x10°  3.7x10° 4.3x10*  2.2x10°
102 PCR - - - - + + + -
ReT PCR Ct/ 32.10/ ) 30.38/ ) 23.42/ 30.80/ 27.18/ 32.32/
cells ml*! 2.0x10? 6.4x10? 6.2x10* 4.8x10% 5.2x10° 1.7x102
10! PCR - - - - + - + -
ReT PCR Ct/ ) ) ) 27.45/ ) 29.58/ )
cells ml* 4.4x10° 1.0x10°

2 DNA extraction KIT with solutions (Puregene ® genomic DNA isolation kit [Gentra Systems]).
» DNA extraction KIT with columns (Generation Capture Column kit ((Gentra Systems]).
+, PVCT98.1.1 detected by conventional PCR; -, PVCT98.1.1 not detected by conventional PCR.

n.t., not tested.
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1 rather than those in OKA-M, with a difference
between the two of 2.5-3.5 cycles.

Detection and quantification of P. savastanoi pv. nerii
in symptomatic and asymptomatic oleander plants
On the basis of the results obtained with spiked
samples, naturally infected symptomatic and asymp-
tomatic samples from oleander plants were homo-
genised and enriched in PVF-1, and then total DNA
was extracted with the Puregene® genomic DNA
isolation kit and subjected to PCR analysis. Twenty
stem portions from each of the three sample types
were analysed: 1. stem portions from symptomatic
stems with knots, 2. asymptomatic stem portions
adjacent to knots, and 3. stem portions from asymp-
tomatic stems of symptomatic plants. P. savastanoi
pv. nerii was detected by PCR and real-time PCR in
almost all the stem portions with hyperplasia (either
as knots or as secondary excrescences), as well as
being isolated on PVF-1 (Table 3). The efficiency of
the isolation plating on PVF-1 drastically decreases
after enrichment. Ct values from 16.2 to 20.8, cor-
responding to 2.8x10° and 3.7x10° cfu ml?, were ob-
served indicating high concentrations of bacteria in
the knots. Of the 20 portions tested before and after
enrichment, P. savastanoi pv. nerii was detected by
PCR in 6 asymptomatic portions before enrichment,
and in 10 asymptomatic portions after enrichment.
The corresponding positive samples were 12 and
18 with real-time PCR. Before enrichment a range
of Ct values from 28.87 to 32.10, corresponding to
1.9x10* and 1.2x10% cfu ml?, was observed, indicating
different concentrations of the bacterium in naturally
infected samples. The bacterium was also isolated
on PVF-1 from 6 samples at concentrations ranging

from 1.1x10? to 6.5x10? cfu ml™. Asymptomatic sam-
ples were negative by both PCR methods and also
by isolation on PVF-1. After enrichment, 4 samples
were positive by real-time PCR, of which only two
were confirmed positive by conventional PCR and
by isolation on PVF-1.

Detection of P. savastanoi pathovars in galls of
different hosts by real-time PCR

The real-time PCR protocol was used to detect
strains of various P. savastanoi pathovars artifi-
cially inoculated into their principal hosts in which
they had produced typical knots. Since those were
evident from a visual diagnosis we extracted the
DNA using methods that were rapid and easy:
either with the Generation Capture Column kit
and by comminuting and macerating the knots in
sterile distilled water. Knots from olive, ash, privet,
jasmine, Phillyrea and myrtle gave positive results,
irrespective of the extraction method (five knots
per species). However, the Ct values from DNA ex-
tracted with the column kit were lower than those
obtained from knots macerated in sterile distilled
water (data not shown).

Discussion

We developed a real-time PCR assay, based on
TaqMan chemistry, which detected and helped
identify P. savastanoi pathovars, the causal agents
of knot disease, directly from infected tissue, with a
specificity equal to that of other PCR methods, but
avoiding post-PCR handling. It enabled sensitive
and quantitative detection of P. savastanoi pv.
nerii from oleander tissue extracts and by adding

Table 3. Detection of Pseudomonas savastanoi pv. nerii from symptomatic and asymptomatic stems of naturally

infected oleander plants.

P. savastanoi pv. nerii detection (No. of positive samples)

Oleander sample Without enrichment

After enrichment

(o Isolation on Conventional  Real-time Isolation on  Conventional Real-time
PVF-1 PCR PCR PVF-1 PCR PCR
Symptomatic
With knots (20) 18 18 20 12 20 20
Without knots(20) 6 6 12 10 10 18
Asymptomatic (20) 0 0 0 2 2 4
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a bacterial enrichment step the assay was made
particularly sensitive.

The iaal gene coding for (indole-3-acetyl)-L-
lysine synthetase was the target designated for
the PCR primers and probe. This enzyme has been
shown in P. savastanoi from oleander to further
metabolise IAA to an amino acid conjugate, 3-indo-
leacetyl-e-L-lysine (IAA-lysine) which influences the
TAA pool size and virulence in P. savastanoi (Glass
and Kosuge, 1988). Apparently olive and privet
strains do not do this (Glass and Kosuge, 1986)
and no information is available about strains from
other hosts. However, the iaal. gene proved to be
a good diagnostic marker as it was amplified in all
seventy strains of P. savastanoi isolated from olive,
oleander, ash and jasmine tested by Penyalver et al.
(2000) and also in another forty-three strains from
olive, oleander, ash, privet, jasmine, Phillyrea and
Spanish broom (Bella, 2002).

The primers, IAAL-F and IAAL-R1, developed in
this study designed on the iaaL gene, reacted with
all the P. savastanoi strains, both by conventional
PCR and with the IAAL-P probe in real-time PCR.
The assay was also specific: none of the other mi-
croorganisms produced an amplicon. Although the
iaaL gene has been described in a wide variety of P.
syringae pathovars (Glickmann et al., 1998), BLAST
analysis of the 101 bp target sequence showed no
similarity to P. savastanoi pv. phaseolicola or to pv.
glycinea. There was however a similarity of 89%
with a putative indole acetate-lysine ligase of P.
syringae pv. tomato DC3000, although here three
and four nucleotide differences were observed in
the forward and reverse primer region respectively.
Furthermore, the P. syringae pv. tomato strain
tested gave no amplification product with either
PCR or real-time PCR.

Analysis of propagating materials requires a
sensitive and reliable assay. The assay developed
here, including sample preparation and real-time
PCR, enabled reliable detection of P. savastanoi pv.
nerii in oleander samples spiked with 100 cfu ml™.
Combined with bacterial enrichment, it was possible
to detect the bacterium even in samples spiked with
10 cells per ml after only a one-day enrichment step.
At this level of sensitivity the bacterium was detected
even in asymptomatic oleander stems. Comparable
results were obtained by Penyalver et al. (2000) using
conventional PCR both before and after the enrich-
ment of olive plant extracts for three days in PVF1.

Only a nested PCR protocol was more sensitive,
detecting as little as one cell per ml of plant extract
after enrichment (Bertolini et al., 2003).

Total DNA extraction with the solution kit was
the most effective method, reliably quantifying P.
savastanoi pv. nerii in spiked samples of oleander.
If the aim is to detect the bacteria in suspected
samples, where high concentrations of bacteria
are supposed, for the purpose of phytosanitary
control, the column kit is preferable since sample
preparation lasts only 30 minutes, compared with
2.5 hours for the other kit.

Two semi-selective media, PVF-1 and OKA-M,
the first developed to isolate P. savastanoi from
olive plants under field conditions, and the second
to detect the epiphytic and systemic populations
of P. savastanoi from oleander, were evaluated as
liquid media for bacterial enrichment. PVF-1, which
has been compared to King’s B medium for bacterial
enrichment, improved PCR detection of P. savasta-
noi in asymptomatic stem tissue from infected olive
plants and in knot tissue from naturally infected
plants (Penyalver et al., 2000).

In the spiked samples before enrichment, we
quantified fewer cells compared to those added.
The discrepancy between cells quantified and cells
added was lower in PVF-1 than in OKA-M. This
may have been due to inhibition by the oleander
extracts or by the media employed. Consequently,
the quantification of P. savastanoi pv. nerii in the
natural samples may have been underestimated.

Bacterial detection in the spiked oleander
samples after enrichment under the experimental
conditions was more accurate and sensitive with
PVF-1 than with OKA-M, although it is the sim-
plified formulation of OKA proposed by Azad and
Cooksey (1995) to reduce the inhibition activity
towards P. savastanoi pv. nerii. Real-time PCR
results showed differences of approximately 2.5
to 3.5 Cts between the two media when samples
were spiked with the same bacterial concentration,
indicating better bacterial growth in PVF-1. By
contrast, the effectiveness of isolation plating on
PVF-1 decreased after enrichment, probably due
to the high concentration of saprophytic bacteria,
as already reported by Penyalver et al. (2000) and
Bertolini et al. (2003). Pantoea agglomerans, for
example, was found frequently associated with P.
savastanoi pv. savastanoi in olive knots (Marchi et
al., 2006; Cimmino et al., 2006).
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Both PCR and isolation plating may also have
been affected by a toxic effect of the medium. It has
been shown that both PVF-1 and OKA are toxic to
some P. savastanoi strains, inhibiting their growth
(Surico and Lavermicocca, 1989; Surico and Marchi,
2003). Azad and Cooksey (1995) reported that the
recovery of P. savastanoi on OKA and PVF-1 varied
greatly, depending on the strain, ranging from 5.7 to
93.6% on OKA, and from 11.3 to 83.3%, on PVF-1.

The assay reported here also detected other
knot-inducing pathovars of P. savastanoi from other
hosts, although proper trials are required to optimise
the DNA extraction protocol for each of the hosts so
as to quantify the pathovars in planta. The main
advantages of real-time PCR are its speed (40 cycles
in thirty minutes), its not requiring any post-PCR
handling, and its ability to quantify P. savastanoi
pv. nerii within oleander tissues. The real-time PCR
assay quantified the bacterium over a seven log linear
range from 10° to 10* cfu m1™. Different concentrations
of the bacterium were detected both in the knots and
in the stems adjacent to the knots. The lowest concen-
tration detected in field samples without enrichment
was approximately 100 cfu ml?; this was close to the
detection limit with spiked samples and water cell
suspensions.

Since the virulence of P. savastanoi pv. nerii
strains is variable (Bella et al., 2001), and since culti-
vars vary in their resistance to the bacterium (Bella et
al., 2006), real-time PCR could be a valid support to
estimate the growth and spread of the pathogen.
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