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Abstract

Three primers from 16S rRNA were successfully assayed simultaneously in one reaction for sensitive detection of Ralstonia
solanacearum in watercourses. The protocol is a modification of the Co-operational polymerase chain reaction (Co-PCR),
which allows the simultaneous and co-operational action of the primers. It specifically amplified R. solanacearum strains
belonging to biovars 1, 2 and 4. No products were obtained from any of the 162 unidentified isolates from river water. The
sensitivity of the assay was <1 cfu/ml as determined by analysis of heat-treated water samples spiked with R. solanacearum,
also containing indigenous microbiota up to 10° cfu/ml. The developed Co-PCR assay was more sensitive than other standard
PCR assays in the analysis of 51 Spanish environmental water samples. Namely 31.3% of the samples were positive using the
newly developed assay, whereas 13.7% or less positive samples were found with the other protocols. The Co-PCR improves the
detection sensitivity of R. solanacearum and provides an important tool for its routine detection from environmental water
samples and for epidemiological studies.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 1999; Timms-Wilson et al., 2001). This microorgan-

ism is the causal agent of potato brown rot and

The incidence of the bacterium Ralstonia solana-
cearum (E.F. Smith) (Yabuuchi et al., 1995) in the
European Union has increased since the first reported
European outbreak in potato (Olson, 1976) and par-
ticularly in the last decade (Janse, 1996; Hayward et
al., 1998; Elphinstone et al., 1998; Wenneker et al.,
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bacterial wilt in Europe and bacterial wilt in many
crops in other parts of the world (Hayward, 1994), and
it is responsible for losses of up to 75% of the potato
crop in several countries (Cook and Sequeira, 1994).
Most of the European outbreaks seem to be related to
the irrigation of crops with R. solanacearum-contami-
nated water. However, little is known about its dis-
tribution and persistence in natural reservoirs such as
water or the molecular or physiological bases of
survival strategies for this bacterium (Van Elsas et
al., 2000).
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Epidemiological and ecological studies on patho-
gen distribution in the environment are seriously
hindered by the lack of efficient detection methods
(Janse, 1988, 1996), especially when the concentration
of the pathogen is either very low or is present in a
latent, dormant or nonculturable state (Grey and Steck,
2001; Van Elsas et al., 2000). Until now there is not a
validated PCR protocol recommended for the detection
of R. solanacearum in water. Most of the detection
protocols for this quarantine organism in water are
time-consuming and too laborious for its routine iden-
tification in a large number of samples. Selective
isolation is the method employed in most EU coun-
tries, but it requires specific identification of the
suspected colonies by different techniques (Anony-
mous, 2001). To increase the sensitivity, concentration
by filtration or centrifugation of variable volumes of
water is recommended (Elphinstone et al., 1998; Janse
and Schans, 1998; Poussier et al., 2002). A previous
enrichment of the sample may also improve the num-
ber of R. solanacearum (Elphinstone et al., 1998)
before applying serological or molecular detection
methods (Anonymous, 1998). Besides, the detection
results are frequently negative, especially in cooler
months when the bacterial population is very low
(Janse et al., 1998; Biosca et al., in press). Enrichment
DASI-ELISA with specific monoclonal antibodies is
used to detect latent infections in potato tubers (Caruso
et al., 2002) but the method may need modification for
routine detection of R. solanacearum in water.

The design of a specific PCR test for the molecular
identification of R. solanacearum is complex due to
its genetic diversity (Cook et al., 1989; Li et al., 1993;
Seal et al., 1993, 1999; Tagahavi et al., 1996; Fegan et
al., 1998; Timms-Wilson et al., 2001) and to its close
relationship with other bacterial species (Roberts et
al., 1990; Hayward, 1991; Yabuuchi et al., 1995) such
as Pseudomonas syzygii (Roberts et al., 1990), Ral-
stonia pickettii (Ralston et al., 1973) and the Blood
Disease Bacterium (BDB) (Gdumann, 1923; Eden-
Green and Sastraatmadja, 1990). R. solanacearum, in
fact, represents a heterogeneous group that was con-
ventionally subdivided into five races (Buddenhagen
et al.,, 1962; He et al., 1983) and five biovars (Hay-
ward, 1964; Hayward et al., 1990; He et al., 1983)
based on pathogenicity and biochemical character-
istics, respectively. Until now all strains isolated in
Europe from water were classified as biovar 2 (Olson,

1976; Janse, 1996; Elphinstone et al., 1998; Janse et
al., 1998; Janse and Schans, 1998; Person, 1998;
Wenneker et al., 1999; Palomo et al., 2000; Wood et
al., 2002; Biosca et al., in press). The pathogen was
also subdivided in two divisions (““Americanum” and
“Asiaticum”) by using restriction fragment length po-
lymorphism (RFLP) (Cook et al., 1989) and phylo-
genetic studies based on sequence data (Tagahavi et al.,
1996). In addition, amplified fragment length poly-
morphism (AFLP) and PCR-RFLP revealed a further
subdivision containing African strains (Poussier et al.,
2000). A recent study of European strains, based on so-
dium dodecyl sulphate polyacrylamide gel electropho-
resis (SDS-PAGE), fatty acid methyl esters (FAME)
analysis, exopolysaccharide (EPS) production, 16S
rRNA RFLP, amplified ribosomal DNA restriction
analysis (ARDRA) and sequence analysis of 16S—
23S rRNA, has proposed the possible selection of a
R. solanacearum “European” variant (Timms-Wilson
et al., 2001). Several PCR protocols and different spe-
cific oligonucleotides from 16S and 23S rRNA have
been described for diagnose and/or identification of R.
solanacearum (Seal et al., 1993; Elphinstone et al.,
1996; Opina et al., 1997; Fegan et al., 1998; Boudazin
et al., 1999; Pastrik and Maiss, 2000; Poussier and
Luisetti, 2000; Weller et al., 2000). These protocols,
however, are mainly devoted to its detection in plants
or soil. Although highly sensitive in vitro, routine PCR
application for bacterial detection is currently limited
because of the presence of PCR-inhibitory compounds
in environmental samples (Picard et al., 1992; Tsai
and Olson, 1992; Maes et al., 1996). A two-stage
nested PCR developed by Elphinstone et al. (1996)
improved the detection level (up to 10 cfu/ml) of a
previously described PCR protocol (Seal et al., 1993).
However, the introduction of a second amplification
step seriously increases the risk of contamination
during the subsequent manipulation of the previously
amplified material (Elphinstone et al., 1996; Niepold
and Schober-Butin, 1997; Llop et al., 2000; Bertolini
et al., 2002).

A new method called Co-operational polymerase
chain reaction (Co-PCR) (Spanish patent 31 October
2000; P20002613) has recently been described
(Olmos et al., 2002) for the sensitive detection of
RNA viruses. This technique can be carried out easily
in a simple reaction based on the simultaneous action
of three or more primers that produce three or more
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amplicons by the combination of the primers and the
co-operational action of amplicons for the production
of the largest fragment amplified by the external
primers. Co-PCR allows as sensitive detection as the
nested-PCR technique and does not require two differ-
ent annealing temperatures (Olmos et al., 2002). This
prompted this study to develop a sensitive Co-PCR
method to improve the detection limits of described
PCR assays for R. solanacearum in water. We selected
the previously reported primers (OLI1; OLI2; Y2 and
JE-2) for their sensitivity and specificity and four or
three of them were assayed simultaneously in one
reaction for sensitive detection of the bacterium in
watercourses by a modification of the Co-PCR. In
addition, a colorimetric detection using an internal
probe was also employed to further improve the
detection and facilitate routine applications.

2. Material and methods
2.1. Bacterial strains and growth conditions

Biovars and origins of the bacterial strains and
isolates used are listed in Table 2, including 39 R.
solanacearum strains from the five biovars, reference
strains of the other Ralstonia species and related
genera, as well as 162 unidentified bacterial isolates
from different watercourses in Spain. R. solanacea-
rum strains were grown on YPGA medium (Lelliot
and Stead, 1987) at 29 °C while the water isolates
were cultured at 25 °C for 48 h. The optical density at
600 nm (ODyg) of a culture containing approximately
1 x 10° cells/ml of R. solanacearum was 0.5.

2.2. DNA extraction

A simple DNA extraction protocol was used (Llop
et al., 1999) with the environmental and spiked water
samples. Briefly, 1 ml of each sample was centrifuged
at 13,000 X g for 5 min. The pellet was resuspended in
500 pl of extraction buffer [200 mM Tris—HCI (pH
7.5), 250 mM NaCl, 25 mM EDTA, 0.5% sodium
dodecyl sulfate, 2% polyvinylpyrrolidone], vortexed
and left for 1 h at room temperature with continuous
shaking. After centrifugation, 450 pul of the supernatant
was taken, mixed gently with 450 pl of isopropanol,
and left for 1 h at room temperature. The mixture was

centrifuged, the supernatant was discarded, and the
dried pellet was resuspended in 100 pl of sterile water.
Five microlitres of each DNA extract was used for
conventional PCR assays and for Co-PCR.

2.3. Conventional PCR

The analysis of the environmental and spiked
water samples was performed comparing the previ-
ously described conventional PCR assays (Seal et al.,
1993; Boudazin et al., 1999) with the Co-PCR. The
conventional PCR assays evaluated were those des-
cribed by Seal et al. (1993) and Boudazin et al.
(1999) with small modifications. In the first, primers
OLI1 and Y2 were used for amplification of a 288-
bp fragment. The reaction was performed in a final
volume of 25 pl by adding the following reagents:
10 X Tag buffer (GIBCO-BRL), 1.5 mM MgCl,, 0.1
mM concentrations of each deoxynucleoside triphos-
phate (Pharmacia LKB), 0.1 uM of primer OLI1 and
Y2, 1 U of Tug DNA polymerase (GIBCO-BRL) and
5 pl of each heat-treated water sample. Amplification
conditions included a denaturation step at 94 °C for
5 min, followed by 40 cycles at 94 °C for 30 s, 68
°C for 30 s and 72 °C for 1 min and then one cycle
of 72 °C for 10 min in a MasterCycler Gradient
(Eppendorf) thermal cycler. Primers OLIl and Z
(Boudazin et al., 1999), were used for amplification
of a 403-bp fragment. The reaction was performed in
a final volume of 25 pl with the following reagents:
10 X Tag buffer (GIBCO-BRL), 2.5 mM MgCl,, 0.1
mM concentrations of each deoxynucleoside triphos-
phate (Pharmacia LKB), 0.1 uM each of primers, 1
U of Tug DNA polymerase (GIBCO-BRL) and 5 pl
of each heat-treated water sample. Reaction mixtures
were cycled as above, but the annealing temperature
was 60 °C. A further PCR assay using the primers
OLII1 (Seal et al., 1993; Elphinstone et al., 1996) and
OLI2 (Elphinstone et al., 1996) was also tested. The
reaction was performed in a final volume of 25 pl by
combining the aforesaid reagents and adding 5 pl of
each heat-treated water sample. Reaction mixtures
were cycled as described above, but an annealing
temperature of 65 °C was used. In addition to the
amplification of heat-treated water samples, 5 ul of
DNA from each sample after the described extraction
protocol was also analysed by all PCR methods.
Amplified products (12 pl) were separated by elec-
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trophoresis (100 V) on 2% agarose gels. One micro-
litre was used for subsequent dot-blot hybridization
(see below). The amplifications were performed in
duplicate.

2.4. Co-operational PCR (Co-PCR)

A first attempt to apply the Co-PCR method
described by Olmos et al. (2002) was done using
primers OLI1, OLI2, Y2 (Seal et al., 1993; Elphin-
stone et al., 1996; Boudazin et al., 1999) and JE-2
(Elphinstone et al., 1996). The reaction was performed
in a final volume of 25 pl with the following reagents:
10 X Taq buffer (GIBCO-BRL), 4 mM MgCl,, 0.2
mM concentrations of each deoxynucleoside triphos-
phate (Pharmacia LKB), 5% of dimethyl sulfoxide
(DMSO), 0.15 uM of external primers, 0.075 uM of
internal primers, 1 U of Tag DNA polymerase
(GIBCO-BRL) and 5 ul of each heat-treated water
sample. The amplification was performed by a dena-
turation phase at 95 °C for 3 min followed by 55
cycles at 94 °C for 30 s, 65 °C for 30 s and 72 °C for
45 s, and then one cycle at 72 °C for 10 min, in a
MasterCycler Gradient (Eppendorf) thermal cycler.
The PCR products were visualised after electropho-
resis in 2% agarose and 1 pl was dispensed onto nylon
membranes for subsequent colorimetric detection. In a
second attempt, some changes were made to improve
the specificity of the detection. Only primers OLII,
OLI2 (Seal et al., 1993; Elphinstone et al., 1996;
Boudazin et al., 1999) and JE-2 (Elphinstone et al.,
1996) were used (Fig. 3). The reaction was performed
in a final volume of 25 pl with the aforesaid reagents,
adding 3% of formamide and 5 pl of each heat-treated
water sample. The amplification, electrophoresis and
the colorimetric detection were performed in duplicate
as described above.

2.5. Sensitivity evaluation of the different PCR
protocols in spiked water samples

R. solanacearum strain IVIA 2528.55 (biovar 2)
was used to prepare spiked water samples to test the
sensitivity of the different PCR protocols. Appropriate
bacterial concentrations in the spiked samples were
achieved in either sterile (PBS: NaCl, 8 g/l; PO4H,
Nax2H,0, 0.4 g/I; PO4HNa,x12H,0, 2.7 g/l) or
autoclaved river water from a watercourse bordering

potato fields adding serial 10-fold dilutions. Inoculum
densities were optically adjusted to 0.5 OD at 600 nm
(approximately 1 x 10° cfu/ml) and verified by stand-
ard plate viable counts. As negative control, non-
spiked samples (only PBS or autoclaved river water)
were included. For sensitivity determination, 5 pl of
each heat-treated water sample was analysed by con-
ventional PCR and by Co-PCR as described above.
Aliquots of 1 ml from every dilution were transferred
to Eppendorf tubes to perform the simple DNA
extraction (see above) and then analysed by conven-
tional PCR and by Co-PCR as indicated. In order to
assess the threshold sensitivity of the detection more
accurately, total cells count of the samples and their
serial 10-fold dilutions was performed by using
immunofluorescent antibody staining assay with com-
mercially available antiserum IVIA 1546 (Plant Print
Diagnostics, Spain) using the protocol as previously
described (De Boer, 1990). All the samples were
analysed in duplicate.

2.6. Specificity of the PCR assays

In order to investigate the specificity of the meth-
ods, a panel of 39 R. solanacearum strains represent-
ing each of the five biovars of this species was
checked (Table 2). In addition, different Ralstonia
species and other related genera as well as 162
unidentified bacterial isolates from different water
sources were tested by conventional PCR and by
Co-PCR (Table 2). All the amplifications were per-
formed in duplicate.

2.7. Probe design, hybridization and colorimetric
detection

The probe design was performed as described by
Bertolini et al. (2001). Briefly, sequenced regions of R.
solanacearum 16S rRNA gene were recovered from
public databases. The alignment view was performed
as master-slave with identities, by using the similarity
search tool Advanced BLAST 2.0 program (Altschul et
al., 1997). An internal probe EPRS (5'-CCGATGTCT-
GATTGCTAGTTGGTGGGG-3’), was designed
among nucleotides 217 and 244 of the 16S rRNA of
R. solanacearum ATCC 11696 (type strain) by Yabuu-
chi et al. (1992) (Genbank accession no. S55002). For
colorimetric detection, positively charged nylon mem-
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brane (Roche Molecular Biochemicals) was used to
bind the amplicons (1 pl) with UV light (4 min, 254
nm). Standard buffer consisting of 5 x SSC, 0.1% (w/
v) N-lauroyl-sarcosine, 0.02% (w/v) sodium dodecyl
sulfate (SDS) and 1% blocking reagent (Roche) was
used for prehybridization (50 °C, 1 h) and hybrid-
ization (50 °C, 2 h; probe at 10 pmol/ml). Colorimetric
detection with nitroblue tetrazolium (NBT) and 5-
bromo-4-chloro-3-indolil phosphate (BCIP) substrate
was performed using the DIG Nucleic Acid Detection
Kit and DIG Wash and Block Buffer Set (Roche)
according to the manufacturer’s instructions.

2.8. Restriction fragment polymorphism and
sequencing

The restriction pattern of the amplification prod-
ucts obtained from bacterial suspensions (strain IVIA
2528.55) was examined with Avall (MBI Fermentas)
to confirm its identity. The fragments amplified from
this strain by conventional PCR and Co-PCR were
purified using the QIAquick gel extraction kit (Qia-
gen) and sequenced with the primers OLI1, Y2, OLI2
and JE-2. The resulting sequences were then com-
pared to the corresponding sequence obtained from
strain ATCC 11696 using the program CLUSTALW,
version 1.5 (Thompson et al., 1994).

2.9. Environmental water samples
Fifty-one water samples were taken from Septem-
ber 2001 to May 2002 from various sources in Spain

(Table 3). They were collected by filling sterile con-
tainers at a depth of 30—40 cm and within 2 m from the

Table 1

bank and kept at 4 °C until processed. Total volume of
each sample was in the range of 500 to 1500 ml. They
were tested for the presence of R. solanacearum by
spreading 100 or 1000 pl in duplicate, directly and two
decreasing dilutions (1:10 and 1:100) onto YPGA
(Lelliot and Stead, 1987) and modified SMSA (Elphin-
stone et al.,, 1996). Enumeration of viable aerobic
bacteria from water samples was performed by stand-
ard plate count procedure on YPGA and SMSA after
48—72 h at 29 °C. Water samples were also analysed
by conventional PCR (Seal et al., 1993; Boudazin et
al., 1999) and modified Co-PCR, as described below.
One millilitre of each water sample was heat-treated
(100 °C for 10 min), diluted (range of 1:10—1:100) in
sterile 10 mM phosphate buffered saline solution, pH
7.2 (PBS: NaCl, 8 g/I; PO4H,Na x 2 H,O, 0.4 g/l;
PO4HNa, x 12 H,0, 2,7 g/l), and 5 nul was added to the
PCR reaction mix. The population of indigenous
microbiota in the water sample was evaluated in the
same way as indicated in nonselective YPGA medium
(Lelliot and Stead, 1987). All the analyses were per-
formed in duplicate.

3. Results

3.1. Sensitivity of the different PCR protocols with
pure culture and spiked water samples

The sensitivity threshold of pure R. solanacearum
suspensions in PBS using all assayed amplification
protocols is shown in Table 1. The sensitivity level
reached by Co-PCR amplification was higher than the
one obtained using any of the other methods (Seal et

Sensitivity threshold of boiled pure culture suspensions of Ralstonia solanacearum in PBS and spiked samples in autoclaved river water,

employing conventional PCR methods and Co-PCR

PCR assay Sensitivity in PBS

Sensitivity in river water

Cfu/ml* Total cells/ml® Cfu/ml* Total cells/ml®
OLI1/Y2 (Seal et al., 1993) 10°-10 10*-10° 10°-10? 10°-10*
OLI1/Z (Boudazin et al., 1999) 10-1 10°-10? 10 10°
OLI1/OLI2 (Seal et al., 1993; 10* 10° 10° 107
Elphinstone et al., 1996)
Co-PCR (this work) 10~ % 10~ % 1

# Cfu/ml determined by plate count in SMSA and YPGA media.

® Total cell count determined by immunofluorescence with polyclonal antibodies according to De Boer (1990) corresponding to culturable,

nonculturable and dead cells.
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al., 1993; Elphinstone et al., 1996; Boudazin et al.,
1999). When spiked water samples prepared with
autoclaved river water were analysed, similar results
were found (Table 1). All spiked samples prepared
with autoclaved river water were positive by Co-PCR
assay down to the 10~ ! dilution from a suspension of
10° cfu/ml (Table 1 and Fig. 1). Therefore, detection
limit was about 1 cell/ml corresponding to 10~ 2 cfu/
ml, and nonculturable plus dead cells. In fact, the
results obtained by the total cell counts revealed that
the cfu/ml count underestimated the real number of
the R. solanacearum cells. The number of total cells,
indeed, was at least one or two orders higher than the
standard plate viable counts as shown in Table 1.
The sensitivity of detection obtained with the other
methods in spiked water samples was lower, being
10° to 10 cfu/ml with the protocols of Seal et al.
(1993), Elphinstone et al. (1996) and Boudazin et al.
(1999). DNA extraction from the spiked autoclaved
water samples did not appear to improve the detection
limit of the method (Fig. 1). When spiked autoclaved
river water samples were amplified after DNA extrac-
tion by all the methods the results demonstrated that
the best detection limit was obtained with Co-PCR
reaching again a sensitivity of 102 cfu/ml (Fig. 2).
Uninoculated control samples were always negative.

3.2. Specificity of the assays

The Co-PCR was developed using previously
described primers whose specificity was already well

A e o o ® ®
B ®
C

Fig. 1. Sensitivity of Co-PCR assay in PBS suspensions of R.
solanacearum (A), and in autoclaved river water with (B) and
without (C) DNA extraction; lanes 1 to 6: decimal dilutions from 10°
to 10~ 2 cfu/ml; lane 7: sterile PBS or autoclaved river water without
bacteria; lane 8: Co-PCR negative control.

1 2 3 4 5 6 7 8 9 10

®

O W >

D

Fig. 2. Sensitivity of the pure cultures of R. solanacearum in the
conventional PCR assays [(A) OLI1-OLI2 primers; (B) OLI1-Y2
primers; (C) OLII-Z primers] and Co-PCR assay (D) in spiked
autoclaved river water without DNA extraction. Lanes 1 to 9:
decimal dilutions from 10° to 10~2 cfu/ml, in autoclaved river
water; lane 10: autoclaved river water without bacteria.

known. Consequently, as expected, the primers
described by Seal et al. (1993) enable the amplifica-
tion of all 39 R. solanacearum strains assayed as well
as the Blood Disease Bacterium (BDB) and P. syzygii
(Table 2). The primers described by Boudazin et al.
(1999) enabled the specific amplification of only the
strains of R. solanacearum division 2 (18 R. solana-
cearum strains from biovar 2 and 7 from biovar 1), as
well as the BDB and P. syzygii (Table 2) and they
produced the 403-bp band expected. In addition, the
analysis of 162 unidentified bacterial isolates from
different water sources revealed that a total of six
isolates generated a PCR product of the size expected
for R. solanacearum when amplified with the OLI1/
Y2 primers. The Co-PCR performed using the OLI1/
OLI2/Y2/JE-2 primers also produced the 408-bp band
with those strains (Table 4). They were identified by
fatty acid profile analysis using the Microbial Identi-
fication System (MIS, Hewlett-Packard) as Acineto-
bacter johnsonii and Aeromonas salmonicida (Table
4). When the Co-PCR was carried out using only the
three primers OLI1, OLI2 and JE-2, no amplification
product was observed (Table 4). However, the primers
OLI1, OLI2 and JE-2 generated a single amplification
band of 408 bp with DNA from 31 out of the 39 R.
solanacearum strains listed in Table 2 as well as the
BDB and P syzygii strains, keeping the sensitivity
above indicated. Five isolates of biovar 3 and three of
biovar 5 tested negative (Table 2). The fragments
obtained digesting the IVIA 2528.55 strain and all
positive environmental samples after Co-PCR (OLI1/
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Amplification of Ralstonia solanacearum strains, related bacteria, other plant pathogenic bacteria, and 162 indigenous isolates from river water

Strains Collection® Biovar  Geographic Host or source PCR amplification
ongin OLI I/Z OLIl/Y2 Co-PCR
Ralstonia solanacearum NCPPB 325 1 USA Lycopersicon + + +
(Type strain) esculentum
PD 1446 1 Costa Rica Heliconia spp. + + +
PD 511 1 USA Lycopersicon esculentum — + + +
PD 1608 1 Trinidad Musa sp. + + +
PD 1940 1 Reunion Island  Pelargonium capitatum + + +
PD 1946 1 Reunion Island  Pelargonium capitatum + + +
42 SMT 1 Costa Rica Solanum tuberosum + + +
IVIA 2528.55 2 Spain River water + + +
IVIA 2167 2 Spain River water + + +
IVIA 1602.1 2 Spain Solanum tuberosum + + +
14 SMT 2 UK Solanum dulcamara + + +
17 SMT 2 UK River water + + +
18 SMT 2 UK River water + + +
19 SMT 2 UK River water + + +
20 SMT 2 UK River water + + +
21 SMT 2 UK River water + + +
25 SMT 2 Sweden Solanum dulcamara + + +
27 SMT 2 Belgium Solanum dulcamara + + +
31 SMT 2 Belgium River water + + +
43 SMT 2A Colombia Solanum tuberosum + + +
45 SMT 2T Brazil Solanum tuberosum + + +
74 SMT 2 The Netherlands  River water + + +
PD 2762 2 The Netherlands ~ Solanum tuberosum + + +
PD 2763 2 The Netherlands ~ Solanum tuberosum + + +
CIP 309 2 Colombia Solanum tuberosum + + +
PD 1434 3 Australia Lycopersicon esculentum — — + —
46 SMT 3 Peru Lycopersicon esculentum — — + -
47 SMT 3 Australia Solanum tuberosum — + —
CIP 365 3 Philippines Solanum tuberosum — + -
CIP 65 3 Costa Rica Capsicum spp. — + —
ACH 0647 3 Australia Lycopersicon esculentum — — + —
PD 1454 4 Philippines Capsicum spp. — + +
PD 1410 4 Sri Lanka Solanum tuberosum — + +
PD 1424 4 Japan Arachis hypogae — + +
PD 1455 4 USA Capsicum spp. — + +
49 SMT 4 Philippines Zingiber officinale — + +
JT 661 5 China Morus alba — + —
JT 659 5 China Morus alba — + -
Ralstonia syzygii NCPPB 3791 n.a. n.a. + + +
Ralstonia pickettii 58 SMT n.a. n.a. — - -
Ralstonia sp. PD 2778 n.a. n.a. — — —
Pseudomonas chlororaphis 65 SMT n.a. n.a. — — —
Blood Disease Bacterium (BDB) NCPPB 3726 n.a. n.a. + + +
Pseudomonas marginalis CFBP 1538 USA Solanum tuberosum — — —
pv. marginalis
Burkholderia andropogonis NCPPB 1127 Zimbabwe Bougainvillea sp. — - -
Burkholderia caryophylli NCPPB 353 USA Dianthus sp. — - -
Burkholderia cepacia NCPPB 945 n.a. n.a. — — —
Burkholderia glumae NCPPB 3708 n.a. n.a. — — -
Burkholderia plantarii NCPPB 3590 n.a. n.a. — - -

(continued on next page)
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Table 2 (continued)

Strains Collection® Biovar  Geographic Host or source PCR amplification
origin OLI 1/Z OLII/Y2 Co-PCR

Enterobacteriaceae 61 SMT n.a. n.a. - - -
Rahnella aquatilis 62 SMT n.a. n.a. - - -
Ochrobactrum anthropi 63 SMT n.a. n.a. - - -
Coryneforme bacterium 64 SMT n.a. n.a. - — —
Bacillus polymyxa CFBP 1954 France Solanum tuberosum - - —

162 indigenous isolates IVIA Spain Different water courses 0/162 6/162 0/162

from river water

n.a.: not available.

#SMT, Collection of EC-SMT-4-CT97-2179 project (DGXII-EGAA); PD, Collection of Plant Protection Service, Wageningen, The
Netherlands; IVIA, Collection of Plant Pathogenic Bacteria, Instituto Valenciano de Investigaciones Agrarias, Moncada, Spain; NCPPB,
National Collection of Plant Pathogenic Bacteria, Central Science Laboratory, Sand Hutton, York, United Kingdom; CFBP, Collection Francaise
de Bactéries Phytopathogenes, INRA, Angers, France; CIP, International Collection, Centro Internacional de la Papa, Lima, Peru; ACH, A.C.
Hayward, University of Queensland, Australia; JT, Stéphane Poussier, INRA Toulouse.

OLI2/JE-2) were of 127 and 281 bp, as expected. The
restriction fragments obtained from the six indigenous
water strains, which generated a PCR product of the
same size as R. solanacearum, differed from the R.
solanacearum restriction fragments or generated no
product at all (data not shown).

To confirm the identification of R. solanacearum,
the Co-PCR (OLI1/OLI2/JE-2) amplification product
from IVIA 2528.55 strain was sequenced. To inves-
tigate the homology between R. solanacearum and the
six strains from water, the nucleotide sequence of their
amplicons after Co-PCR with OLI1/OLI2/Y2/JE-2
primers was obtained and compared with those of R.
solanacearum strains IVIA 2528.55 and ATCC
11696. The strain IVIA 2528.55 gave a nucleotide
sequence highly similar to strain ATCC 11696
(Yabuuchi et al., 1992). There were only two varia-
tions: an A at position 139 instead of a G, and a C at
position 243 instead of a T. Nevertheless, the strain
IVIA 2.3 seemed to be quite different from the ATCC
11696 strain, showing a variation percentage of
18.46% (48 base variations); while 43 differences
appeared when we compared this sequence with all
other five strains from water corresponding to a
variation percentage of 16.53%. The isolates IVIA
2.1,5.2, 5.6, 15.1 and 15.2 have the same nucleotide
sequence among them, but show 45 nucleotide varia-
tions in their sequences compared to ATCC 11696
strain (Fig. 4). In every case, the sequence from Y2
primer was present and it appeared conserved and
identical in the six analyzed strains.

3.3. Hybridization and colorimetric detection

The usefulness of the designed probe EPRS for R.
solanacearum detection was tested using pure cul-
tures and spiked water samples. Specific hybridiza-
tion and high signal were observed in the suspensions
of pure cultures and with spiked water samples (Fig.
1). The results from the 51 environmental water
samples (Table 3) were also examined. In cases
where a very weak band was obtained in gel electro-
phoresis, a strong signal was obtained after colori-
metric analysis (data not shown) demonstrating that
the use of the EPRS probe improved ease of recog-
nition of a positive result. All samples from which an
intense amplification band was obtained also yielded
a clear positive color reaction. Negative control
(without DNA) was always negative. No colorimetric
signal was observed when R. solanacearum-negative
isolates IVIA 2.1, 2.3, 5.2, 5.6, 15.1 and 15.2 from
water were tested by Co-PCR using primers OLI1/
OLI2/JE-2, while a positive reaction was obtained
when the same isolates were tested by Co-PCR using
the four-primer combination (OLI1/OLI2/Y2/JE-2)
(Table 4).

3.4. Environmental water samples

Fifty-one environmental water samples from vari-
ous Spanish sources were examined. All the samples
were plated and tested before and after DNA extrac-
tion by the conventional PCR amplification assays,
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Detection of Ralstonia solanacearum in Spanish water samples comparing conventional PCR assays, Co-PCR and cultural methods

Sample Geographical Source PCR amplification Culturable Average total
origin OLIL/Z OLI/Y2 Co-PCR R. solanacearum culturable
(OLT1/OLI2/JE2) on SMSA bacteria on
(cfu/ml) YPGA (cfu/ml)
Non-E* E’ Non-E® E’ Non-E* EP
1 Andalucia Irrigation channel — - = - = — — 47 %107
2 Andalucia Irrigation channel — - - - - - - 60
3 Andalucia Irrigation channel — - = - = — — 1.8 x10°
4 Andalucia Irrigation channel — - - - - - - 1.6 x 10*
5 Aragén River water — - - - = - - 1.2x10°
6 Aragon River water — - - - - - — 13%10°
7 Aragén River water - - - - - — — 22x%10*
8 Aragon River water — - - - - - - 2.6 x 10*
9 Aragon River water - - - - = - - 1.9 x 10*
10 Aragén River water — - - - - — — 1.4 % 10*
11 Aragon River water — - - - - — - 9.6 x 10*
12 Aragon River water — - - - - - — 1x10°
13 C. Valenciana Spring — - - - = - - 2 x10%
14 C. Valenciana Stream — - - - - — — 6% 107
15 C. Valenciana Irrigation channel — - - - - - - 1x10°
16 C. Valenciana Irrigation channel — - - - - - - 1x10°
17 C. Valenciana Irrigation channel —— - - - - - - 7% 10*
18 C. Valenciana Irrigation channel — - - - - - — 3.5 % 10*
19 C. Valenciana Irrigation channel — - - - - - - 3.4 % 10*
20 C. Valenciana Irrigation channel — - = - = - - 1.9x 10*
21 C. Valenciana Well — - - - - - - 1x107
22 C. Valenciana Well - - - - - - - 2.7 % 10°
23 C. Valenciana Well - - - - - - - 1.4 x10°
24 C. Valenciana Irrigation channel — - = - = — - 1x10*
25 C. Valenciana Irrigation channel — - - - - - - 1.3x10°
26 C. Valenciana Irrigation channel — - - - - - - 53 % 10°
27 C. Valenciana Irrigation channel — - - - - - - 1.5%x10*
28 C. Valenciana Irrigation channel — - = - = — — 1.8 x 10*
29 Castilla-La Mancha ~ Stream — - - - - - - 5.7 x10°
30 Castilla-La Mancha Spring — - = - = - - 6.1 x10°
31 Castilla-Leon River water — - = -+ — < 100 1.6 x 10°
32 Castilla-Leon River water — - - -+ + < 100 4.1x10°
33¢ Castilla-Ledn River water + -+ + + - 22x10°
34 Castilla-Ledn River water + -+ -+ + - 7.7 X 10
35¢ Castilla-Ledn River water + + o+ -+ + - 1.6 x 10°
36 Castilla-Ledn River water + -+ + 4+ + - 35%10°
37¢ Castilla-Ledn River water - - - -+ + - 1.4 % 10°
38 Castilla-Leon River water - - - -+ - < 100 2% 10°
39¢ Castilla-Ledn River water — + - -+ + — 6.7 % 10°
40 Castilla-Ledn River water — - = -+ + < 100 24x10°
41 Castilla-Ledn River water - - - + o+ + < 100 2.6 % 10°
42 Castilla-Leon River water — - = -+ + < 100 3.5x10°
43¢ Castilla-Ledn River water — - - + o+ + — 1.8 % 10°
44° Castilla-Ledn River water - - - -+ - - 2.5x10°
45 Castilla-Leon River water — - - -+ — < 100 1.6 x 10°
46° Castilla-Leon River water + - 4+ - 4+ + — 4.8 %107
47 Galicia River water — - - - - - - 5% 10°
48 Galicia River water — - = - = - - 4% 10?

(continued on next page)
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Sample Geographical Source PCR amplification Culturable Average total

origin OLIl/Z OLII/Y2 Co-PCR R. solanacearum culturable
(OLI1/OLI2/JE2) on SMSA bacteria on
(cfu/ml) YPGA (cfu/ml)
Non-E* E" Non-E* E” Non-E*  EP

49 Galicia River water - - - - - - 1.6x 10°

50 Galicia River water - - - - = — — 4x10*

51 Galicia River water - - - - - - 210

# Without DNA extraction.
® With DNA extraction.

¢ Sample confirmed positive by modified protocol based on the enrichment DASI-ELISA described by Caruso et al. (2002).

and by Co-PCR. As shown in Table 3, 16 out of 51
water samples tested positive by Co-PCR assay before
the DNA extraction, but only 12 of these positive
samples were also positive after DNA extraction.
Seven samples (five positive before the DNA extrac-
tion and two positive only after the extraction) were
positive by using OLI1/Y2 primers, and six (five
positive before the DNA extraction and one positive
only after the extraction) using OLI1/Z primers (Table
3). The indigenous microbiota of the water samples
varied from 6 X 10 to 1.8 X 105 cfu/ml in nonselective
YPGA medium (Lelliot and Stead, 1987).

The attempts to isolate R. solanacearum by cultur-
ing methods using a general YPGA (Lelliot and Stead,
1987) and a selective modified SMSA medium
(Elphinstone et al., 1996) provided positive results
for only 7 of the 51 water samples analysed, with R.
solanacearum populations ranging below 10% cfu/ml
(Table 3).

In the PCR assays, similar results were obtained
using OLI1/Y2 or OLI1/Z primers (13.7% positive
samples) and being inferior to the number of the
positive samples using the developed Co-PCR assay

Table 4

(31.3%). Seven of the environmental samples (33, 35,
37,39, 43, 44 and 46 in Table 3) that were negative by
plating were confirmed positive by enrichment DASI-
ELISA. Two Co-PCR positive environmental samples
(34 and 36 in Table 3) were not confirmed by the
isolation or the serological technique but were con-
firmed by other PCR methods.

4. Discussion

The application of Co-PCR to detect low popula-
tions of R. solanacearum in watercourses showed
greater sensitivity and specificity than conventional
PCR protocols. As previously described for RNA
viruses (Olmos et al., 2002), we observed that the
reaction of the three primers OLI1/OLI2/JE-2 (Fig.
3A) allows their concomitant action in a single ampli-
fication reaction giving origin to two specific products
(Fig. 3B). We suppose, according to the hypothesis of
Olmos et al. (2002), that the reverse strand of the
shortest amplicon obtained by the action of primers
OLI2 and JE-2 is used as an additional primer to

Amplification of six strains from different water sources that generated a 408-pb product

Strain PCR amplifications

OLIl/Z OLIl/Y2 Co-PCR Co-PCR Fatty acid identification”

OLI1/OLI2/Y2/JE2 OLI1/OLI2/JE2

IVIA 2.1 — + + Acinetobacter johnsonii
IVIA 2.3 - + + — Aeromonas salmonicida
IVIA 5.2 - + + Acinetobacter johnsonii
IVIA 5.6 - + + — Acinetobacter johnsonii
IVIA 15.1 — + + Acinetobacter johnsonii
IVIA 15.2 - + +

— Acinetobacter johnsonii

# Analysis of fatty acid profile by MIS system.
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Fig. 3. Scheme of the modified Co-operational amplification (Co-PCR) procedure. (A) Annealing of the three different primers; (B) concomitant
action of the primers; (C) synthesis of the new additional primer and co-operational action of the amplicons and primers.

increase the yield of the largest amplicon, which is the
final product visualized in the agarose gel. The for-
ward strand of the shortest amplicon is used as addi-
tional target for OLI2 to produce new reverse primer,
which could be incorporated to the reaction as an
auxiliary primer (Fig. 3C). The internal primer was
added at a smaller concentration than the external
primers to promote the production of the largest
amplicon. This is an explanation of a process that
highly enhances the PCR sensitivity allowing the
detection of <1 cfu/ml of R. solanacearum from water
without the need for a DNA extraction of the sample.
This procedure is as sensitive as the nested technique,
but it is performed employing only one tube and, in
this way, is able to decrease the risks of contamination
due to the previous amplification. Moreover, the close
annealing temperatures of the primers used in this
study would not permit to perform a nested-PCR in a
single tube. The primers used were based on the 16S
rDNA consensus sequence of R. solanacearum species
from all strains of subdivision 2a sequenced by Taga-
havi et al. (1996). Unsurprisingly, these primers iden-
tify the P. syzygii and the BDB since their 16S rRNA
sequences have a similarity around 99% to R. solana-
cearum (Seal et al., 1993). The amplification product
generated from P. syzygii and the BDB using these

primers should not diminish the interest of this PCR as
a tool to detect R. solanacearum since P. syzygii and
the BDB have only been recorded in clove and in
banana in Indonesia (Gdumann, 1923; Roberts et al.,
1990) and never from water samples.

The amplification of DNA target from several
unexpected water samples taken from R. solanacea-
rum-free areas suggested that the initially selected
four-primer combination amplified sequences of the
indigenous microbial populations other than R. sol-
anacearum. This was confirmed by their isolation and
sequencing of their amplicons. To overcome this
problem, formamide was added to the PCR cocktail,
but it did not prevent the appearance of the unspecific
PCR products. Only after removing primer Y2 from
the PCR mix of Co-PCR did none of the 162
unidentified isolates from water generate any PCR
product. The nucleotide sequence of the fragments
amplified from strains IVIA 2.1, 2.3, 5.2, 5.6, 15.1
and 15.2 with OLI1/Y2 PCR and/or OLI1/OLI2/Y2/
JE-2 Co-PCR assays demonstrated that the production
of this fragment was related to the action of the
nonspecific primer Y2 (Fig. 4). This result reduces
the usefulness of the OLI1/Y2 primers as a tool to
detect R. solanacearum in watercourses due to a risk
of false positive results. Moreover, the lack of ampli-
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77 127
1. S55002 CGAACGGGTGAGTAATACATCGGAACGTGCCCTGTAGTGGGGGATAACTA
2. 2528 .55 e e
3. 2.3 FO G...G..G.GC..... AA.C.A.......... A
4. 5.2 e e G.T.A....TC TAT.......... C AT
5. 15.1 .. G.T.A....TC TAT.......... C AT
6. 2.1 i G.T.A....TC TAT.......... C AT
7. 5.6 e e G.T.A....TC....TAT.......... C...AT
8. 15.2 Lo, G.T.A....TC....TAT.......... C...AT
*kkhk Kkkhkkkkhkhkkkkhkkhkkk k Kk Kk Kk * Kk kK * k kkkkkk kk*k
128 178
1. S55002 GTCGAAAGACTGGCTAATACCGCATACGACCTGAGGGTGAAAGTGGGGGA
2. 2528.55 L. B e e e
3. 2.3 C.G....CGG.T....iiiiiiiii C....C...G..... GT.....
4. 5.2 TC...... GAAT ... .. i it C...AC...G..... CA.....
5. 15.1 TC...... GAAT . . it i i i i i e C...AC...G..... CA.....
6. 2.1 TC...... GAAT . ... i i it C...AC...G..... CA.....
7. 5.6 TC...... GAAT . . .ot i i n C...AC...G..... CA.....
8. 15.2 TC...... GAAT . ottt e i i i e e e e e C...AC...G..... CA.....
* k k k khkkkkhkhkhkkhkhkhkkhkhkkkhkkk k)% *kk Kkkkkk * Kk ok kK
179 229
1. S55002 CCGCAAGGCCTCATGCTATAGGAGCGGCCGATGTCTGATTAGCTAGTTGG
2. 2528 .5 e e e e e e e
3. 2.3 CTTCG. ... ACC..G..T...TGCA..C....GG. ... ...t
4. 5.2 T.TTCG.A...TGC ATA. .TGA T.A...A. ... .
5. 15.1 T.TTCG.A...TGC ATA..TGA T.A...A. . it
6. 2.1 T.TTCG.A...TGC ATA. .TGA T.A...A. ... ..
7. 5.6 T.TTCG.A...TGC ATA..TGA T.A...A. ...
8. 15.2 T.TTCG.A...TGC ATA..TGA T.A...A ... ...
* *  k k% * % ok * % **k * K%k BRI
230 280
1. S55002 TGGGGTAAAGGCCTACCAAGGCGACGATCAGTAGCTGGTCTGAGAGGACG
2. 2528.55  LLo.LoLoioo... G e
3. 2.3 AL L L C.o..TChvi i TC. e T.
L T..... G.ovvviiii i T.
5. 15.1 e T..... Govvviii i T.
6. 2.1 e e T..... G.ovvviiii i T.
/2 T I T..... G.oovvviiii T.
8. 15.2 e e T..... Govvviiii i T.
*k Kkkhkkkk Kkkx Kkkhkkkhkkhkkkkhkkkkhkkkkx khkkk khkkhkkkkhkkkkhkkkk K
281 Y2 primer 331
1. S55002 ATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGC
2. 2528 .5 e e e e e e
3. 2.3 Co i Al T e e
4. 5.2 T
5. 15.1 T
6. 2.1 P
7. 5.6 T
8. 15.2 T
S I Sk R R S Sk S
332 337
1. S55002 AGTGGG
2. 2528.55  ......
3..2.3 ...
4. 5.2 L.l
5. 15.1. ...,
6. 2.1 ...
7. 5.6 L.,
8. 15.2 ...,
* Kk ok ok Kk k

Fig. 4. Multiple sequence alignment by CLUSTALW comparing the R. solanacearum strain ATCC 11696 (GenBank accession no. S55002)
with R. solanacearum TVIA 2528.55 and six strains from different water sources that generated a 408-bp product when amplified with OLI1/
OLI2/Y2/JE2 primers. The sequence of the Y2 primer is indicated.
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fication of target from biovar 3 and 5 isolates was
probably due to the removal of primer Y2. Never-
theless, this did not represent an obstacle in the use of
the developed Co-PCR to detect R. solanacearum
from water sources because biovars 3 and 5 have
never been recorded from water samples and biovar 5
has only been recorded from Morus alba in China
(Roberts et al., 1990; Gaumann, 1923; Eden-Green
and Sastraatmadja, 1990). As Co-PCR performed with
only OLI1/OLI2/JE-2 primers and 3% formamide
showed a good specificity, the protocol was consid-
ered appropriate for routine use.

One of the major obstacles to the use of PCR on
environmental water samples is the frequent presence
of organic matter such as humic substances, which are
strong inhibitors of PCR, possibly by interacting with
the DNA polymerase or the binding of the primers to
the template, and thereby greatly reducing the detec-
tion limit (Tsai and Olson, 1992). In this study,
sometimes a dilution of the samples was necessary
to increase the efficiency of detection. Undiluted
samples that showed a weak product by Co-PCR gave
a strong signal when diluted in a range of 1:10—1:100
(data not shown).

DNA extraction of the samples is often required
to concentrate the DNA target to increase the sensi-
tivity. However, the DNA extraction protocol used
could be not efficient enough for water samples and/
or the DNA extract results in a reduction of the
amount of the target sequence and, consequently, in
a reduction in the detection sensitivity (Bej and
Mahbubani, 1992). In our assays with low numbers
of pathogen, the results of amplification after DNA
extraction were erratic as shown in Table 3. A simple
cell lysis by heat treatment was generally more
efficient than a DNA extraction. On the other hand,
in exceptional situations, e.g. when the presence of
strong inhibitors is suspected, DNA extraction of the
sample could be advised. This step should be opti-
mised and/or other protocols assayed before rou-
tinely used for water samples.

The developed Co-PCR protocol allowed detection
of <1 cfu/ml of R. solanacearum from both natural
and spiked water without the need of a DNA extrac-
tion step and only within a few hours. The sampling
methodology applied was defined in an EC funded
project but obviously the analysis of a fraction of the
original sample could be a limiting factor for the final

sensitivity. The amount of indigenous water micro-
biota (from 10% to 10° cfu/ml) did not interfere with
the detection of R. solanacearum present at low
levels. All samples positive by Co-PCR were col-
lected from river water at points where R. solanacea-
rum had been isolated previously (Palomo et al.,
2000), while the remaining 35 negative samples were
taken from localities where R. solanacearum was not
reported. The attempt to isolate R. solanacearum by
traditional culturing methods was successful only in 7
out of 51 analysed samples. It is not surprising that the
other samples positive by Co-PCR were undetected
by the other PCR methods because they showed
inferior sensitivity in the comparative assays.

The described method provides a useful tool for the
detection of R. solanacearum from environmental
water samples. In fact, the ability displayed by R.
solanacearum in surviving in water for long periods,
even under adverse conditions, implies an epidemio-
logical threat, irrigation water being an important
carrier of dissemination of this quarantine pathogen
(Olson, 1976; Janse et al., 1998; Hayward et al., 1998;
Person, 1998; Van Elsas et al., 2000; Timms-Wilson et
al., 2001; Lopez and Biosca, in press). In conclusion,
we have set up a sensitive detection method for this
microorganism, taking into consideration that the
impaired detection of the pathogen, under unfavorable
conditions, could lead to an underestimation of its
occurrence, with negative economic repercussions on
agriculture.
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