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Abstract We developed a sensitive quantitative assay for
detecting Ralstonia solanacearum in soil by most probable
number (MPN) analysis based on bio-PCR results. For devel-
opment of the detection method, we optimized an elution
buffer containing 5 g/L. skim milk for extracting bacteria from
soil and reducing contamination of polymerase inhibitors in
soil extracts. Because R. solanacearum can grow in water
without any added nutrients, we used a cultivation buffer in
the culture step of the bio-PCR that contained only the buffer
and antibiotics to suppress the growth of other soil microor-
ganisms. To quantify the bacterial population in soil, the
elution buffer was added to 10 g soil on a dry weight basis
so that the combined weight of buffer, soil, and soil-water was
50 g; 5 mL of soil extract was assumed to originate from 1 g of
soil. The soil extract was divided into triplicate aliquots each
of 5 mL and 500, 50, and 5 pL. Each aliquot was diluted with
the cultivation buffer and incubated at 35 °C for about 24 h.
After incubation, 5 uL of culture was directly used for nested
PCR. The number of aliquots showing positive results was
collectively checked against the MPN table. The method
could quantify bacterial populations in soil down to 3 cfu/
10 g dried soil and was successfully applied to several types of
soil. We applied the method for the quantitative detection of
R. solanacearum in horticultural soils, which could quantita-
tively detect small populations (9.3 cfu/g), but the
semiselective media were not able to detect the bacteria.
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Introduction

Ralstonia solanacearum is the causal agent of bacterial wilt in
more than 100 species of plants, including economically
important crops such as tomato, potato, pepper, and banana
(Hayward 1991). R. solanacearum can survive for long pe-
riods in water or soil under natural conditions, although the
number of viable cells decreases rapidly under dry or low-
temperature conditions. The life history of this organism re-
mains poorly understood. In disease management, it is
important to understand the ecology of a pathogenic organism
in the natural environment, and in studying a pathogen, its
detection is one of the most important factor. To this end,
various techniques have been developed for detecting
R. solanacearum.

Semiselective media have been developed for detecting
viable cells of R. solanacearum in soil and in plant tissues
(Chen and Echandi 1982; Elphinstone et al. 1996; Granada
and Sequeira 1983; Hara and Ono 1983; Karganilla and
Buddenhagen 1972; Nesmith and Jenkins 1979; Okabe
1969). These media are able to detect 10°~10° colony-
forming units (cfu) per gram of dry soil, and colonies are
countable within 48-72 h. There are, however, some sapro-
phytic bacteria with colony morphology similar to that of
R. solanacearum that make detection difficult.

Serological techniques are used for the primary screening
of samples because these techniques are generally quick and
reliable. They can detect as few as 10* cells per gram or per
milliliter of sample (Elphinstone et al. 1996; Janse 1988;
Pradhanang et al. 2000; Robinson-Smith et al. 1995).
However, serological techniques can lack specificity because
of cross-reactions of polyclonal antibodies with other bacteria
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and can have limited sensitivity. Serological techniques also
have the disadvantage in that they do not discriminate between
live and dead cells. Serological kits for detecting
R. solanacearum are commercially available and are being
used (Denny 2006; Ji et al. 2007).

Polymerase chain reaction (PCR) assays have also been
developed for detection of R. solanacearum. PCR-based tech-
niques are usually sensitive, and specific primers for
R. solanacearum have been developed (Boudazin et al. 1999;
Chen et al. 2010; Elphinstone et al. 1996; Huang et al. 2009;
Kang et al. 2007; Kutin et al. 2009; Lee and Wang 2000; Opina
et al. 1997; Pastrik and Maiss 2000; Pastrik et al. 2002;
Schonfeld et al. 2003; Seal et al. 1993; Thammakijjawat
et al. 2006; Weller et al. 2000). Nested PCR, co-operational
PCR, and pre-PCR processing can enhance detection sensitiv-
ity (Caruso et al. 2003; Elphinstone et al. 1996; Grover et al.
2009; Pradhanang et al. 2000). Real-time PCR methods enable
quantitative detection in soil and in plant tissues (Chen et al.
2010; Ha et al. 2012; Huang et al. 2009; Weller et al. 2000).

By combining these methods, it is possible to detect pop-
ulations of R. solanacearum in a soil sample below 107 cells/
g. However, PCR is often inhibited by compounds introduced
into the reaction along with the sample. Therefore, methods
for removing or reducing PCR inhibitors are applied. The
method most often used to solve this problem is extraction
of DNA from the sample. This method increases analysis time
and cost while reducing detection sensitivity. Other methods
involve washing the bacteria by centrifugation or
immunocapture to reduce the concentration of inhibitors
(Dittapongpitch and Surat 2003; Ha et al. 2012; Poussier
et al. 2003), although target cells are also lost to some degree.
Another method involves enriching the target population of
R. solanacearum by culturing samples on semiselective me-
dium prior to the PCR step (Elphinstone et al. 1996; Ito et al.
1998; Ozakman and Schaad 2003; Pradhanang et al. 2000).
This method, known as bio-PCR, can reduce not only the
concentration of PCR inhibitors but also the detection thresh-
old. Furthermore, this method avoids the problem of detecting
dead cells that is associated with general PCR techniques,
because bio-PCR detects only cultured viable cells. One draw-
back, however, is that populations of saprophytic bacteria
often have higher growth rates than R. solanacearum, making
detection difficult, and in liquid culture, PCR inhibitors cannot
be removed completely.

There is information available that suggests ways to im-
prove the PCR detection method as applied to
R. solanacearum. First, R. solanacearum can be grown to a
density of 10° cells/mL in distilled water (Goto 1992). The use
of distilled water can control the growth of saprophytic bac-
teria because there are no added nutrients, and a cell density of
10° cells/mL is sufficient for detection by PCR or serological
techniques. Second, a solution of skim milk is known to
improve the efficiency of DNA extraction from soil
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(Hoshino and Matsumoto 2004; Volossiouk et al. 1995), and
it is possible that the presence of skim milk reduces the effects
of PCR-inhibiting substances. Third, a combination of the
most probable number (MPN) method with a PCR procedure
(MPN-PCR) has recently been used for quantitative detection
of microorganisms in soil, food, and water (Caruso et al. 2005;
Fredslund et al. 2001; Kikuchi et al. 2001; Luan et al. 2008;
Miwa et al. 2003, 2006; Thaithongnum et al. 2006). MPN-
PCR has not yet been used for the quantitative detection of
R. solanacearum in soil.

The goal of this study was to develop a sensitive method
for the quantitative detection of R. solanacearum in soil. We
tested several methods for eluting bacterial cells from soil and
for cultivating them efficiently, and we investigated the con-
ditions for detection by PCR combined with the MPN method.

Materials and methods
Bacterial strains and culture

We used Ralstonia solanacearum strains 8107R (a rifampicin-
resistant mutant derived from strain §107; Ministry of
Agriculture, Forestry and Fisheries, Japan [MAFF] no.
107632, race 1, biovar 4, phylotype I, isolated from tomato),
TG1-1 (MAFF no. 107639, race 4, biovar 3, phylotype I,
isolated from ginger), and PS82-1 (MAFF no. 301559, race
3, biovar N2, phylotype IV, isolated from potato). These
strains were stored at —70 °C and cultured on triphenyl tetra-
zolium chloride medium (Kelman 1954) or potato semisyn-
thetic medium (PSA) (Wakimoto 1960) at 28 °C for 48 h. For
the method development steps outlined below, we used bac-
teria suspended in a buffer solution of 1 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES;
pH 7.0). Bacteria were suspended in the sterile HEPES buffer
solution and adjusted to an optical density of 0.30 at a wave-
length of 600 nm. The viable bacterial population in this
suspension was estimated at 1x10® cfu/mL after dilution
plating on PSA or Hara-Ono medium (Hara and Ono 1983)
at 28 °C for 72 h. During method development, this suspen-
sion was added to soil samples and then different elution
buffers were tested for recovery efficiency. R. solanacearum
was isolated from the soil extracts using Hara-Ono medium
with or without 20 mg/L of rifampicin, at 28 °C for 72 h.

Soil extracts

The water content of the soil samples was determined by
weight loss after drying at 150—180 °C for 3 h. Elution buffer
(1 mM HEPES with varying concentrations of skim milk) was
added to 10 g soil on a dry weight basis so that the combined
weight of buffer, soil, and soil-water was 50 g. The mixture
was shaken at 280 rpm for at least 30 min on an orbital shaker
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(SA31; Yamato Scientific, Tokyo, Japan) and then allowed to
sit until the supernatant had fully separated. The supernatant
was collected as the soil extract. We assumed that 5 mL of soil
extract originated from 1 g of soil. In our preliminary exper-
iments aimed at developing the detection method and MPN-
PCR, we used an Andosol soil sample collected in Tsukuba,
Ibaraki, Japan, where bacterial wilt has not yet appeared and
R. solanacearum was not detected by conventional methods.
After perfecting our method, it was tested on agricultural soil
from locations in Ibaraki, Hokkaido, Yamaguchi, and Niigata
prefectures. These soil extracts were also tested for the pres-
ence of R. solanacearum using Hara-Ono medium with or
without 20 mg/L of rifampicin at 28 °C for 72 h, for compar-
ison with our newly developed method.

PCR amplification

We performed two-stage nested PCR. The region around the
phcA gene sequence of R. solanacearum strain GMI1000
(available from GenBank; accession number AL646053)
was used to derive primer sets for the first stage (phcA2981f
[5'-TGGATATCGGGCTGGCAA-3'] and phcA4741r [5'-
CGCTTTTGCGCAAAGGGA-3']) and the second stage
(phcA3538f [5'-GTGCCACAGCATGTTCAGG-3'] and
phcA4209r [5-CCTAAAGCGCTTGAGCTCG-3']). For the
first stage, 5 pL of bacterial suspension or a cultured soil
extract was heated for 2 min at 98 °C. This solution was added
to a 15 puL reaction mixture containing 0.5 U KAPA2G
Robust HotStart DNA Polymerase (KAPA Biosystems,
Woburn, MA, USA), PCR reaction buffer for high GC content
(KAPA Biosystems), 4 nmol of each dNTP, and 3.2 pmol of
each first-stage primer. The PCR was performed using the
following conditions: 2 min at 95 °C; 30 cycles of 30 s at 95
°C,30sat57.5°C, and 60 s at 72 °C; and a final extension for
5 min at 72 °C.

For the second stage, the same 15 pL reaction mixture was
used, but with the second-stage primer set and 5 puL of the
mixture from the first-stage reaction. The PCR reaction con-
ditions were the same as in the first stage except the extension
time was changed to 30 s. For comparison, we also performed
a conventional PCR with Rsol fliC primers, as described by
Schonfeld et al. (2003).

MPN-PCR conditions

Soil extracts were separated into three aliquots each of 5 mL
and 500, 50, and 5 uL. These correspond to 1, 0.1, 0.01, and
0.001 g of the original soil sample, respectively. Each aliquot
was diluted 10-fold (5 mL and 500 and 50 pL aliquots) or 20-
fold (5 pL aliquot) with the cultivation buffer and incubated at
35 °C for at least 20 h. The cultivation buffer consisted of
1 mM HEPES, with the antibiotics penicillin G potassium (0.5
or 5 mg/L), bacitracin (25 mg/L), chloramphenicol (0.5 or

5 mg/L), and polymyxin B sulfate (8 or 80 mg/mL) and the
pigment Crystal Violet (0.5 or 5 mg/L), alone or in combina-
tion. After incubation, 5 puL of culture was used for PCR
amplification. Duplicate two-stage nested PCR was per-
formed, and when specific amplification was detected by
either or both assays, the aliquot was considered to contain
viable R. solanacearum cells. The number of aliquots at each
dilution showing positive results was collectively checked
against the MPN table (Supplementary Table S1). MPN is
evaluated using the number of positive results from three
sequential soil extract sample volumes. If the results from
the 5 mL to 50 uL aliquots are used, the number of bacteria
per 10 g can be predicted,; if the results from the 500 to 5 uL.
aliquots are used, the number of bacteria per 1 g can be
predicted. Therefore, using our series of soil extract aliquots,
the lowest usable results can predict the existence of three
viable cells per 10 g soil, and the highest can predict the
existence of at least 2,400 cells/l g. For example, when
positive detections numbered 3, 3, 1, and 0 from the respective
5 mL to 5 pL aliquots, the values 3, 3, and 1 (from 5 mL to
50 pL) applied to the MPN table yield an expected cell density
of 460 cells/10 g (46 cells/g) soil, and the values 3, 1, and 0
(from 500 to 5 uL) yield an expected cell density of 43 cells/g
soil. The number adopted is the larger of the two predictions.
The steps in the MPN-PCR method are shown in Fig. 1. The
limit of detection by semiselective media is around 10>
10® cfu/g of soil. We therefore designed our MPN-PCR meth-
od so that the maximum level of detection overlapped the
minimum limit of detection by the semiselective medium.

Results
Preliminary development of the detection method

For comparative purposes, we first assessed the limit of detec-
tion using conventional PCR. R. solanacearum strain 8107R
was serially diluted 10-fold to contain from 10® to 10" cfu/mL.
Conventional PCR with Rsol _fIiC primers detected densities as
low as 10* cfu/mL (Supplementary Fig. S1). In contrast, the
nested PCR with new primer sets detected densities down to
10° cfu/mL (Supplementary Fig. S1). However, the nested PCR
with new primer sets did not amplify the DNA fragment from
biovar N2 strains of R. solanacearum (Supplementary Fig. S2).
In this study, we used the nested PCR technique with the higher
detection sensitivity.

We next tested different media for cultivating
R. solanacearum. For this test, we followed the growth of
R. solanacearum strain 8107R cultured in Hara-Ono medium
with 10 pg/mL of rifampicin. When about 10-20 cells of
8107R were added to 10 mL of sterilized HEPES buffer
solution (pH 7.0) and incubated at 35 °C for 24 h, the number
of cells increased about 200-fold (Table 1). The same number
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Fig. 1 Schematic showing steps
in the MPN-PCR procedure for
quantitative detection of
Ralstonia solanacearum in soil
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Add the elution buffer so that
the combined weight of buffer
and soil is 50 g

10 g soil (dry-weight basis)
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Separate into three aliquots each of
5 mL, 500 pL, 50 pL, and 5 pL
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Dilute 10- or 20-fold with the cultivation buffer
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for at least 20 h
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Use 5 pL of culture directly for the
duplicate of 2-step nested PCR
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to MPN table

3,3,1 =460 3,1,0=43
460 cells/10 g 43 cells/ g

Adopt the larger of the two predictions

Expected cell density is

of cells increased by a factor of 10°° when added to the
HEPES buffer solution containing 10 % by volume of a
filter-sterilized (0.22 pm) soil extract from Andosol. In con-
trast, in nonsterilized soil extract diluted by a factor of 10 with
the buffer, there was extensive growth of a saprophyte, and
cell numbers of strain 8107R increased by a factor of about
10°. When the nonsterilized soil extract was diluted by a factor
of 10 with the buffer solution containing 0.5 mg/L of penicil-
lin G potassium, 25 mg/L of bacitracin, and 0.5 mg/L of
chloramphenicol, 8107R cell numbers increased by a factor
of about 10*. For this study, we used this latter buffer solution
(without soil extract) containing the three antibiotics as the
cultivation buffer. The antibiotic polymyxin B sulfate and the
pigment Crystal Violet inhibited growth of R. solanacearum
in water (data not shown).

In a third experiment, we varied the solution used to elute
R. solanacearum cells from the soil. We tested solutions with
skim milk concentrations of 0, 2.5, 5, 10, and 20 g/L in the
HEPES buffer. We used soil artificially inoculated with
R. solanacearum and estimated the number of eluted bacteria
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46 cells/ g-soil (dry-wt)

by counting colonies on Hara-Ono medium with rifampicin
(data not shown). There was no difference in the extraction
efficiency of 8107R between the concentrations of skim milk.
In a separate check of extraction efficiency, the soil extracts
were diluted by a factor of 10 with the cultivation buffer and
incubated at 35 °C for 24 h. After incubation, 5 puL of the
solution was used for nested PCR. Although R. solanacearum
was always detected in soil extracts using the extraction buffer
with 2.5, 5, or 10 g/L skim milk, it was often not detected
using the buffer containing 0 or 20 g/L skim milk (Fig. 2). In
this study, we used the buffer solution with 5 g/L skim milk as
the elution buffer.

Finally, we checked the sensitivity of the detection proce-
dure. We produced a soil extract using the elution buffer. Ten
microliters of the 8107R suspension at the concentration of ca.
100 cfu/mL was plated onto Hara-Ono medium. In addition,
10 pL of the same suspension was added to 5 mL soil extract,
diluted by a factor of 10 with the cultivation buffer, and
incubated at 35 °C for at least 20 h. After incubation, 5 pL
of'the solution was used for PCR. In four repeat trials, the PCR
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Table 1 Increases in Ralstonia solanacearum cell numbers in buffer with and without soil extract

Added number of cells Number of cells after 24 h at 35 °C

Buffer solution®

Soil extract®

Soil extract + antibiotics® Sterilized soil extract®

19.0+4.0 3.9+7.6x10°

6.2+1.6x10*

1.440.6x10° 1.140.25%107

All values are mean + SD
# Ten milliliters of I mM HEPES-HCI buffer (pH 7.0)

® One milliliter of soil extract added to 9 mL of 1 mM HEPES-HCI buffer

¢ One milliliter of soil extract added to 9 mL of 1 mM HEPES-HCI buffer containing 0.5 mg/L of penicillin G potassium, 25 mg/L of bacitracin, and

0.5 mg/L of chloramphenicol

9 One milliliter of soil extract filter-sterilized (0.22 11m) and added to 9 mL of 1 mM HEPES-HCI buffer

method detected bacteria in 5-8 of 10 replicates (Fig. 3). In
contrast, out of four trials of direct plating onto Hara-Ono
medium, using 10 plates in each trial, bacterial colonies grew
on three to seven plates, with one to five bacterial colonies per
plate (Fig. 3). These results suggest that our new detection
procedure can detect one viable cell in 50 mL of diluted soil
extract; it was converted that 5 mL of soil extract originated in
1 g of soil.

MPN-PCR

Two tubes containing 10 g (dry weight) of nonsterile soil were
inoculated with 100 uL of suspensions of 8107R previously
prepared at 5x10* and 5x10? cfu/mL, respectively. Elution
was carried out within 5 min of inoculation. Soil extracts were
separated into three aliquots each of 5 mL and 500, 50, and
5 uL, added to the cultivation buffer, and incubated at 35 °C
for 20 h. In addition, 10 pL of the 8107R suspension at 5 x
10% cfu/mL was spread on Hara-Ono medium with 10 repli-
cates to get an exact measure of the bacteria population in the
suspension. Both the MPN-PCR test and the plate counts were
repeated three times. The averages of the number of colonies
on a plate were 4.0, 3.6, and 5.6, respectively. The number of

12 3 4 5 6 7 8 91011 12 M

Fig. 2 PCR product banding patterns amplified by nested PCR from a
suspension containing soil extract incubated at 35 °C for 24 h. Ralstonia
solanacearum cells were eluted from artificially inoculated soil using
buffer solutions (1 mM HEPES-HCI, pH 7.0) with skim milk concentra-
tions of 0 g/L (lanes 1 and 2), 2.5 g/L (lanes 3 and 4), 5 g/L (lanes 5 and
6), 10 g/L (lanes 7 and 8), and 20 g/L (lanes 9 and 10). Lanes 11 and 12
show PCR product banding patterns amplified from a suspension con-
taining only R. solanacearum cells. Lane M contains the 1-kb Plus DNA
Ladder marker (Invitrogen, Carlsbad, CA, USA)

colonies per plate ranged from one to eight. In the MPN-PCR
analysis of the soil inoculated with about 5x 10° cfu of 8107R,
the profiles of detection were (3, 3, 3, 1), (3, 3, 3,2),and (3, 3,
3, 2), respectively. The average of the three resulting MPN
values for R. solanacearum is 8.9x 10% cfu/g. In the extract
from soil inoculated with about 50 cfu of 8107R, the profiles
of detection were (2, 1, 1, 0), (3, 0, 0, 0), and (1, 0, 1, 0),
respectively. The average of the three resulting MPN values
for R. solanacearum is 1.67 cfu/g. There is close agreement
between the number of bacteria inoculated into the soil and the
number detected by MPN-PCR. There was no significant
difference between the number of bacteria inoculated into
the soil and the number detected by MPN-PCR (¢ test,
P>0.05). For comparison, 50 uL of soil extract that was
prepared from 10 g of soil inoculated with about 50 cfu of
8107R was spread on each of 20 plates containing Hara-Ono
medium. No R. solanacearum colonies formed.

Detection of R. solanacearum in horticultural soil samples

The horticultural soils used to test the new method were
collected in Ibaraki, Hokkaido, Yamaguchi, and Niigata pre-
fectures from fields in which tomatoes were cultivated and
bacterial wilt was observed. The soil collected from Tsukuba
in Ibaraki Prefecture was an Andosol. There were positive
results in 3, 2, 0, and 0 aliquots from the dilutions representing
1,0.1, 0.01, and 0.001 g of soil, respectively (Fig. 4a). These
values applied to the MPN table give an expected count of 9.3
cells/g soil. In addition, 50 pL of soil extract was spread on
each of 10 plates containing Hara-Ono medium. From this
total of 500 pL of the soil extract, no R. solanacearum colo-
nies formed.

The soil collected in Niigata, Niigata Prefecture, was a
brown lowland soil. R. solanacearum was detected in 3, 3,
0, and 0 replicate aliquots from dilutions representing 1, 0.1,
0.01, and 0.001 g soil, respectively (Fig. 4b). These values
applied to the MPN table give an expected value of 24 cells/g.
A total of 500 uL of soil extract was spread on Hara-Ono
medium as described in the previous paragraph. A total of two
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Number of colonies

PCR-product

0 1 2 3 4 5 banding pattern
Trial 1 s 5 1 0 o o
Trial 2 7 3 o o o o IEE'NES
Trial 3 4 2 3 1 o o EEEEEE
Trial 4 3 2 0o 3 o 2 pEeerEri

Fig. 3 The number of plates showing colony growth after plating with a
soil extract suspension containing about one cell of Ralstonia
solanacearum strain 8107R and the PCR product banding patterns from

colonies of R. solanacearum formed, indicating an estimated
0.2x107 cfu/g.

The soil collected in Sunagawa, Hokkaido, was a brown
lowland soil. R. solanacearum was detected in 3, 3, 3, and 3
replicate aliquots from dilutions representing 1, 0.1, 0.01, and
0.001 g soil, respectively (Fig. 4c). These values applied to the
MPN table give an expected count of at least 2,400 cells/g. In

~J

4 5 6

~
-

a1 2 3 8 910 11 12 M

- - - - -

7 8 9101112

7 8 910 11 12

BHHUEBENERENEN

d 1

2 345 6 78 9101112 M

Fig. 4 PCR product banding patterns amplified by nested PCR from a
suspension incubated at 35 °C overnight, containing the extract from 1 g
(lanes 1-3), 0.1 g (lanes 4-6), 0.01 g (lanes 7-9), or 0.001 g (lanes 10—
12) of horticultural soil. The soil was collected from Ibaraki (a), Niigata
(b), Hokkaido (¢), and Yamaguchi (d) prefectures
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a suspension containing the extract from 1 g soil and about one added cell,
incubated at 35 °C for 24-48 h and amplified by nested PCR

addition, 5 pL of soil extract was spread on each of 20 plates
containing Hara-Ono medium for a total of 100 uL of soil
extract. A total of 48 colonies of R. solanacearum formed,
indicating an estimated 2.4x 10° cfu/g.

The soil collected in Yamaguchi, Yamaguchi Prefecture, was
a sandy soil. R. solanacearum was detected in 3, 3, 3, and 3
replicate aliquots representing 1, 0.1, 0.01, and 0.001 g soil,
respectively (Fig. 4d). These values applied to the MPN table
give an expected value of at least 2,400 cells/g. In addition, 5 L
of soil extract was spread on each of 10 plates containing Hara-
Ono medium, and a total of 144 colonies of R. solanacearum
formed, indicating an estimated 14.4x 10° cfu/g.

Discussion

We developed a new quantitative detection method for
R. solanacearum in soil. This method has unique features in
that it does not use a culture medium with added nutrients for
cultivation, and PCR is performed without extracting DNA
from the culture. The bio-PCR method can detect the presence
of bacteria at densities as low as 1 cfu/g of soil. Furthermore,
the number of bacteria in 10 g of soil can be predicted by the
MPN-PCR method. The new method was successfully ap-
plied to various kinds of soil.

The buffer containing skim milk was effective for eluting
R. solanacearum from the soil. Several concentrations of skim
milk were first tested. The bacterium was often not detected
using the buffer containing 20 g/L skim milk, even though it
was present, and the extract often had a foul smell after incu-
bation. This might be because any excess skim milk remaining
in the supernatant could inhibit PCR and enhance the growth of
saprophytic microorganisms. Hoshino and Matsumoto (2004)
showed that the amount of DNA extracted with 100 mg of skim
milk per 0.5 g of soil was sometimes less than with 40 mg of
skim milk; the excess skim milk inhibited the extraction of
DNA from soils. In our method, about 200 mg of skim milk
(included in 40 mL of a 5 g/L solution) is added to 10 g of soil,
similar to the method of Volossiouk et al. (1995).

When developing detection technology, it is important to
encourage the growth of only the target microorganism.
Conventional methods involve cultivation in enriched
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medium and increase bacterial densities to about 107 cfu/mL,
if only R. solanacearum cells are present (Pradhanang et al.
2000). However, the growth rate of saprophytic bacteria often
exceeds that of R. solanacearum, and if these organisms are
present, the R. solanacearum population remains low or de-
creases in the enrichment medium (Pradhanang et al. 2000).
This makes detection of R. solanacearum difficult by these
methods. On the other hand, PCR methods that use bacterial
suspensions can detect R. solanacearum at 10°~10* cfu/mL
(Dittapongpitch and Surat 2003; Ha et al. 2012; Weller et al.
2000; this study); therefore, large populations are not neces-
sary. Goto (1992) reported that R. solanacearum can be grown
to a density of 10° cells/mL in distilled water. We confirmed
that the cell numbers of strain 8107R increased about 200-fold
in our buffer solution (Table 1) and by a factor of about 10* in
the soil extract, after dilution by a factor of 10 with the
cultivation buffer and incubation at 35 °C for 24 h. Thus,
although the bacterial population does not greatly increase in a
solution that does not contain nutrients, the growth is suffi-
cient for detection by PCR. In this study, we used the HEPES
buffer to stabilize the pH of the suspension. In preliminary
tests, we confirmed that there was no difference in the increase
in bacterial numbers between the HEPES buffer and water
(data not shown).

The MPN-PCR method is a powerful tool for detecting low
numbers of bacterial cells and has been used for quantitative
detection of microorganisms in soil, food, and water (Caruso
et al. 2005; Fredslund et al. 2001; Kikuchi et al. 2001; Luan
etal. 2008; Miwa et al. 2003, 2006; Thaithongnum et al. 2006).
The MPN method requires highly reliable, sensitive, and se-
lective detection of the target bacteria. However, there is no
direct method for sensitive and selective detection of
R. solanacearum in soil. Therefore, the MPN method has been
used for the quantitative detection of R. solanacearum in river
water (Caruso et al. 2005) but not in soil. Quantitative detec-
tion is possible by using semiselective media if the bacteria
exist at densities above 10°—10° cfu/g (Denny 2006); however,
detection is difficult at low bacterial numbers. Therefore, in
this study, we designed the method to be able to detect bacterial
numbers from 0.3 cfu/g of soil up to 2,400 cfu/g of soil; the
maximum limit of our method overlaps the minimum detection
limit by the semiselective medium method.

The new primer sets developed as part of this study can be
used to specifically detect R. solanacearum from horticultural
soils. However, these primer sets did not amplify a specific
DNA fragment from the biovar N2 (phylotype IV) strain of
R. solanacearum. Group-specific PCR primers have been re-
ported (Fegan and Prior 2005). It is possible that our new
primers can also be used for grouping. The phcA 4741r primer
was designed for a specific region of the genome of
R. solanacearum strain GMI1000. To detect a phylotype IV
strain, it will be necessary to redesign the primer. The conven-
tional nested PCR technique described by Pradhanang et al.

(2000) was unable to amplify their target DNA fragment from
the soil extract containing 8107R (data not shown). We did not,
however, use the same DNA polymerase or thermal cycler that
was used in their study. If PCR conditions are optimized, it
might be possible to successfully amplify the target DNA.
Conventional PCR with Rsol fIiC primers was able to detect
the amplified fragments but sometimes failed (data not shown).
In soil extract containing saprophytic bacteria, increases in
R. solanacearum densities may be limited to a maximum of
10° to 10* cells/mL. To detect R. solanacearum with certainty,
improvements in the conventional PCR method are required,
such as in the design of nested primers.

We applied methods for the quantitative detection of
R. solanacearum to the soil of four tomato fields in which
bacterial wilt disease was observed. In samples from two of
these fields, the results from our new method were in agree-
ment with those from the method using semiselective medi-
um. This shows that the semiselective medium could be useful
for the quantitative detection of R. solanacearum from soil
containing more than 10° cfu/g soil. However, the
semiselective medium method did not work in soil containing
bacterial populations at less than 10* cfu/g soil because of
contamination by saprophytic bacteria on the plates
(Elphinstone et al. 1996; Pradhanang et al. 2000) and the need
for many plates of medium (at least 10 plates are necessary to
detect approximately 20 cfu of the pathogen in 1 g of soil). In
contrast, our MPN-PCR method could easily quantitatively
detect bacterial populations at fewer than 107 cfu/g soil (in
fact, as low as 3 cfu/10 g dry soil), a detection limit more than
100-fold below that by the usual selective medium methods.
The MPN-PCR method is not much different in terms of time
and effort than conventional bio-PCR and can be completed in
2 days, whereas the detection by a selective medium takes
3 days. Our new method will be useful for detection of
R. solanacearum in horticultural soils. We are currently inves-
tigating the relationship between the extent of bacterial wilt
outbreaks and pathogen density in the soil.
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