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Introduction

Bacterial wilt caused by Ralstonia solanacearum (Yabu-
uchi et al. 1995) is one of the most devastating bacterial 
plant diseases in tropical, subtropical, and warm temper-
ate regions worldwide (Hayward 1991). Symptoms include 
chlorosis, stunted growth, and wilting. Susceptible plants 
usually die soon after being infected. R. solanacearum is a 
soil-borne Gram-negative bacterium that infects more than 
200 plant species from 50 families, including economically 
important crops such as tomato, potato, eggplant, pepper, 
tobacco and banana (Elphinstone 2005). This bacterial plant 
pathogen can survive long periods in water, soil, and latently 
infected plants (Álvarez et al. 2008). It can be transmitted 
via soil, water, farm equipment, and infected plant materials. 
Because of its wide geographic distribution, extensive host 
range, and tolerance to various environmental conditions, R. 
solanacearum is one of the most destructive crop pathogens 
worldwide.

Many factors contribute to bacterial wilt disease, includ-
ing extracellular polysaccharides, enzymes that degrade 
plant cell walls, and type-III-secreted effector proteins 
(Genin and Denny 2012). Chemotaxis is another important 
factor influencing virulence (Kang et al. 2002; Tans-Kersten 
et al. 2001).

Chemotaxis, which refers to the movement of an organ-
ism toward or away from a chemical agent, is an impor-
tant factor influencing microbe–plant interactions (e.g., 
infection, symbiosis, and root colonization). As part of 
the symbiotic relationship between rhizobia and legumi-
nous plants, Rhizobium species detect a specific flavo-
noid released by the host plant and migrate toward the 
plant roots (Aguilar et al. 1988; Yoneyama and Natsume 
2010). Rhizobium meliloti exhibits positive chemotaxis 
specifically toward the flavone luteorin, but not toward 
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the related flavonoids naringenin and apigenin. Luteo-
lin upregulates nodABC gene expression, which induces 
cortical cell division and root hair curling in the host 
plant, during the initial stages of the symbiotic relation-
ship (Caetano-Anollés et al. 1988). The pathogenicity of 
Agrobacterium tumefaciens, which is responsible for the 
development of crown gall tumors in susceptible plants, is 
also affected by chemotactic activities (Hawes and Smith 
1989). Chemotaxis also mediates the colonization of root 
surfaces by plant-growth-promoting rhizobacteria and 
biocontrol agents, including Bacillus and Pseudomonas 
spp. (de Weert et al. 2002; Oku et al. 2014; Zhang et al. 
2014).

In early studies on rhizobia, researchers attempted to 
fractionate root exudates and identify chemoattractants. A 
study on Rhizobium leguminosarum and pea (Pisum sati-
vum L.) root exudates revealed a fraction that contained 
substances with molecular weights < 1000 and a cationic 
fraction produced stronger chemotactic responses than 
neutral or anionic fractions (Gaworzewska and Carlile 
1982). The amino acids in the cationic fraction, sugars 
in the neutral fraction, and organic acids in the anionic 
fraction were analyzed, as were the associated chemot-
actic activities. Another study examined the influence of 
chemotaxis on the interactions between Bradyrhizobium 
japonicum and soybean seed and root exudates. Most of 
the chemotactic activity was detected in the flow-through 
fraction collected from a Sep-Pak C18 cartridge. The 
major attractants were identified as dicarboxylic acids, 
including succinate and malonate, as well as the amino 
acids glutamic acid and aspartic acid (Barbour et  al. 
1991).

In R. solanacearum, an immotile aflagellate mutant 
was found to be significantly less virulent than the wild-
type bacterium (Tans-Kersten et al. 2001). Additionally, 
root exudates from tomato (i.e., a host plant) produced 
stronger positive chemotactic activity than root exudates 
from rice (i.e., a nonhost plant). The chemoattractants in 
the tomato root exudates were determined to be heat sta-
ble and unaffected by proteinase K (Yao and Allen 2006). 
A subsequent analysis of the amino acids, organic acids, 
and sugars indicated that several amino acids, includ-
ing aspartic acid, proline, and glutamine, are potentially 
strong chemoattractants. However the exact components 
of the tomato root exudates affecting the chemotaxis of R. 
solanacearum have not been fully characterized.

We hypothesized that the specific substance in host 
plant root exudates that attracts pathogens is not a com-
mon substance such as amino acids, organic acids or 
sugars. The objective of this study was to identify the 
substance(s) in tomato root exudates that are attractive 
to R. solanacearum using a bioassay-guided approach.

Materials and methods

Bacterial strains

Seven race 1 strains of R. solanacearum that had been 
isolated from tomato were obtained from The Genetic 
Resources Center, National Agriculture and Food Research 
Organization, Japan (Table 1). These strains were screened to 
identify an appropriate bioassay strain. Strain MAFF730138, 
which showed positive chemotaxis toward the chemoattract-
ant released by tomato cv. Oogata-fukuju, was used in the 
bioassay-guided isolation of the chemoattractant.

Collection of tomato root exudates

Five tomato (Solanum lycopersicum L.) cultivars were used 
in these experiments: Momotaro, Ponderosa, Sekai-ichi, 
Oogata-fukuju, and Chika. For each of the five cultivars, 
seeds were surface-sterilized for 6 min in an aqueous solu-
tion of 0.8% w/v sodium hypochlorite and 0.1% v/v Tween 
80. The seeds were then washed twice in sterile water. Fifty 
seeds were transferred to a 1-L beaker lined with gauze, 
and then moistened with 10 mL sterile deionized water. The 
beaker was sealed with plastic film and an elastic band, and 
then incubated in the dark at 28 °C for 3 days. After the 
seeds germinated, the water in the beaker was collected and 
replaced with 20 mL fresh sterile deionized water for further 
incubation for 1 week in a growth chamber with 12 h light 
(25 °C)/12 h dark (15 °C) cycle. On day 3 of incubation, the 
water in the beaker was collected and replaced with 20 mL 
fresh sterile deionized water. After 7 days, the water in the 
beaker was collected and combined with the previously col-
lected water to constitute the root exudate (approximately 
50 mL). The new chemoattractant was isolated from the 
tomato cv. Oogata-fukuju.

Fractionation of root exudates

Root exudates were applied to an activated charcoal col-
umn. The column was washed with water, after which the 
adsorbed substances were eluted with 80% v/v aqueous 

Table 1  Strains of Ralstonia solanacearum used in this study

MAFF no. Race Biovar Collection site Year isolated

211514 1 3 Kochi 1990
301070 1 3 Kochi 1966
301485 1 N2 Oita 1984
730102 1 4 Nara 1982
730128 1 N2 Mie 1982
730138 1 3 Kochi 1983
730141 1 4 Shiga 1984
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acetone. The flow-through and wash fractions were com-
bined and lyophilized to obtain the water-soluble fraction. 
The aqueous acetone eluate was concentrated to dryness in 
vacuo to obtain the activated charcoal-adsorbed fraction.

Chemotaxis assay

The semisolid agar plate method developed by Okon et al. 
(1980) was modified as described by Yao and Allen (2006). 
R. solanacearum was grown overnight in CPG medium 
(Hendrick and Sequeira 1984) at 28 °C on a rotary shaker 
(90  rpm). The cultures were centrifuged at 4700×g for 
10 min, and the pelleted bacteria were washed twice with 
sterile chemotaxis buffer (Yao and Allen 2006). The bacteria 
were then resuspended in the same buffer to an  OD600 of 
2.0. A 20-µL aliquot of the bacterial suspension was placed 
onto the center of a Petri dish (6 cm i.d.) containing 2.8 mL 
semisolid medium (i.e., chemotaxis buffer solidified with 
0.3% agar). A sample-containing paper disc (8 mm diameter, 
1.5 mm thick) was placed on the medium 20 mm from the 
edge of the bacterial suspension. A paper disc containing 
chemotaxis buffer was placed at the opposite position of 
the sample disc as a control. Glutamine-containing discs 
(2 and 0.2 µmol/disc) served as positive controls. Medium 
containing the bacterial suspension but with no paper disc 
was used as a negative control. The plates were incubated 
at 28 °C for 7 days. The distance migrated by the bacte-
rial suspension was measured at 3 and 7 days after the start 
of the experiment. When selecting the bioassay strain, the 
relationship between the migration distance and incubation 
period was visualized with line graphs (Figs. 1, 2). During 
the purification of the chemoattractant, the value obtained 
by subtracting the distance migrated toward the control disc 

from the distance migrated toward the sample disc at day 7 
was used as the index of chemotactic activity (Fig. 4). All 
assays were repeated at least three times.

Results

Selection of R. solanacearum strain for bioassay

Seven R. solanacearum strains were screened to identify a 
suitable strain for the chemotaxis assay. The strains were 
first screened according to their response to glutamine (2 
and 0.2 µmol/disc). Although the strains showed different 
migration speed and sensitivity, all of them exhibited posi-
tive chemotaxis toward glutamine (Fig. 1). All strains had 
reached the glutamine-containing paper discs by 7 days 
after the start of the incubation period. Analyses on day 3 
revealed that strain MAFF 730102 exhibited the strongest 
response to 0.2 µmol glutamine, followed by MAFF 211514, 
and 730138. There were no significant differences between 
the distance migrated toward the disc containing 0.2 µmol of 
glutamine and the distance migrated toward the control disc 
for strains MAFF 301070, 730128, and 730141. Because 
the bacterial halo was unclear for strains MAFF 301070 and 
730128, these two strains were eliminated as bioassay strain 
candidates.

The chemotactic responses of the five remaining R. sola-
nacearum strains were examined with crude extracts of 
tomato root exudates. The root exudate of the tomato cul-
tivar Momotaro was divided into fractions that adsorbed to 
activated charcoal and that were water-soluble. The fractions 
were then used at an amount equivalent to 10 seedlings. 
All five R. solanacearum strains exhibited a chemotactic 

Fig. 1  Chemotactic response of 
Ralstonia solanacearum strains 
to glutamine. Filled square, 
empty square: 2 µmol glutamine 
and control; filled circle, empty 
circle: 0.2 µmol glutamine and 
control; empty diamond: nega-
tive control. Error bars indicate 
standard errors (n = 3)
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response only to the water-soluble fraction (data not shown). 
Strains MAFF 211514, 730138 and 730141 showed simi-
lar responses to the water-soluble fraction and glutamine 
(2  µmol/disc), while the other two strains had weaker 
responses to the water-soluble fraction than to glutamine. 
Thus, these three strains were used in further analyses.

Selection of tomato cultivar for producing 
the chemoattractant

Root exudates were prepared from tomato cultivars Momot-
aro, Ponderosa, Sekai-ichi, Oogata-fukuju and Chika (cherry 
tomato). The total root exudate yield (i.e., sum of activated 
charcoal-adsorbed and water-soluble fractions) from 100 
seedlings was approximately 7 mg for Chika and 12 mg 
each for the other four tomato cultivars. The chemoattractant 
activities of the tomato root exudates were first tested using 
R. solanacearum MAFF 730138. The water-soluble frac-
tions of Momotaro and Ponderosa exhibited strong activities, 
followed by Oogata-fukuju (Fig. 2). Among the activated 
charcoal-adsorbed fractions, only that from Oogata-fukuju 
exhibited chemoattractant activity, although it was not sta-
tistically significant in this experiment. None of the fractions 
from Sekai-ichi and Chika showed chemoattractant activity.

We therefore prepared the activated charcoal-adsorbed 
fraction of Oogata-fukuju again and examined its che-
moattractant activity using three strains selected in the 
experiment described in the previous section. As a result, 
R. solanacearum MAFF 730138 reproducibly exhibited 

significant response to the fraction, and strains MAFF 
211514 and MAFF 730141 showed weak responses (data 
not shown). These results led us to speculate that Oogata-
fukuju produces a previously unreported hydrophobic 
chemoattractant and prompted us to attempt to purify it, 
using R. solanacearum MAFF 730138 as the bioassay 
strain.

Isolation of the chemoattractant from the activated 
charcoal-adsorbed fraction of Oogata-fukuju root 
exudate

The suitability of several purification methods was exam-
ined. The activated charcoal-adsorbed fraction was divided 
into four parts, which were extracted with ethyl acetate or 
fractionated with a Sep-Pak C18 cartridge (Nihon Waters, 
Tokyo, Japan), an Oasis HLB cartridge (Nihon Waters) or 
Chromatorex-DIOL (diol-modified silica gel; Fuji Silysia 
Chemical, Kasugai, Aichi, Japan). Chemotactic activi-
ties were observed in the water phase of the ethyl acetate 
extraction and in the flow-through fractions collected from 
the Sep-Pak C18 and Oasis HLB cartridges. Therefore, the 
root exudates were purified using a Sep-Pak C18 cartridge 
before being applied to the activated charcoal column for 
subsequent purification of the substance. During the chroma-
tographic separation using diol-silica gel, chemoattractant 
activities were observed in the 10% MeOH–CHCl3 fraction.

Fig. 2  Tomato root exudate 
chemoattractant activity for 
Ralstonia solanacearum 
MAFF730138. Filled square, 
empty square activated 
charcoal-adsorbed fraction and 
control; filled circle, empty 
circle water-soluble fraction and 
control; empty diamond nega-
tive control. Error bars indicate 
standard errors (n = 3)
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The active fraction collected from the diol-silica gel 
column was subjected to thin layer chromatography (TLC) 
and then its components were visualized by spraying with 
various reagents. The active fraction reacted with the 

α-naphthol-sulfuric acid reagent (for sugars), but not with 
dinitrophenylhydrazine (for aldehyde and keto groups), 
ninhydrin (for amino acids, amines and amino-sugars), or 
Dragendorff (for nitrogen-containing compounds) reagents.

Because the active substance was likely to be a sugar-con-
taining compound, Wakosil 50NH2(HC) (i.e.,  NH2-modified 
silica gel; Wako Pure Chemical Industries, Osaka, Japan) 
was used for the subsequent purification step (Fig. 3). The 
eluate was collected from the column with a fraction col-
lector and then analyzed by TLC. Fractions producing a 
spot with the same  Rf value and color reaction were com-
bined (in total, 20 fractions; Figs. 3, 4a). Fractions 41–48 
had strong chemoattractant activity, and fractions 67–71 
had weak activity (Fig. 4b). In this assay, the dose of frac-
tions 41–48 was 120 µg/disc, and the resulting activity was 
comparable to that of 0.2 µmol glutamine (30 µg/disc). The 
HPLC analysis revealed that fractions 41–48 produced a sin-
gle peak (Fig. 5), suggesting that the chemoattractant had 
been isolated. A comparison of the chemoattractant with 
authentic sugars on a TLC plate (Fig. 6a) revealed that the 
chemoattractant had a higher  Rf value than those of mono-, 
di-, and trisaccharides and obviously differed from the sug-
ars commonly found in plant root exudates. Of the analyzed 
sugars, galactose had very weak chemoattractant activity at 
4 µmol (720 µg/disc), while the others had no chemoattract-
ant activity (Fig. 6b).

Discussion

Most other chemotaxis studies focused only on substances 
known to be present in plant root exudates, including amino 
acids, organic acids, and sugars. However, these compounds 
can be excreted by many kinds of plants and would not be 
specific to a host plant. Yao and Allen (2006) reported that 
R. solanacearum was more strongly attracted to tomato (a 
host plant) root exudates than to rice (a nonhost plant) root 
exudates. However, the chemoattractant(s) in tomato root 
exudates had not been identified. We hypothesized that R. 
solanacearum pathogenic to tomato must respond to specific 
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chemoattractant(s) produced by tomato, so we attempted to 
isolate the substance by a bioassay-guided fractionation pro-
cedure. To the best of our knowledge, this is the first report 
of an attempt to identify chemoattractants in root exudates 
based on activity.

A relationship between chemotaxis and virulence has 
been reported previously (e.g., Tans-Kersten et al. 2001), 
but it is unknown whether a strain’s virulence is related 
to its chemotactic ability. It is also unknown whether the 
susceptibility of a given tomato cultivar is related to the 
chemoattractant activity of its root exudates. To explore the 
chemoattractant activity of tomato root exudate, we selected 
from five tomato cultivars a tomato cultivar that produces a 
chemoattractant and from seven R. solanacearum strains a 
strain that responds to the chemoattractant. For the bioassay, 
we selected race 1 strain MAFF 730138 of R. solanacearum 
because it is known to infect tomato and had chemotactic 
activity in the screening test, and we selected tomato cul-
tivar Oogata-fukuju because its root exudate had chemoat-
tractant activity in the screening test. Tomato is one of the 
most cultivated and improved crops. In addition, Oogata-
fukuju was developed in 1952, so it is relatively old com-
pared with those currently available, and these older varie-
ties are generally susceptible to bacterial wilt. Considering 
that one of the objectives of crop breeding is to enhance 
disease resistance, it is interesting that among the varieties 
tested, the older variety Oogata-fukuju was found to produce 
a chemoattractant.

The chemoattractant we found was moderately hydropho-
bic; it passed through a Sep-Pak C18 cartridge and adsorbed 
to activated carbon. It also reacted to the coloring reagent 

for sugar. These results indicate that the active substance is 
a glycoside or some type of sugar derivative.

Detailed studies on the structure, biological activities and 
specificity of the chemoattractant are now underway. We 
are also examining the relationship between susceptibility 
of tomato cultivars and the chemoattractant activity of their 
root exudates, which might inform breeding of improved 
tomato varieties.
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