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Abstract Mutants defective in motility or antibiotics pro-
duction were obtained by Tn5 mutagenesis of a biocontrol
agentPseudomonas fluorescensMelRC2Rif (wt). Tomato
or melon seeds were co-inoculated with a Tn5 mutant and
wt in a 1:1 ratio and then grown in soil for 10 days. There
was no change in ratios of Tn5 mutants defective in anti-
biosis to wt in the process of rhizoplane colonization, sug-
gesting little contribution of in vitro antibiosis to the rhizo-
plane competence ofP. fluorescensMelRC2Rif. Similar
results were also obtained when seeds treated with bacteria
were planted in soil artificially infested with fungal patho-
gens. In contrast, ratios of Tn5 mutants defective in moti-
lity to wt significantly decreased, suggesting the contribu-
tion of motility to the rhizoplane competence of this bac-
terium. When a non-motile Tn5 mutant and wt were co-in-
oculated into soil at a matric potential of pF 2.3 (–20 kPa)
and plants were then grown, there was no change in the
ratio in rhizoplane colonization, suggesting that motility
might have a role in the movement along roots but an in-
significant role in the movement from bulk soil towards
roots. When they were co-inoculated into 0.2% water agar
(WA) instead of soil, a remarkable decline in ratios was
detected. Thus it was soil structure that hindered the effi-
ciency of motility. Time course enumeration of rhizoplane
colonization of tomatoes grown in WA revealed that moti-
lity was an important means of movement towards and/or
along roots rather than the multiplication on roots.
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Introduction

The development of biocontrol agents against soil-borne
plant pathogens has been attempted by many investigators.
There have been, however, few commercially successful
examples in the field, except forAgrobacterium radiobac-
ter (Kerr 1980). As Deacon (1991) pointed out, most at-
tempts to develop biological control agents in the root en-
vironment have failed because the organisms were selected
from in vitro antagonism and were ecologically unsuited
to the natural environment of the pathogens. One of the
major constraints is the inconsistent colonization of roots
by biocontrol agents, where the agents presumably protect
plants from the pathogens. Therefore, knowledge about the
factors that contribute to root colonization is required.

Root colonization is defined as the process whereby in-
troduced bacteria become distributed along roots in non-
sterile soil, multiply and survive for several weeks in the
presence of indigenous soil microbiota (Weller 1988).
Root colonization involves two phases: phase I is the at-
tachment to roots, and phase II is the multiplication on
roots (Howie et al. 1987). Rhizosphere competence de-
scribes the relative root-colonizing ability of a rhizobacte-
rium (Weller and Thomashow 1994).

According to Weller (1988) and Weller and Thoma-
show (1994), bacterial traits that contribute to rhizosphere
competence are mostly unknown, but some that may be
important are categorized into three classes. Class I in-
volves cell surface polysaccharides (Anderson et al. 1988;
Chao et al. 1988; Tari and Anderson 1988), fimbriae
(Vesper 1987), flagella (De Weger et al. 1987) and chemo-
taxis toward seed or root exudates (Heinrich and Hess
1985; Scher et al. 1985). Misaghi et al. (1992) reported
that non-motile isolates were poorer root colonizers than
motile isolates. These factors are important in phase I of
root colonization. Class II involves growth rate (Parke
1991) and ability to utilize complex carbohydrates (Ah-
mad and Baker 1987a,b) that are important in phase II, the
multiplication on the root. Class III involves osmotoler-
ance, which is necessary for survival (Loper et al. 1985).



Mazzola et al. (1992) demonstrated that the production of
phenazine antibiotics contributes to the colonization of
roots byPseudomonas fluorescens2–79.

We have investigated the relative importance of moti-
lity and antibiosis in the rhizoplane competence ofP.
fluorescens MelRC2Rif by using different inoculation
methods for this bacterium: (1) seed and soil inoculation
to estimate the effect of soil structure on motility, and (2)
inoculation into soil infested with pathogens to which
MelRC2Rif shows in vitro antibiosis, in order to estimate
the effect of antibiosis on the rhizosphere colonization.

Materials and methods

Soil and strains used

A culture soil [a mixture of 32% kaolinite, 10% sand, 8% vermicu-
lite, 30% farmyard manure and 20% peat moss; total C 8.2%, total N
0.27%, pH(H2O) 6.6, maximum water-holding capacity (MWHC)
80.8%] was used. The soil was sieved (2 mm) and kept at 408C be-
fore use.

Strain P. fluorescensMelRC2Rif was used in this experiment. It
was a rifampicin-resistant spontaneous mutant of strain MelRC2,
which was obtained from melon roots. MelRC2Rif was tentatively
identified asP. fluorescensbiovar III, based on quinon type (Q9), flu-
orescent pigment production (+), substrate utilization pattern, cellular
fatty acid composition etc. Bacterial inocula were prepared by over-
night culture with shaking (75 rev min–1) at 288C in 10–1 strength nu-
trient broth (1/10 NB: Eiken Chemical Co. Ltd.).

Rhizoctonia solani, Pythium aphanidermatum, Fusarium oxysporum
f. sp.melonis, Verticillium dahliae, andPenicillium notatumwere used
as model soil fungi and they were maintained on potato dextrose agar
(PDA: Eiken Chemical Co. Ltd.).Pseudomonas(Burkholderia) solana-
cearumwas also used as a model bacterial pathogen and maintained on
10–1 strength nutrient agar (1/10 NA: Eiken Chemical Co. Ltd.)

Isolation of Tn5-induced mutants

Tn5-induced mutants were obtained by the method of Simon et al.
(1983). Briefly, Escherichia coli S17-1 harboring pSUP10141 was
mated withPseudomonas fluorescensMelRC2Rif for 1 day at 288C
on NA. Transconjugants were selected on 1/10 NA containing rifam-
picin (100lg ml–1) and kanamycin (50lg ml–1). Colonies were
screened for motility on motility plates containing 1/10 NB solidified
with 0.2% agar (Scher et al. 1985). After spot inoculation, motility
was judged after 24-h-incubation at 288C. The colonies were also
screened for non-antibiotics-producing mutants on PDA inoculated
with R. solani. Each plate contained 10–15 transconjugants. After 2–4
days of incubation at 288C, mutants showing no clear zone were se-
lected and then their antagonistic abilities againstPythium aphanider-
matum, F. oxysporumf. sp. melonisandPseudomonas(Burkholderia)
solanacearumwere further tested on PDA, King’s medium B (KMB;
King et al. 1954) and KMB supplemented with 2% of glucose
(KMBGlu). Volatile inhibitors produced by MelRC2Rif were detected
in a split plate experiment. Bacteria were grown for 2 days on KMB
with 2% of glycin (KMBGly) in one side of a split plate, then fungal
pathogens were inoculated on the other side of the plates. Radial
growth of the pathogens was measured for 2–4 days. Cyanide produc-
tion was detected with a picric acid assay (Castric 1975).

Effects of in vitro antibiosis on the rhizoplane competence
of MelRC2

Melons (Cucumis meloL., cv. Amus) were surface-sterilized in 70%
ethanol for 2 min, rinsed with sterile distilled water (SDW) and pre-
emerged on 1/10 NA at 288C. Two-day-old seeds were soaked for

20 min in 2 ml of a 0.5% suspension of methylcellulose (Sigma) con-
taining two bacteria mixed in a 1:1 ratio (each ca. 1×1011 cfu ml–1)
of MelRC2Rif (wt) and an antibiotics-production negative mutant. As
a result, a volume of 2.5ll and 1.0ll of bacterial suspension ad-
sorbed onto a melon and tomato seed, respectively. The treated seeds
were grown in test tubes (} 26 mm×260 mm) containing 70 g of the
soil sample, the water content of which was adjusted to 50% MWHC
(water content = 28.8%), corresponding to ca. pF 2.3 (–20 kPa) ac-
cording to the measurement with tensiometer (HM type DIK-3130,
Daiki Rika Kogyo Co., Tokyo), in a greenhouse (daytime: 288C for
16 h; night-time: 208C for 8 h). Plants were watered every day with
SDW to maintain a constant weight of the test tubes. After 10 days
incubation, when the roots had reached the bottom of the test tubes,
the roots were taken out from soil and washed in SDW to remove ad-
hering soil materials. Populations of inoculated bacteria on the root
were counted with 1/10 NA amended with Rif (100lg ml–1) after the
roots had been macerated in a sterile mortar and pestle. Three or four
whole root systems were separately macerated for counts and three re-
plicate plates were used for each dilution. The numbers of total cul-
turable bacteria were also determined on 1/10 NA. The results were
expressed as cfu per gram of fresh root. Over 100 colonies that
appeared on 1/10 NA with Rif were transferred onto 1/10 NA with
kanamycin (50lg ml–1) for separating Tn5 mutants from wt. Indige-
nous bacteria resistant to Rif (100lg ml–1) were negligible on the
roots (less than 1.8×103 cfu g–1 of root).

To further examine the role of antibiotics production in rhizoplane
colonization, melon seeds treated with antagonists as mentioned
above were planted in soil heavily infested by several soil fungi. The
infested soil was prepared by the following way: wheat bran sterilized
by autoclaving was inoculated separately withR. solani, F. oxyspor-
um f. sp. melonis,V. dahliaeor Penicillium notatumand incubated
for 10 days at 288C. These fungi, grown in the bran, were mixed to-
gether and inoculated into the soil sample, at 4% (w/w), in which
melon seeds treated with antagonists were transplanted. After 10 days
incubation, populations of Tn5 mutant and wt were determined as
mentioned above.

Tn5 mutants and wt were co-inoculated in a 1:1 ratio into 1/
10 NB at an initial density of 4×106 cfu ml–1 and incubated with
shaking (75 rev min–1) at 288C. After 24 h, when the density reached
4×108 cfu ml–1, the numbers of Tn5 mutants and wt were determined
as mentioned above.

Effects of motility on the rhizoplane competence of MelRC2Rif

Seed inoculation

Melon and tomato (Lycopersicon esculentumcv. Odoriko) seeds
treated with antagonists were planted in the soil sample. After 10
days incubation, washed roots were separated into halves and macer-
ated and populations of wt and non-motile mutants (M2 and M6)
were enumerated. The procedures were the same as those for seeds
treated with antibiotics-production negative mutants.

Soil inoculation

Sterile melon and tomato seeds were grown in the soil sample inocu-
lated with wt and non-motile mutant M2 in a 1:1 ratio at a concentra-
tion of 3×106 cfu g–1. After 10 days incubation, roots were separated
into halves and macerated and populations of wt and non-motile mu-
tants were enumerated as mentioned above.

Inoculation into agar medium

To avoid the effects of soil physical structure, tomato seeds surface-
sterilized in 70% ethanol for 2 min, rinsed with SDW and preemerged
on 1/10 NA at 288C for 2 days were aseptically planted in 0.2%
water agar containing wt and non-motile mutant M2 in a 1:1 ratio at
a concentration of 6×106 cfu ml–1. After 10 days incubation, roots
were macerated and populations of wt and non-motile mutants were
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enumerated as above mentioned. To investigate the time course of
colonization on roots by wt and a non-motile mutant, tomato plants
grown in 0.2% water agar for 10 days in the greenhouse are deliber-
ately taken out, washed with SDW and transferred into fresh 0.2%
water agar containing MelRC2Rif and non-motile mutant M2 in a 1:1
ratio at a concentration of 106 cfu ml–1. Roots were periodically taken
out and populations of wt and a non-motile mutant were enumerated
as above mentioned.

Results

Isolation of Tn5 mutants of MelRC2Rif

Putative Tn5 mutants were obtained at a frequency of 10–7

following more than 10 independent matings between
MelRC2Rif and E. coli S17-1 (pSUP10141). Of the
3390 Kmr transconjugants, 11 (0.3%) mutants were moti-
lity-negative on 1/10 NA with 0.2% agar and 10 mutants
(0.3%) were antibiotics-production negative on PDA
againstR. solani. Out of these, two mutants M2 and M6
were selected as motility-negative mutants on the basis of
similar growth rates, colony morphologies, siderophore pro-
duction and antibiotics production to the parental strain and
not auxotrophs. Both M2 and M6 lost flagella (data not
shown). Mutants K6 and K8 were selected as antibiotics-
production negative mutants on the basis of similar growth
rates, similar colony morphologies, siderophore production
and motility to the parental strain and not auxotrophs.

Effects of in vitro antibiosis on rhizoplane colonization
of MelRC2Rif

MelRC2Rif (wt) inhibited growth ofPythium aphanider-
matum, R. solani and F. oxysporumf. sp. melonis on
PDA, KMB and KMBGlu and the inhibition zones were
ca. 2 times greater on PDA than KMB and KMBGlu, sug-
gesting antibiotics production other than siderophores
(data not shown). But wt did not inhibit the growth of the
three pathogens on the split plate for the enumeration of

volatile inhibitors, although cyanide production was de-
tected. Both non-antibiotics-producing mutants K6 and K8
showed no inhibition to the three pathogens on any media
tested, although cyanide production was still detected, sug-
gesting little contribution of cyanide production to the in
vitro antibiosis observed.

The role of antibiotics production in the process of rhi-
zoplane colonization of wt was assessed comparing wt and
a Tn5 mutant K6 or K8 defective in antibiotics produc-
tion. There was no significant (P<0.05) change in ratios
of K6:wt following rhizoplane colonization, which were
58% when melon seeds were dipped in bacterial suspen-
sion and 51% after 10 days of cultivation. Conversely, the
ratio of K8:wt increased significantly (P<0.05) after rhizo-
plane colonization: 51% at time 0 and 59% after 10 days.
To challenge the role of antibiotic production, melon seeds
were grown in soil heavily infested byR. solani, F. oxy-
sporumf. sp. melonis, V. dahiaeand Penicillium notatum.
There was still no significant (P<0.05) decrease in ratio
of K6:wt in rhizoplane colonization: 51% at time 0 and
57% on the roots grown for 10 days. When wt and K6
were co-incubated in 1/10 NB for 24 h, the ratio of K6:wt
did not differ significantly (P<0.05) between time 0
(53%) and 24 h after inoculation (59%).

Effects of motility on rhizoplane colonization
of MelRC2Rif

Seed inoculation

When melon or tomato seeds were co-inoculated in a 1:1
ratio with wt and a Tn5 mutant M2 or M6 defective in
motility, a significant (P<0.05) reduction of ratios of M2
or M6 to wt was observed in rhizoplane colonization (Ta-
ble 1). This reduction was greater in lower parts of roots
than in upper parts (Table 1). When wt and M2 were co-
incubated in 1/10 NB for 24 h, there was no significant
(P<0.05) change in ratio of M2 to wt: 49% at time 0 and
50% at 24 h.
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Table 1 Change in the ratio of a non-motile mutant: the parental strainPseudomonas fluorescensMelRC2Rif (wt) in the process of rhizo-
plane colonization when applied onto seed or into soil (ND not determined)

Method of Plants Combination Parts Populations on rhizoplane Ratio (%) of mutant:wt
inoculation of root (log cfu g–1 root)

Mutant + wt Culturable bacteria Time 0 10 days after LSD (P<0.05)

Seed Melon M2:wt Upper 5.89±0.05 8.23±0.15 45.1±0.1 39.0±2.4 3.9
Lower 5.81±0.11 8.21±0.03 18.8±4.1

Seed Melon M6:wt Upper ND ND 42.7±0.5 20.4±4.4 6.3
Lower ND ND 11.5±6.3

Seed Tomato M2:wt Whole 5.81±0.22 ND 44.7±0.2 31.2±6.4 6.4

Soil Melon M2:wt Upper 5.54±0.07 ND 45.1±0.1 54.6±1.0 4.5
Lower 6.27±0.06a ND 45.0±3.8

Soil Tomato M2:wt Whole 5.45±0.22 8.12±0.02 44.7±0.2 44.6±5.5 5.5

a Significantly different between upper and lower parts



Soil inoculation

When sterile melon or tomato seeds were planted in soil
inoculated with wt and M2 in a 1:1 ratio, there was no
significant (P<0.05) decrease in ratios of M2:wt in rhizo-
plane colonization (Table 1).

Inoculation into agar medium

When sterile tomato seeds were planted in 0.2% water
agar inoculated with wt and M2 in a 1:1 ratio, a drastic
decline in ratios of M2:wt was observed following rhizo-
plane colonization, especially in lower parts of roots (Ta-
ble 2). When 10-dayold tomato seedlings were planted in
0.2% water agar containing wt and M2, wt colonized to-
mato roots more rapidly than M2, especially in the first
6 h, resulting in a more rapid decline of ratios of M2:wt
for the first 6 h (Table 3). In contrast, the ratio of M2:wt
in 0.2% water agar at 10 days remained significantly un-
changed (P<0.05) (Table 3).

Discussion

This work reports the estimation of the relative importance
of motility and antibiotics production in the rhizoplane
competence of Pseudomonas fluorescensMelRC2Rif,
using on non-motile and non-antibiotics-producing mu-
tants. These mutants were obtained by mutagenesis with
Tn5, a transposon that is known to rarely insert more than
one site per genome (Berg and Berg 1983).

When melon seeds were coinoculated with a Tn-5 mu-
tant K6 or K8, both of which were defective in in vitro
antibiosis, and the parental strainP. fluorescens
MelRC2Rif (wt) in a 1:1 ratio, there were no changes in
ratios of K6 or K8 to wt in rhizoplane colonization, sug-
gesting little contribution of antibiotics production in the
rhizosphere competence of MelRC2Rif. Similar results
were obtained even when melon seeds were planted in soil
heavily infested with fungal pathogens, where antibiotics
production could have been a powerful means for coloni-
zation. Mazzola et al. (1992) reported that phenazine anti-
biotics production contributes to the ecological compe-
tence of P. fluorescensin the rhizosphere of wheat, and
that short-term experiments might be insufficient for asses-
sing the importance of a particular trait. In contrast, many
other studies have reported that the loss of antibiotic-pro-
ducing ability did not alter the ability ofPseudomonas
spp. to colonize the rhizosphere (Kloepper and Schroth
1981; Thomashow and Weller 1988; Howie and Suslow
1991; Fenton et al. 1992; Pierson and Thomashow 1992;
Carroll et al. 1995). Thus, antibiotics production may have
little relevance to the rhizosphere competence ofPseudo-
monasstrains, at least in an early stage of rhizoplane colo-
nization.

Co-inoculation of a non-motile mutant and wt revealed
that motility might contribute to the rhizoplane coloniza-
tion when these strains were inoculated onto seeds. This

effect was greater in the lower parts of roots, i.e. more dis-
tant from the inoculation sites (Table 1). But this was not
the case when these strains were co-inoculated into soil in-
stead of seeds (Table 1). These results suggested that moti-
lity might have a role in the movement along roots and
probably does not operate in the movement from bulk soil
towards roots. Arora and Gupta (1993) also reported that
bacteria showed no chemotactic responses to fungal propa-
gules in soil at a matric potential of –15 and –20 kPa,
although significant responses were observed in soil at
greater than –10 kPa. This was supported by the experi-
ments using 0.2% water agar instead of soil: when a non-
motile mutant M2 and wt were co-inoculated into 0.2%
water agar, there was a drastic reduction in ratios of
M2:wt in rhizoplane colonization, suggesting that motility
had an advantage in rhizoplane colonization especially un-
der conditions where no structual hinderance existed (Ta-
ble 2). In addition, time course enumeration of rhizoplane
colonization by M2 and wt revealed that motility was an
important means in the movement towards and/or along
roots rather than the multiplication on roots, since a drastic
decline in the ratio of M2:wt was observed in the first 6 h
(Table 3). Consequently, motility can potentially enhance
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Table 2 Change in the ratio of a non-motile mutant M2 to the par-
ental strain Pseudomonas fluorescensMelRC2Rif (wt) on tomato
roots grown in 0.2% water agar into which bacteria were inoculated.
Values in a column followed by the sameletter are not significantly
different (P<0.05)

Parts Populations (M2+wt) Ratio (%)
of root on rhizoplane

(log cfu g–1 root)
of M2:wt

Time 0 42.8±0.2a

After 10 days
Upper 6.67±0.08a 16.4±1.7b
Lower 5.35±0.21b 3.6±3.1c

LSD (P<0.05) 0.22 2.9

Table 3 Time course enumeration of rhizoplane colonization of to-
mato roots grown in 0.2% water agar byPseudomonas fluorescens
MelRC2Rif (wt) and a non-motile mutant M2. Values in a column
followed by the sameletter are not significantly different (P<0.05)

Incubation time
(h)

Parts
of roots

Populations (M2+wt)
on rhizoplane
(log cfu g–1 root or ml–1

Ratio (%)
of M2:wt

0 Agar 6.79±0.01 48.3±0.2a
1 Whole 6.23±0.16a 44.8±1.3a
2 Whole 6.41±0.22a 39.3±3.0b
6 Whole 6.77±0.14b 27.0±3.5c
24 Whole 7.15±0.11c 24.7±7.8c
240 Whole 7.67±0.02d 16.0±3.8de

Upper 7.56±0.24d 18.7±3.1d
Lower 7.70±0.18d 12.7±3.6e
Agar 6.47±0.04 46.0±2.0a

LSD (P<0.05) 0.20 5.5



rhizoplane competence both in terms of the movement
from bulk soil to roots as well as along roots. However,
soil structure may hinder the former advantage in the real
world.

Contrary to our findings, many other studies have re-
ported that motility ofP. fluorescensdid not affect its root
colonization when it was applied by either seed or soil in-
oculation (Howie et al. 1987; Scher et al. 1988; Bowers
and Parke 1993; Boelens et al. 1994), except for De We-
ger et al. (1987) who found that bacterial motility was re-
quired for potato root colonization byP. fluorescens. One
possibility that may explain the differences between our
study and others is that in this study a parental strain and
its mutants were simultaneously inoculated, thereby en-
abling sensitive estimation of the effect.
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