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Summary

The role of tomato seed and root exudate sugars as

nutrients for Pseudomonas biocontrol bacteria was

studied. To this end, the major exudate sugars of

tomato seeds, seedlings and roots were identi®ed

and quanti®ed using high-performance liquid chro-

matographic (HPLC) analysis. Glucose, fructose and

maltose were present in all studied growth stages of

the plant, but the ratios of these sugars were strongly

dependent on the developmental stage. In order to

study the putative role of exudate sugar utilization in

rhizosphere colonization, two approaches were

adopted. First, after co-inoculation on germinated

tomato seeds, the root-colonizing ability of the ef®-

cient root-colonizing P. ¯uorescens strain WCS365

in a gnotobiotic quartz sand±plant nutrient solution

system was compared with that of other Pseudo-

monas biocontrol strains. No correlation was

observed between the colonizing ability of a strain

and its ability to use the major exudate sugars as

the only carbon and energy source. Secondly, a

Tn5lacZ mutant of P. ¯uorescens strain WCS365,

strain PCL1083, was isolated, which is impaired in

its ability to grow on simple sugars, including those

found in exudate. The mutation appeared to reside

in zwf, which encodes glucose-6-phosphate dehydro-

genase. The mutant grows as well as the parental

strain on other media, including tomato root exudate.

After inoculation of germinated sterile tomato seeds,

the mutant cells reached the same population levels

at the root tip as the wild-type strain, both alone

and in competition, indicating that the ability to use

exudate sugars does not play a major role in tomato

root colonization, despite the fact that sugars have

often been reported to represent the major exudate

carbon source. This conclusion is supported by the

observation that the growth of mutant PCL1083 in

vitro is inhibited by glucose, a major exudate sugar,

at a concentration of 0.001%, which indicates that

the glucose concentration in the tomato rhizosphere

is very low.

Introduction

An increase in the number and activity of microbes in the

vicinity of plant roots, a phenomenon known as the

rhizosphere effect, was ®rst described by Hiltner

(1904). It is generally assumed that microbes in the rhi-

zosphere use soluble compounds released by plant roots

as their major nutrient sources and that this ability is the

nutritional basis of rhizosphere colonization. Among the

soluble components, sugars are often reported to be

the major components (Lochhead and Rouatt, 1955;

Vancura, 1964; Vancura and Hovadik, 1965; Gamliel

and Katan, 1992). As part of a programme aimed at

identifying the nutritional basis of root colonization (De

Weger et al., 1995; Simons et al., 1996; 1997), we there-

fore tested whether exudate sugar utilization is a major

colonization trait.

In this paper, the sugar composition of tomato seed,

seedling and root exudates is described. Utilization of

exudate sugars as a possible colonization trait was

tested using the following approaches. (i) The sugar

oxidation and utilization patterns of several wild-type

P. ¯uorescens biocontrol strains were compared with

the ability of the strains to colonize the root tip after

inoculation of germinated seeds followed by plant growth

under gnotobiotic conditions. (ii) The colonizing ability of

the ef®ciently colonizing strain P. ¯uorescens WCS365

was compared with that of its mutant strain PCL1083,

which is unable to use sugars for growth as the only

carbon and energy source.
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Results

Competitive tomato root tip colonization by wild-type

Pseudomonas biocontrol strains

Tomato root tip colonization of several European Pseudo-

monas biocontrol strains (Table 1) was compared with

that of the good colonizer WCS365. To this end, germi-

nated tomato seeds were inoculated in a suspension of a

1:1 mixture of the P. ¯uorescens biocontrol test strain

and the Tn5lacZ-marked P. ¯uorescens WCS365 deriva-

tive PCL1500. After 15 min, the seeds were planted in a

gnotobiotic quartz sand±PNS (plant nutrient solution) sys-

tem (Simons et al., 1996) and allowed to grow for 7 days at

208C. Bacteria were collected from the root tip, < 10 cm

below the root base, and analysed on KB plates supple-

mented with Xgal. The results, shown in Table 2, show

that strain F113 colonizes the root tip as well as PCL1500,

and that OE28.3 is a poorer colonizer. For comparison,

data on the root-colonizing ability of some often-used bio-

control strains are included, some of them published

previously (Simons et al., 1996). When tested alone, the

wild-type strains colonize the root tip as well as PCL1500.

It should be noted that no signi®cant difference was

found between the colonizing ability of F113G22 and

WCS365. As the former strain is a 2,4-diacetylphorogluci-

nol-negative mutant of strain F113 that also colonizes as

well as PCL1500, these data indicate that the production

of 2,4-diacetylphoroglucinol does not contribute signi®-

cantly to the competitive colonizing ability of strain F113

under our test conditions.

Metabolic activity of Pseudomonas strains towards

sugars

Biolog plate assays were used to assess the abilities of

Pseudomonas wild-type test strains to oxidize various

sugars. It is striking that strain WCS358 is a poor oxidizer

of sugars and that strain WCS307 is the only tested strain

that oxidizes maltose and psicose. No clear correlation

was observed between sugar oxidation patterns (Table

3) and root-colonizing abilities (Table 2).

Q 1999 Blackwell Science Ltd, Environmental Microbiology, 1, 439±446

Table 1. Bacterial strains and plasmids used in this study.

Strain Relevant characteristics Reference or source

Pseudomonas
WCS307 P. fluorescens, wild-type biocontrol strain, poor colonizer of tomato root Geels and Schippers (1983); Simons et al. (1996)
WCS315 Pseudomonas spp., wild-type biocontrol strain,

poor colonizer of tomato roots Geels and Schippers (1983); Simons et al. (1996)
WCS358 P. putida, wild-type biocontrol strain, moderate colonizer of tomato roots Geels and Schippers (1983); Simons et al. (1996)
WCS365 P. fluorescens wild type, efficient colonizer of the potato rhizosphere Geels and Schippers (1983); Dekkers (1997)

Biocontrol strain in a tomato/Fusarium system
WCS374 P. fluorescens wild-type biocontrol strain. Geels and Schippers (1983); Simons et al. (1996)

Moderate colonizer of tomato roots
WCS379 Pseudomonas wild type. Moderate colonizer of tomato roots Geels and Schippers (1983); Simons et al. (1996)
PCL1500 WCS365::Tn5lacZ marked derivative. Shows wild-type tomato Van der Bij et al. (1996)

root-colonization characteristics. Kanamycin resistant, produces
b-galactosidase

PCL1083 P. fluorescens strain WCS365::Tn5lacZ ; no growth on sugars This work
OE28.3 P. fluorescens, attaches strongly to wheat roots De Mot and Vanderleyden (1991)
F113 P. fluorescens wild type, produces 2,4-diacetylphloroglucinol Shanahan et al. (1992)
F113G22 Derivative of F113 not producing 2,4-diacetylphloroglucinol Shanahan et al. (1992)
CHA0 P. fluorescens biocontrol strain Voisard et al. (1989)

Escherichia coli
S17-1 MM294, RP4-2 Tc::Mu-Km::Tn7 chromosomally integrated. Simon et al. (1983)

Plasmids
pSUP102 Suicide plasmid in Pseudomonas, harbouring a promoterless Simon et al. (1989)

Tn5lacZ (B20) construct
pIC 20H Used for cloning and subcloning of fragments: Cbr Marsh et al. (1984)

Table 2. Tomato root tip colonization by Pseudomonas wild-type
strains, tested in competition with the Tn5lacZ-marked P. ¯uorescens
WCS365 derivative PCL1500.

Tested Colonizing ability (log10 cfu cmÿ1)a

strain Strain tested PCL1500

WCS365b 4.2 6 0.9a 4.3 6 1.0a
F113 4.2 6 0.7a 3.9 6 0.2a
F113G22 3.4 6 0.4a 3.1 6 1.1a
OE28.3 1.5 6 1.5a 3.9 6 0.4b
CHA0 0.5 6 1.2a 4.3 6 1.6b
WCS307b NDa 4.3 6 0.7b
WCS315b 0.4 6 1.1a 3.4 6 0.5b
WCS358b 1.4 6 0.8a 4.6 6 1.2b
WCS374b 2.8 6 1.5a 5.0 6 1.1b
WCS379b 2.7 6 1.2a 4.4 6 1.1a
PCL1500 aloneb 4.4 6 0.8

ND, not detected, i.e. lower than 240 cfu cmÿ1.
a. For each wild-type strain tested against PCL1500, numbers on the
same line with the same letter are not statistically different (P� 0.05)
according to the Wilcoxon±Mann±Whitney test.
b. Colonization data of these strains was published in a previous
paper (Simons et al., 1996) and are included here for comparison.
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Analysis and identi®cation of tomato seed, seedling

and root exudate sugars

The high-performance liquid chromatographic (HPLC)

analysis using the post-column tetrazolium derivatization

method described in Experimental procedures was used

to detect and quantify sugars in tomato seed, seedling

and root exudate. Comparison of retention volumes with

standard sugars and subsequent co-injection enabled

identi®cation of all major peaks. Table 4 shows that the

total amount of sugar carbon increases considerably

from seed to seedling to plant root. Glucose, maltose

and xylose are the major sugars in seed exudate, with fruc-

tose and glucose in seedling exudate, whereas glucose

and xylose are dominant in root exudate.

Growth of Pseudomonas biocontrol strains on major

exudate sugars

Analysis using Biolog is indicative of sugar oxidation but

not necessarily of growth on sugars. Therefore, actual

growth was determined for the sugars detected in the exu-

date. Optical density (OD) during growth in liquid BM

medium appeared not to be a good criterion for some

strain±sugar combinations because of excessively long

lag phases or clumping of bacterial cells. We therefore

determined growth on solidi®ed BM medium, supple-

mented with one of the individual sugars detected in

tomato seed, seedling and root exudate as the only carbon

source. Data are shown in Table 5. As a control, strains

were also streaked on BM medium without added sugar.

No growth was visible on this medium. All strains form

colonies on glucose and fructose. It should be noted that

strain WCS315 scored negative for oxidation of sucrose

on Biolog (Table 3), but appeared to form colonies on

sucrose minimal medium (Table 3). Oxidation (Table 3)

and colony formation (Table 5) can apparently give differ-

ent results. P. ¯uorescens strain WCS307 is the only strain

that forms colonies on maltose, a signi®cant component of

seed, seedling and root exudate (Table 4). Strains

WCS358 and CHA0 did not grow on sucrose.

Isolation and characterization of a WCS365::Tn5lacZ

mutant that is impaired in growth on exudate sugars

Three thousand single transconjugant colonies of P. ¯uor-

escens strain WCS365 were replica plated from solidi®ed

KB medium onto solidi®ed minimal medium salts supple-

mented with succinate (control) and on the tomato exudate
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Table 3. Activity of Pseudomonas wild-type strains and mutant PCL1083 on sugars in Biolog plates.

Sugar Strain tested
F113 OE28.3 CHAO WCS307 WCS315 WCS358 WCS374 WCS379 WCS365 PCL1083

L-arabinose ���
a

�� ± �� ��� ± ��� � ��� ���

Arabitol � �� �� ± �� ± �� � � ±
a-D-glucose �� �� �� �� ��� � ��� �� �� ±
D-fructose � � �� �� �� ± �� � �� ±
D-galactose �� ��� ± �� ��� ± ��� � �� ��

D-gluconic acid �� �� �� �� ��� � �� �� �� ±
Sucrose �� ��� ± ��� ± �� ± ��� ��� ±
N -acetyl-D-glucosamine ± ± � ± � �� � � � ±
Inosine �� ��� ��� �� ��� �� ��� �� ��� ±
m -inositol �� �� �� �� ��� ± �� �� �� �

D-xylose � � � ± � ± ± ± � 6
Maltose ± ± ± � ± ± ± ± ± ±
D-mannitol �� �� �� �� ��� ± �� �� �� ±
D-mannose � � �� �� �� � �� �� �� ±
D-psicose ± ± ± � ± ± ± ± ± ±
D-ribose ± � ± ± � ± ± �� ± ±
D-sorbitol �� �� ± �� ��� ± ��� ± ��� ±
D-trehalose �� � �� �� ��� ± ± �� �� ±

a. ���, A595 $ 0.800; ��, 0.800>A595 $ 0.400; �, 0.400>A595 $ 0.200; ±, 0.200>A595 $ 0.
Data are corrected for blank readings.

Table 4. Sugar composition of tomato seed, seedling and root
exudate.

Sugar Seed exudatea Seedling exudateb Root exudatec

ng/seed (%)d ng/seedling (%) ng/plant (%)

Glucose 318 (47) 593 (37) 1860 (37)
Fructose 59 (9) 795 (50) 530 (10)
Maltose 159 (23) 183 (11) 460 (9)
Ribose Trace ± 18 (1) 190 (4)
Sucrose ND ± ND ± 350 (7)
Xylose 140 (21) 16 (1) 1650 (33)
Total 676 (100) 1605 (100) 5040 (100)

a. Seed exudate was collected after 2 days at 48C.
b. Seedling exudate was collected after 4 days at 288C.
c. Root exudate was collected after 14 days at 208C.
d. Percentage of total sugar. Data are averages of three assays.
Standard deviation is within 3% for the higher values (e.g. 50) and
within 1.5% for the lower values (e.g. 9).
ND, not detected.
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sugars glucose, fructose, sucrose and xylose. Ribose and

maltose were omitted because of very poor growth of the

parental strain on these carbon sources (Table 5). After 4

days at 288C, one mutant, designated PCL1083, was

found that did grow on succinate but not on any of the

tested sugars. Growth of this mutant on minimal media

containing one of the exudate sugars was reassessed by

judging growth on solid medium. Citrate and succinate

were included as controls. Mutant PCL1083 grows as

well as the wild-type strain on succinate and citrate mini-

mal medium and in rich media, such as KB medium and

LC medium. When streaked on BM plates containing fruc-

tose, microcolonies were formed after 1 week of growth,

whereas the wild-type strain formed normal colonies. No

colonies were formed on BM plates supplemented with

any of the other sugars. Analysis using Biolog plates

revealed that this mutant is unable to oxidize most of the

test sugars (Table 3), whereas oxidation of xylose was

somewhat impaired.

Mutant PCL1083 did not grow on BM succinate (0.5%)

medium supplemented with glucose (0.5%). Further

analysis of this phenomenon showed that a glucose con-

centration of as little as 0.001% causes signi®cant inhibi-

tion of growth of the mutant but not of the parental strain

on 0.5% succinate. Similarly, inhibition of growth by glu-

cose was also observed using a ®lter disc assay on KB

medium and LC medium where, after incubation overnight

at 288C, growth inhibition zones of 5±10 mm were

observed on plates with a con¯uent lawn of mutant cells.

To determine the effect of the strongly decreased ability

of growth on exudate sugars on the tomato root-colonizing

ability, mutant PCL1083 was tested for its ability to colo-

nize tomato root tips in the gnotobiotic system in competi-

tion with the wild-type strain P. ¯uorescens WCS365. After

7 days of growth, mutant PCL1083 appeared to colonize

the tomato root tip as well as the wild type in all four experi-

ments performed (e.g. 4.1 6 0.8 log10 cfu cmÿ1 root tip for

the mutant cells and 4.5 6 1.1 log10 cfu cmÿ1 for the wild-

type cells).

As PCL1083 appeared to be sensitive to the presence of

glucose in minimal media, we assayed the tomato root-

colonizing ability in the gnotobiotic system in competition

with the wild-type strain in the presence of 0.05% (w/w)

glucose in the quartz sand system. After 7 days of growth,

the mutant was not detected at the tomato root tip,

whereas the wild-type strain was present at normal levels

(4.7 6 1.0 log10 cfu cmÿ1 root tip).

Growth of mutant PCL1083 in competition with WCS365

on tomato root exudate showed that the mutant grew as

fast as the parental strain; population levels increased

from 105 cfu mlÿ1 to 107 cfu mlÿ1 in 75 h.

Using kanamycin resistance as a selective marker, an

EcoRI fragment ¯anking the Tn5lacZ insertion was cloned

into pIC20H. Double-strand sequencing of the 2139 bp

showed that the insertion is located in an open reading

frame (ORF) of which the predicted sequence of the ®rst

275 amino acids has 75% amino acid identity with glu-

cose-6-phosphate dehydrogenase of P. aeruginosa, in

which this enzyme contains 490 amino acids (Ma et al.,

1998). Further upstream, and in the opposite orientation

to this zwf gene, we found an ORF predicted to encode

a protein of 223 amino acids, which has 51% amino acid

identity with HexR of P. aeruginosa, the repressor of the

hex regulon (for nucleotide sequence, see Ma et al.,

1998; GenBank accession no. AF029673). The region

in between the ORFs for zwf and hexR was AT rich,

consistent with the presence of promoters. Unfortunately

the promoterless lacZ of the insertion appeared to

be located in zwf in the wrong orientation for transcription

studies.

Discussion

It has been known for almost a century that the number of

microorganisms in the rhizosphere is higher than in distant

soil (Hiltner, 1904). This rhizosphere effect is thought to be

caused by root exudate-dependent growth of rhizosphere

microorganisms. This raises the question of which exudate

components are the primary sources of carbon and

energy (West and Lochhead, 1940; Lochhead and

Chase, 1943; Lochhead and Rouatt, 1955; Rovira,

1956). As sugars are commonly found as major exudate

components (Vancura and Hovadik, 1965; Vancura and

Hanzlikova, 1972), we identi®ed the major exudate sugars
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Table 5. Growth of Pseudomonas biocontrol strains on major tomato exudate sugars on solid medium.a

Sugar Strain tested
WCS365 F113 OE28.3b CHAO WCS307 WCS315b WCS358 WCS374 WCS379

D-Glucose 3 4 5 4 3 3 3 3 2
D-Fructose 3 3 5 3 3 4 3 4 2
Sucrose 4 2 4 0 2 3 0 2 2
D-Xylose 2 2 2 1 1 1 1 3 1
D-Ribose 1 2 4 2 1 3 1 4 2
Maltose 0 0 0 0 2 0 0 0 0

a. Growth is expressed as colony diameter (in mm) on solid BM medium (containing 1 g sugar carbon lÿ1) after 24 h incubation at 288C.
b. Smooth colony type on most media.
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of tomato and tested their role in tomato root colonization

by Pseudomonas biocontrol strains.

Tomato root exudate was analysed using HPLC. Except

for sucrose, sensitive detection of sugars was established

by post-column labelling using tetrazolium. We detected

the sugars glucose, fructose, xylose, maltose, sucrose

and ribose in tomato seed, seedling and/or root exudate

(Table 4). Swelling seeds already exude sugars, mainly

glucose, maltose and xylose, which together represent

91% of the total amount. Germinating seeds exude mainly

glucose and fructose (together 87% of the total amount),

whereas the absolute amount of maltose remains practi-

cally the same, suggesting that maltose is derived from

the seed coat only. After 14 days of growth, glucose and

xylose are the main components (together 70%). In this

context, it may be relevant to mention that xylose is a pen-

tose that forms the backbone of hemicelluloses, which are

components of the plant cell wall. A striking difference was

observed between the ability of a strain to oxidize a certain

sugar (using Biolog plates, Table 3) and the size of colo-

nies on minimal medium plates containing the same

sugars (Table 5). For example, strains WCS315 and

WCS374 in Biolog score negatively for sucrose (Table

3), whereas these strains form colonies on minimal

medium with this sugar as the carbon source (Table 5).

Essentially the same is true for WCS374 on xylose and

ribose. As the Biolog system is an indicator for oxidation

rather than for growth, we believe that, in the context of rhi-

zosphere colonization, data on growth are more relevant.

No clear correlation was found between colonization

(Table 2) and growth on exudate sugars (Table 5) for

the tested Pseudomonas biocontrol strains. For example,

strains WCS315 and OE28.3 are excellent users of sugars

(Table 5) but poor colonizers of tomato roots (Table 2).

These results show that utilization of exudate sugars, if

relevant for root colonization, is certainly not the only

important trait. This is consistent with current knowledge

that many factors contribute to root colonization (Lugten-

berg and Dekkers, 1999).

Mutant PCL1083 appeared to be impaired in growth on

all tomato exudate sugars (Table 3). Surprisingly, mutant

PCL1083 colonizes the tomato root as well as strain

PCL1500, a Tn5lacZ-marked derivative of strain

WCS365 that is not altered in root colonization. This result

allows us to conclude that utilization of sugars is not a

major metabolic basis for colonization of the tomato rhizo-

sphere by P. ¯uorescens strain WCS365. Therefore, the

strain must use another major carbon source for coloniza-

tion. Organic acids and polymers seem to be the major

candidates. Indeed, recent results show that the amount

of organic acids in tomato exudate is one order of magni-

tude higher than that of sugars.

Mutant PCL1083 appeared to be sensitive to the pre-

sence of glucose and gluconic acid. The broad spectrum

of unusable sugars, the very slow growth on fructose

and the severe growth inhibition by glucose is consistent

with the data of Allenza and Lessie (1982) on mutants of a

Pseudomonas putida strain that are impaired in the

Entner±Doudoroff key genes edd and eda. They postulated

that, in the presence of glucose or related compounds,

6-phosphogluconate or 2-keto-3-deoxy-6-phosphogluco-

nate may accumulate and be toxic compounds that inhibit

growth on organic acids. Therefore, our assumption that

mutant PCL1083 was blocked in the Entner±Doudoroff

pathway was con®rmed by the ®nding that its Tn5lacZ

was inserted in a homologue of zwf, which encodes

glucose-6-phosphate dehydrogenase, an enzyme that

converts glucose 6-phosphate to 6-phosphogluconate.

On solid medium, the presence of 0.001% glucose

appeared to be signi®cantly growth inhibitory to mutant

PCL1083, whereas the addition of 0.05% glucose to

the gnotobiotic system completely prevents its root tip

colonization.

The glucose concentration in the rhizosphere was esti-

mated. Based on 1860 ng of glucose in the root exudate

of one plant (Table 4) and on an estimated rhizosphere

volume of 500 mm3 (Simons et al., 1997), the calculated

glucose concentration is 3.7 mg cmÿ3, which corresponds

to 0.00037% or < 20 mM. In comparison, the most abun-

dant amino acid was, according to the same estimation,

present at a concentration of 9 mM (Simons et al., 1997).

It should be noted that this calculated low glucose concen-

tration in exudate is consistent with the excellent root tip-

colonizing ability of mutant PCL1083.

Experimental procedures

Bacterial strains and plasmids

Bacterial strains and plasmids used in this study and their
relevant characteristics are listed in Table 1.

Media and growth conditions

Pseudomonas strains were grown at 288C in King's medium B
(King et al., 1954). Media were solidi®ed with 1.8% agar
(Bacto agar; Difco). Stock cultures of strains were kept at
ÿ808C in 35% glycerol. Cultures on solid media were stored
at 48C until use. Basic medium (BM) consists of standard suc-
cinate medium SSM (Meyer and Abdallah, 1978) without suc-
cinate, supplemented with biotin (20 mg mlÿ1), thiamine
(20 mg mlÿ1) and a solution of trace elements [from a 400 ´
stock solution containing MnSO4 (0.61 g lÿ1), ZnSO4?7H2O
(0.1 g lÿ1), H3BO3 (1.27 g lÿ1), Na2MoO4?2H2O (0.40 g lÿ1),
CuSO4 (0.04 g lÿ1)] and iron ions [from a 400 ´ stock solution
of Fe2EDTA (13.5 g lÿ1)]. After autoclaving at 1108C,
MgSO4.7H2O (®nal concentration 0.2 g lÿ1) and a ®lter-steri-
lized 10´ stock solution of sugars (®nal sugar concentration
1 g carbon lÿ1) were added. It was observed that Pseudo-
monas strains grow much better in BM-succinate than

Q 1999 Blackwell Science Ltd, Environmental Microbiology, 1, 439±446
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in SSM, most probably because of the absence of trace
elements and vitamins in SSM.

E. coli S17-1, harbouring plasmid pSUP102-Gm carrying
Tn5-B20 (Simon et al., 1989), was grown on solidi®ed
Luria±Bertani (LB) medium (Maniatis et al., 1982), supple-
mented with 20 mg mlÿ1 kanamycin (Sigma) at 378C. The
Tn5-B20 construct is a Tn5lacZ with a promoterless lacZ.
The carrier plasmid pSUP102 is a suicide plasmid in Pseudo-
monas. Stock cultures of all strains were kept in 35% glycerol
at ÿ808C. Bacteria on agar were kept at 48C until use.

Preparation of tomato seed, seedling and root

exudates for chemical analyses

The procedure for obtaining tomato exudate was essentially
the same as that described previously (Simons et al., 1997).
Brie¯y, tomato (Lycopersicon esculentum Mill. cv. Carmello)
seeds (Novartis Seeds) were sterilized by gentle shaking for
3 min in a solution of 5% household sodium hypochlorite.
The sterilized seeds were soaked six times in sterile deminer-
alized water for 30 min. To synchronize the germination pro-
cess, seeds were placed in Petri dishes containing a plant
nutrient solution (PNS; Hof¯and, 1992), solidi®ed with 1.5%
Pronarose D1 (Hispanagar) and incubated overnight upside
down in the dark at 48C, followed by incubation at 288C for 2
days. Seed and seedling exudate were collected on water-
wetted ®lter paper in 10 Petri dishes containing 20 seeds
each. After storage at 48C in the dark for 2 days, seed exudate
was extracted from the ®lter paper by washing with deminer-
alized water. The solutions were checked for sterility and eva-
porated to dryness. Seedling exudate was collected similarly
after incubation for 4 days at 288C in the dark. Root exudate
was prepared in glass cylinders, each containing 500 ml of
PNS. To this end, ®ve sterile seedlings were placed on a
stainless steel gauze on the bottom of each cylinder. Exudate
from 25 plants was collected after 14 days of growth in a cli-
mate-controlled growth chamber (208C, 70% relative humid-
ity, 16 h daylight), checked for sterility and evaporated to
dryness under reduced pressure at 458C.

Growth of bacteria in root exudate

Ten sterilized tomato seedlings were placed on a stainless-
steel gauze in 10 ml of sterile PNS and incubated for 10
days in a growth chamber at 198C. After testing samples for
sterility, 10 ml root exudate samples were pooled, divided
into 5 ml portions and frozen. Before growth in tomato root
exudate, bacterial cells were grown overnight in BM-0.5%
succinate medium and washed twice in PBS. To test growth
rate in root exudate, this medium was inoculated to < 105

cfu mlÿ1, and the number of cfus was followed for 96 h.

HPLC analysis of tomato exudate sugars

Quantitative analysis of sugars was carried out using a post-
column labelling system (Mopper and Degens, 1972). Iso-
cratic separation of sugars was carried out on a DEAE-
Si100 column (250*4.6 mm, 5 mm particle size, Serva,
C42308) by elution with acetonitrile±water (82:12 v/v;
HPLC-grade acetonitrile; Sigma) at a ¯ow rate of 0.7 ml minÿ1.

The column ef¯uent was mixed with tetrazolium reagent in a
T-connector to label sugars. The alkaline tetrazolium reagent
consisted of 2 g lÿ1 tetrazolium blue (Sigma) in 0.18 M NaOH
and was introduced at a ¯ow rate of 0.2 ml minÿ1 with a sec-
ond HPLC pump. The T-connector ef¯uent was lead into a
Te¯on reaction coil of 3 m length that was mounted in a
water bath and kept at a temperature of 858C. The resulting
reaction time was 80 s. The labelled sugars were detected
at 487 nm using a Pharmacia LKB2141 variable wavelength
monitor. Data collection and integration was performed
using Pharmacia/Nelson software. The resulting detection
limit of this system was 1±2 nM. A linear relationship between
peak area and sugar concentration was found over a large
range. Sucrose does not react with tetrazolium and was
detected using an LKB refractometer with a detection limit
for sucrose of 200 nM. Exudate sugars were identi®ed by
comparison of the retention times of peaks from the exudate
with those of standard compounds and subsequent addition
of the standards to the unknown exudate sample.

To test growth on exudate sugars, Pseudomonas wild-type
strains and mutants were grown on solidi®ed BM supple-
mented with the appropriate sugars to a ®nal concentration
of 1 g of sugar carbon lÿ1. The 10 ´ stock solutions were ®lter
sterilized and stored at 48C until use. Growth was judged by
estimation of the colony diameter after incubation for 2 days
at 288C.

Biolog assay

Carbon source metabolization (Bochner and Savageau,
1977) of bacterial strains was analysed using Biolog SF-N
and SF-P microplates according to the directions of the manu-
facturer. Brie¯y, strains were streaked on solidi®ed tryptic soy
agar (TSA; Difco) and grown overnight at 288C. Colonies
were carefully scraped off the surface to ensure that no
TSA was scraped as well, as traces of TSA could interfere
with the assay. Scraped colonies were suspended in sterile
saline (0.85% NaCl), and the A620 value of the suspension
was adjusted to 0.2. The wells of the Biolog plates were ®lled
with 150 ml of this adjusted suspension using a multichannel
pipette. The plates were read 48 h after incubation at 288C
using the human eye as well as an automated plate reader
(microplate reader model 3550 at 595 nm; Bio-Rad). Plate
readings were corrected for the blank reading using a spread-
sheet application.

Isolation and molecular analysis of a

WCS365::Tn5lacZ sugar utilization-negative mutant

P. ¯uorescens WCS365::Tn5lacZ transconjugants were gen-
erated by a two-parental mating of strains P. ¯uorescens
WCS365 and E. coli S17-1 harbouring plasmid pSUP102-
Gm Tn5lacZ (B20) (Simon et al., 1989), as described in a pre-
vious paper (Simons et al., 1996). WCS365::Tn5lacZ trans-
conjugants were selected on solidi®ed KB medium
supplemented with kanamycin (20 mg mlÿ1; Sigma) and nali-
dixic acid (15 mg mlÿ1; Sigma). Single colonies were screened
for growth by replica plating on solidi®ed BM supplemented
with succinate (as a control), glucose, fructose, sucrose
and xylose. Cloning and sequencing were performed using
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standard techniques, as described previously (Dekkers et al.,
1998).

Filter disc assay

A volume of 0.1 ml of an overnight suspension of strains to be
tested was plated on solidi®ed BM or KB medium. On ®lter
paper discs, 5 mm in diameter (Whatman no.3), 10 ml of a
1% solution of glucose or gluconic acid was pipetted, and
the discs were air dried. The discs were placed on top of
the agar after plating the cells. The plates were incubated
overnight at 288C, which resulted in a con¯uent turbid lawn,
sometimes interrupted by inhibition zones of which the dia-
meter was measured.

Gnotobiotic tomato rhizosphere colonization assay

Rhizosphere colonization was studied using a recently devel-
oped gnotobiotic tube system. (Simons et al., 1996). Brie¯y,
germinated tomato seeds were immersed in a washed bacter-
ial suspension of < 107 cfu mlÿ1. Seedlings of one or two
strains were planted immediately after inoculation in tubes
containing quartz sand with 10% (v/w) PNS. The tubes
were kept in a climate-controlled growth chamber (208C,
70% relative humidity, 16 h daylight) for 7 days, and the root
systems reached an average length of 12 cm. A fragment
1 cm in length was cut off the root tip. Bacteria were removed,
and cfus were determined on KB plates supplemented with
Xgal. The numbers of yellow/white (wild types) and blue
(Tn5lacZ mutants) colonies were counted. The cfu cmÿ1

was calculated (Davies and Whitbread, 1989), and
log10(cfu cmÿ1

� 1) transformed (Loper and Schroth, 1984)
to avoid the non-existing log(0) situation. Estimations of
mean and standard deviation were calculated to be used as
point estimates. Colonization experiments were carried out
10-fold and repeated twice. For statistical comparison of
strains in mixed inocula, the non-parametric Wilcoxon±
Mann±Whitney test was used (Siegel, 1956; Sokal and
Rohlf, 1981).
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