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Introduction

As chemical fungicides are banned more and more fre-

quently and because genetically engineered fungus-resist-

ant plants are unacceptable in several countries, there is a

growing interest in the use of biological control agents.

Our group uses tomato foot and root rot (TFRR), caused

by the fungus Fusarium oxysporum f. sp. radicis-lycopersici

(Forl), as a model disease to elucidate mechanisms of

action used by biocontrol bacteria (Chin-A-Woeng et al.

1998; Bolwerk et al. 2003; Kamilova et al. 2005). The

major mechanisms described for disease control by bio-

control bacteria are antagonism (Thomashow and Weller

1995; Chin-A-Woeng et al. 2003; Haas and Defago 2005)

and induction of systemic resistance in the plant (van

Loon et al. 1998; Iavicoli et al. 2003; Haas and Defago

2005; Kamilova et al. 2005).

Recently, a procedure was developed to select more or

less directly for biocontrol bacteria. It appeared that, after

application of bacteria from rhizosphere soil to seeds and

followed by selection of enhanced root tip colonizers,

many of the enhanced colonizers are able to control
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Abstract

Aims: Tomato foot and root rot (TFRR), caused by Fusarium oxysporum f. sp.

radicis-lycopersici (Forl), is an economically important disease of tomato. The

aim of this study was to develop an efficient protocol for the isolation of bac-

teria, which controls TFRR based on selection of enhanced competitive root-

colonizing bacteria from total rhizosphere soil samples.

Methods and Results: A total of 216 potentially enhanced bacterial strains were

isolated from 17 rhizosphere soil samples after applying a procedure to enrich

for enhanced root tip colonizers. Amplified ribosomal DNA restriction analysis,

in combination with determination of phenotypic traits, was introduced to

evaluate the presence of siblings. One hundred sixteen strains were discarded as

siblings. Thirty-eight strains were discarded as potential pathogens based on

the sequence of their 16S rDNA. Of the remaining strains, 24 performed

equally well or better than the good root colonizer Pseudomonas fluorescens

WCS365 in a competitive tomato root tip colonization assay. Finally, these

enhanced colonizers were tested for their ability to control TFRR in stonewool,

which resulted in seven new biocontrol strains.

Conclusions: The new biocontrol strains, six Gram-negative and one Gram-

positive bacteria, were identified as three Pseudomonas putida strains and one

strain each of Delftia tsuruhatensis, Pseudomonas chlororaphis, Pseudomonas rho-

desiae and Paenibacillus amylolyticus.

Significance and Impact of the Study: We describe a fast method for the isola-

tion of bacteria able to suppress TFRR in stonewool, an industrial plant growth

substrate. The procedure minimizes the laborious screens that are a common

feature in the isolation of biocontrol strains.
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TFRR. Moreover, the procedure does not select for antag-

onistic isolates. Production of antibiotics is a disadvantage

for registration as a product. For one of the isolates, Pseu-

domonas fluorescens strain PCL1751, evidence was provi-

ded that it acts through the mechanism ‘competition for

nutrients and niches’, a mechanism not previously shown

for biocontrol bacteria. Considering the selection proce-

dure, this mechanism was expected (Kamilova et al.

2005).

In retrospect, Kamilova et al. (2005) spent a large

amount of time on strains that later appeared to be sib-

lings and potential pathogens. This happened, because the

taxonomic studies on the isolates were carried out in a

later stage. In the work described in the present article,

we apply the procedure described by Kamilova et al.

(2005), with the following modifications and improve-

ments.

(i) To isolate strains that not only have biocontrol prop-

erties but also can survive drying procedures that are part

of most commercial formulation methods, three rhizo-

sphere samples were subjected to freeze- or spray-drying

and subsequently used for colonization enrichment.

(ii) The colonization enrichment experiments were per-

formed on a much larger scale: bacteria from 17 different

rhizosphere samples were used.

(iii) To adapt the procedure to commercial practice,

stonewool was used as the plant growth substrate instead

of the artificial substrate quartz sand.

(iv) An amplified ribosomal DNA restriction analysis

(ARDRA) method was introduced to identify siblings and

potential pathogens at an early stage.

(v) The effects of drying and colonization enrichments

on the percentages of Gram-negative bacteria, exo-

enzyme-producing bacteria and pseudomonads were fol-

lowed.

Materials and methods

Strains and growth conditions

Bacterial and fungal strains used and their characteristics

are listed in Table 1. Bacteria were grown in King’s med-

ium B (KB) (King et al. 1954). Twenty-fold diluted tryptic

soy broth (1/20 TSA; Difco Laboratories, Detroit, MI,

USA) supplemented with 1Æ5% of agar (Difco) was used for

all platings during the enrichment procedure. Pseudomonas

isolation agar (PIA; Difco) was used to select pseudomon-

ads. Where applicable, kanamycin (Duchefa, Haarlem, the

Netherlands) was used at a concentration of 50 lg ml)1.

Cycloheximide (Sigma, St. Louis, MO, USA), at a final con-

centration of 100 lg ml)1, was used to prevent growth of

fungi. Fungal strains were grown on Potato Dextrose Agar

(PDA) or Czapek–Dox Agar, both from Difco.

Collection and processing of rhizosphere samples

The origins of plants used to isolate rhizosphere samples

are indicated in Table 2. One gram of plant roots with

adhered soil particles, or 1 g of stonewool threads, was

shaken in 10 ml of phosphate-buffered saline (PBS) –

30% glycerol and frozen at )80�C. When needed, samples

were defrosted and serial dilutions were plated on 1/20

TSA supplemented with cycloheximide to determine the

number of CFU. When necessary, the colonies were puri-

fied by restreaking on KB agar.

Freeze- and spray-drying of rhizobacterial samples

Rhizosphere samples STII, STIII and mix (a mixture of

the remaining 15 samples) were plated on 1/20 TSA sup-

plemented with cycloheximide (100 lg ml)1) and grown

at 28�C for 48 h. Colonies were washed from the plates

with PBS and the density of the resulting cell suspensions

was adjusted to OD620 ¼ 0Æ1. CFU were determined by

plating of serial dilutions of bacterial suspensions on KB

agar. To protect cells during freeze- and spray-drying

procedures, the bacterial suspensions were amended with

skimmed milk powder (Nestlé, Frankfurt, Germany) and

sugar beet syrup (Grafschafter Krautfabrik, Meckeheim,

Germany) to final concentrations of 10% and 1%,

respectively.

Freeze-drying was performed in an Advantage EL

Freeze Dryer (Virtis, Gardiner, NY, USA). Five millilitres

of cell suspension supplemented with 10% skimmed milk

and 1% sugar syrup were placed in 12 ml glass vials and

subjected to thermal treatment. The temperature profile

of thermal treatment included incubation at 5�C for

30 min, cooling down to 1�C for 30 min, fast freezing of

the samples at )40�C and incubation at this temperature

for 1 h. Thermal treatment was followed by primary dry-

ing by increasing the temperature stepwise in 90 min,

)30�C, )10�C, 5�C and finally to 20�C under vacuum

changing stepwise from 400 to 300, 200 and 50 mtorr.

After drying, the samples were kept in the freeze-dryer for

an additional 6 h at 10�C and 10 mtorr. The water con-

tent of the dried control samples (10% skimmed milk

and 1% sugar syrup without bacterial suspension) was

determined after both drying procedures using a MA30

Moisture Analyzer (Sartorius, Göttingen, Germany).

Three samples (20 ml each) were subjected to spray-

drying in a Mini Spray Dryer (Büchi, Flawil, Switzerland)

with inlet temperature 150�C, aspirator 12 and flow

600 Nl/h. Outlet temperature for all samples was kept in

the range of 60–65�C. The resulting powder was collected

and sealed in sterile glass vials. Part of the powder was

used for determination of the water content. Numbers of

viable cells were determined by plating serial dilutions of
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this suspension on KB agar. The powder was subsequently

dissolved in a volume of PBS such that the original mass

over volume ratio was restored.

Phenotypic characterization of strains

Protease secretion was judged after growing the strains on

1/20 TSA amended with 5% skimmed milk. A halo appear-

ing on the first or second day of growth around the inocu-

lated area is indicative for exoprotease activity (Brown and

Foster 1970). Lipase production was tested on 1/20 TSA

amended with 2% of Tween 80 (BDH, Poole, UK) accord-

ing to Howe and Ward (1976). The Gram character was

determined using the alkaline test (Bourgault and Lamothe

1988). A sample of a colony from a KB agar plate was sus-

pended in 50 ll of a 3% KOH solution. Indicative for

Gram-negative bacteria is the observation that, when a nee-

dle is removed from the cell suspension, it draws a thread

out of it. Hydrogen cyanide was detected using cyanide

indicator paper (Castric 1975). Production of biosurfac-

tants was determined using the drop-collapsing assay (Jain

et al. 1991). Antifungal activity was determined as des-

cribed by Kamilova et al. (2005). Pseudomonas chlororaphis

PCL1391 and Ps. fluorescens WCS365 were used as positive

and negative controls, respectively.

DNA techniques

A nearly full-length portion of the 16S rRNA gene was

obtained via PCR amplification with primers 27fm (5¢-

Table 1 Micro-organisms and their relevant characteristics

Strains Relevant characteristics Origin, references

Reference bacteria

Pseudomonas chlororaphis

PCL1391

Produces phenazine-1-carboxamide;

biocontrol strain of tomato foot and root

rot

Chin-A-Woeng et al. (1998)

Pseudomonas fluorescens

WCS365

Excellent competitive root colonizer;

biocontrol strain of tomato foot and root

rot

Geels and Schippers (1983), Simons et al.

(1996)

Ps. fluorescens PCL1285 Tn5luxAB derivative of WCS365;

comparable with wild type in competitive

root colonization ability; Kmr

de Weert et al. (2004)

Ps. fluorescens PCL1751 Wild-type biocontrol strain, isolated as

enhanced competitive root tip colonizer

Kamilova et al. (2005)

Aeromonas hydrophyla PCA0081 Isolated from Uzbek tomato rhizosphere;

risk group 2

Kamilova et al. (2005)

Agrobacterium tumefaciens A334 Plant pathogen; risk group 2 IBL, Leiden, the Netherlands

Burkholderia cepacia JK120 Animal and human pathogen; risk group 2 IPO-DLO, Wageningen, the Netherlands

Erwinia carotovora PCA0069 Plant pathogen; risk group 2 IBL

Pseudomonas aeruginosa PAO1 Opportunistic human pathogen IBL

Pseudomonas syringae pv.

coronofaciens PCA0074

Plant pathogen; risk group 2 IBL

Pseudomonas syringae pv.

maculicola JK363

Plant pathogen; risk group 2 IPO-DLO

Pseudomonas syringae pv.

syringae JK396

Plant pathogen; risk group 2 IPO-DLO

Pseudomonas tolaasii NCPPB 1116 Pathogen of cultivated mushrooms; risk

group 2

Munsch et al. (2000)

Fungi

Alternaria alternata ZUM 2372 Isolated from carrot seeds; pathogen of

carrot

Novartis Seeds BV, Enkhuizen, the Netherlands

Botrytis cenerea ZUM2076 Causes grey mould of tomato Novartis Seeds BV

Fusarium oxysporum f. sp.

radicis-lycopersici ZUM2407

Causes tomato foot and root rot IPO-DLO

Gaeumannomyces graminis var.

tritici (Ggt) R3–11A

Causes take-all disease of wheat and other

cereals

Novartis Seeds BV

Pythium ultimum LBOP17 Causes of damping-off and fruit rot of

tomato

IPO-DLO

Phytophthora cryptogea Pathogen of tomato and gerbera IPO-DLO
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AGA GTT TGA TCM TGG CTC AG-3¢) and 1522R (5¢-
AAG GAG GTG ATC CAG CCG CA-3¢) (Weisburg et al.

1991). To perform ARDRA, the amplified DNA fragments

were digested with HhaI, HinfI, HpaII and RsaI and sep-

arated in 2% agarose gel. Ladders GeneRuler 100 plus

(Fermentas GmbH, St. Leon-Rot, Germany) was included

in order to normalize the banding pattern of 16S rRNA

gene restriction fragments. Digitalized images of ARDRA

banding pattern were converted, normalized, combined

and analysed with Quantity One software (Bio-Rad

Laboratories B.V., Veenendaal, the Netherlands). A band-

matching algorithm (band-matching tolerance of 0Æ75%)

was selected to calculate pairwise similarity matrices with

the Dice coefficient. Cluster analysis of similarity matrices

was performed by the unweighted pair group method

using arithmetic averages (Sneath and Snokal 1973).

To determine the nucleotide sequences, the same prim-

ers were used for amplification of the 16S rDNA portion.

PCR products were separated in 1% agarose gels, recov-

ered and purified from agarose using QIAGEN kits

(QIAGEN Benelux BV, Venlo, the Netherlands). Sequen-

cing was performed by ServiceXS (Leiden, the Nether-

lands). Sequences were processed with dnaman 4Æ0
software package (Lynnon Biosoft, Que, Canada). Similar-

ity searches in GenBank were performed using blastn

(http://www.ncbi.nlm.nih.gov/blast/; Altschul et al. 1990).

Procedure for enrichment of enhanced competitive

tomato root tip colonizers

The gnotobiotic glass tube system described by Simons

et al. (1996) was used. The tubes were filled with 20 g of

granulate (Grodan BV, Roermond, the Netherlands)

moistened with commercial plant nutrient solution (PNS;

PPO, Naaldwijk, the Netherlands) and autoclaved. Sam-

ples chosen for enrichment were dilution-plated on 1/20

TSA medium supplemented with cycloheximide. After

48 h of growth at 28�C, bacteria were washed from crow-

ded plates with PBS. Bacterial suspensions were adjusted

to OD620 ¼ 0Æ1 and used for inoculation of sterile tomato

seedlings. The rest of the procedure was performed as

described previously by Kamilova et al. (2005). After the

third cycle of enrichment, 12 colonies were randomly

chosen from a plate with single colonies, and analysed for

traits.

Competitive tomato root tip colonization assay

This assay is based on the method described by Simons

et al. (1996). Strains tested were grown overnight in KB

and washed twice in PBS. Cell suspensions were adjusted

to OD620 ¼ 0Æ1, for pseudomonads corresponding with a

cell density of approx. 108 cells per ml and mixed in equal

amounts. To determine the real ratio between the strains,

dilutions of 10)5 and 10)6 were plated on KB agar and the

phenotypes of the colonies were determined. Sterile

tomato seedlings were dipped into the mixture of cell sus-

pensions of two to four strains and incubated for 10 min.

Inoculated seedlings were sown in sterile glass tubes with

quartz sand and plant nutrient solution (Simons et al.

1996). When groups of three to four strains were allowed

to compete, three plantlets were tested for each mixture.

In the case of competition of one isolate vs WCS365, ten

seedlings were used. After incubation for 7 days, the 1 cm

Table 2 Characteristics of rhizosphere

samples used for enrichmentSample

code

Geographical

origin

Host

plant

Substrate and

conditions

CFU

(·107)*

NP Nukus area, Uzbekistan Paprika Soil, greenhouse 4Æ3

NE Eggplant Soil, greenhouse 6Æ8

NCO Corn Soil, greenhouse 1Æ72

NK Camel thorn Soil, desert 0Æ001

NA Wormwood Soil, desert 0Æ002

NCU Cucumber Soil, greenhouse 3Æ9

NT Tomato Soil, greenhouse 6Æ03

ST1 Andalucia, Spain Tomato Soil, field 1Æ11

STII Tomato Stonewool, greenhouse 0Æ07

STIII Tomato Stonewool, greenhouse 0Æ44

SE Eggplant Soil, field 1Æ49

SAI Avocado Soil, field 10Æ4

SAII Avocado Soil, field 2Æ76

SAIII Avocado Soil, field 3Æ44

TE Tashkent area, Uzbekistan Eggplant Soil, greenhouse 1Æ61

TP Paprika Soil, greenhouse 0Æ83

TT Tomato Soil, greenhouse 0Æ28

*Values given are per gram of plant root with adhered rhizosphere soil particles or per gram of

stonewool threads.
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root tip was removed, and the average number of different

bacteria as well as the standard deviation was calculated.

The nonparametric Wilcoxon–Mann–Whitney test (Sokal

and Rohlf 1981) for mixed inocula was used to perform

statistics.

Biocontrol of tomato foot and root rot

Biocontrol of TFRR was carried out in stonewool plugs

(Grodan BV). To obtain microspores, PDA pieces with

hyphae of Forl were placed in Czapek–Dox broth and

incubated under vigorous aeration at 28�C for 72 h. The

fungal culture was filtered through cheesecloth to remove

agar pieces and hyphae. The microspore concentration

was determined using light microscopy. Plastic trays with

96 stonewool plugs were soaked in 1 l of commercial

PNS supplemented with Forl (2 · 106 microspores per

litre) and cells of the strain of interest (107 cells per ml).

Seeds of tomato var. Carmello were sown in stonewool,

covered with 0Æ5 g of vermiculite, and allowed to germi-

nate in the dark at 23�C for 48 h. Once germinated, the

seedlings were kept at 21–23�C with 80% relative humid-

ity and 16 h of daylight. Biocontrol was scored after

17 days. Dead plants or plants with brown spots or

lesions on their feet/roots were considered as diseased.

Differences in disease level among treatments were deter-

mined by anova and mean comparisons were performed

by Fisher’s least significant difference test (a ¼ 0Æ05),

using spps software (SPPS Inc., Chicago, IL, USA). All

experiments were performed at least twice.

Results

Analysis of rhizosphere samples

Most samples used as the starting material for the isola-

tion of beneficial rhizobacteria were collected in regions

of the Republic of Uzbekistan and in Andalucia, Spain,

from greenhouses and fields with a practice of sustainable

agriculture (Table 2). Two samples originate from Span-

ish greenhouses, where plants are grown on stonewool

and chemicals are used if this is considered necessary for

plant protection. These samples represent microbial com-

munities developing in stonewool and contain bacteria

adapted to that substrate. Two samples were taken from

the Aral Sea area of Uzbekistan from desert plants grow-

ing in soil with a low organic content (Table 2).

The number of CFU per gram of rhizosphere soil from

greenhouses and the agricultural field varied between 106

and 108. Similar numbers were found on stonewool

threads of greenhouse samples of tomato roots of plants

grown on stonewool. The rhizosphere samples taken from

the desert plants, camel thorn (Alhagi pseudalhagi) and

wormwood (Artemisia maritime), contained many less

bacteria compared with all the other samples used

(Table 2).

One hundred seventy randomly chosen strains repre-

senting bacterial communities of all 17 rhizosphere sam-

ples were tested for their Gram character (as evidenced by

testing lysis in the presence of 3% KOH), ability to grow

on PIA and their ability to produce lipase and protease.

The results are presented in Table 3 (see original sample,

under B).

Effect of freeze- and spray-drying on survival and traits

Samples STII, STIII and mix (the latter is a mixture of

the remaining 15 samples) were subjected to freeze- and

spray-drying to select bacteria resistant to these treat-

ments. The number of CFU decreased more than 100-fold

in all samples because of freeze-drying. An even more

dramatic drop in CFU was observed after spray-drying:

only 0Æ01–0Æ3% of the cells survived. Comparison of

properties of strains from the original sample with those

that had undergone drying (compare B samples in

Table 3) showed that the fraction of Gram-negative bac-

teria including pseudomonads dropped dramatically dur-

ing both drying procedures. The same applied for the

percentage of producers of lipase and protease.

Influence of enrichment for enhanced root tip colonizers

on characteristics of strains

Figure 1 illustrates the way various samples were treated.

The 17 original samples from the rhizosphere (Table 2)

Table 3 Effect of enrichment for enhanced competitive tomato root

tip colonizers on changes of traits of microbial populations*

Traits

Percentage of bacteria with the indicated

traits

Original

samples

Freeze-

dried

samples

Spray-

dried

samples

B A B A B A

Gram-negative

bacteria, %

88 98 34 80 2 93

Growth on PIA 18 42 2 25 <1 24

Lipase production 8 11 3 45 <1 30

Protease production 4 28 1 40 <1 30

*Original rhizosphere samples and samples that had been subjected

to freeze- and spray-drying procedures were subjected to the enrich-

ment procedure for obtaining enhanced competitive colonizers. This

table shows the percentages of bacteria with the indicated traits

before (B) and after (A) enrichment for competitive tomato root tip

colonization.
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and the six samples obtained after freeze- or spray-drying

were treated separately for enrichment in the stonewool

gnotobiotic system to select bacteria with the best

tomato-root-tip-colonizing activity. The diversity of the

morphology of the colonies decreased during the enrich-

ment procedure in all samples (data not shown). Com-

parison of the characteristics of the samples (Table 3)

before (B columns) and after (A columns) colonization

enrichment shows that enrichment enhanced the percent-

ages of Gram-negatives, pseudomonads and lipase and

protease producers (Table 3).

Siblings and potential pathogens

Two hundred seventy-six isolates were randomly chosen

from the colonies obtained after the third cycle of enrich-

ment (Fig. 1). ARDRA was performed on all these isolates

to identify siblings that can be present among bacteria

originating from the same sample. ARDRA data were

compared with those for protease and lipase production,

growth on PIA and the Gram character of the strains.

The isolates originating from the same sample with indis-

tinguishable phenotypes and patterns of 16S rDNA

restriction fragments were considered to be siblings of the

same strain. One hundred sixteen isolates were deleted

from the collection as probable siblings.

ARDRA patterns of a set of known pathogenic strains

representing human and plant pathogens from risk

group 2 (Anon 1998) (Table 1) were compared with the

patterns from the remaining 160 isolates to identify

potential pathogens among the remaining enhanced

colonizers. According to this analysis, 12 isolates were

identified as potential pathogens. So, from the 276 iso-

lates, we discarded 116 probable siblings and 12 possible

pathogens, which left us with 148 strains for further

analysis.

Molecular taxonomy of survivors from freeze- and

spray-drying

After elimination of siblings and potential pathogens, 34

isolates that survived drying were identified on the basis

of the sequence of part of their 16S rDNA. To this end,

fragments of 600–800 bp of 16S rDNA from these isolates

were sequenced. BLAST searches in the GenBank database

revealed that the strains belong to the following species:

Agrobacterium tumefaciens (six strains), Delftia tsuruhaten-

sis (six strains), Paenibacillus amylolyticus (five strains),

Pseudomonas pseudoalcaligenes (one strain), Pseudomonas

mendocina (one strain), Pseudomonas putida (one strain),

Stenotrophomonas maltophilla (14 strains). All these spe-

cies were found in both the freeze- and spray-dried sam-

ples, except Ps. pseudoalcaligenes and Ps. mendocina,

which were found only in the spray-dried samples. Strains

of Ag. tumefaciens, Ps. mendocina andSten. maltophilla

belong to risk group 2 (Anon 1998), representing poten-

tially pathogenic bacteria. Therefore, they were excluded

from further experiments.

Competitive colonization

As testing of 127 (114 + 13) (Fig. 1) isolates vs our

standard good colonizer Ps. fluorescens WCS365 in com-

petitive colonization assays is very labour-intensive, it

was decided to divide the isolates in groups of three or

four strains. These groups were chosen in such a way

that the individual strains could be distinguished based

on exo-enzyme production and growth on PIA. The

groups were allowed to compete with each other for

(a)
Samples

3 cycles of
enrichment

216 isolates

Elimination of siblings
and putative pathogens

114 strains

Competitive colonization
in groups

Competitive colonization
in groups

Competitive colonization
vs. WCS365

Competitive colonization
vs. WCS365

24 strains

39 strains

13 strains

34 strains

4 strains

2* strains

Identification on the basis
     of 16S rDNA gene

Identification on the basis
of 16S rDNA gene

20 strains

6 strains

1 strain

Biocontrol of TFRR

Biocontrol of TFRR

(b)
Samples

Freeze or spray- 
drying

3 cycles of
enrichment

60 isolates

Elimination of siblings
and putative pathogens

Figure 1 Strategy for the selection, starting from rhizosphere sam-

ples, of enhanced competitive tomato-root-tip-colonizing bacteria (a)

and of enhanced competitive root-tip-colonizing bacteria that also can

survive freeze- or spray-drying (b).
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tomato root tip colonization. This resulted in 43 ‘win-

ners’, each of which was subsequently tested in competi-

tion experiments vs Ps. fluorescens WCS365. Those

strains that appeared to be equal to, or better colonizers

than, Ps. fluorescens WCS365 were retested against the

latter strain. Twenty-four strains appeared to be repro-

ducibly equal to or better than Ps. fluorescens WCS365

(P < 0Æ05). No strain originating from freeze- or spray-

dried samples was equal to or better than Ps. fluorescens

WCS365 in colonization of the tomato root tip. Never-

theless, two P. amylolyticus strains were chosen for bio-

control experiments, as these Gram-positive bacteria are

apparently good enough in root colonization to reach

the end of the enrichment procedure. Results of compet-

itive colonization for seven strains are given in Table 4.

The number of bacterial cells for strains, which were

equal to or better than Ps. fluorescens WCS365 in root

colonization, was around 105 cells per cm of root tip,

whereas poor colonizers were recovered from the root at

approx. 103 cells per cm of root tip.

Molecular taxonomy of enhanced competitive tomato

root tip colonizers

The 24 enhanced colonizers were identified on the basis

of the nucleotide sequence of their 16S rDNA. BLAST

searches in GenBank database revealed that these strains

with enhanced colonizing abilities belong to the species

Ps. putida (11 strains), D. tsuruhatensis (seven strains),

Pantoea agglomerans (two), Ps. chlororaphis (one), Ps.

mendocina (one), Pseudomonas oryzihabitans (one) and

Pseudomonas rhodesiae (one). Species affiliation is based

on 99% of similarity of 16S rDNA sequence with the

corresponding sequences from strains with known

taxonomy. Despite our attempt to delete all poten-

tial pathogens in an earlier stage, Ps. mendocina, Ps.

oryzihabitans and Pan. agglomerans species, all belonging

to risk group 2 (Anon 1998) were found. We used

these strains to extend our database of potential rhizo-

sphere pathogens.

Biocontrol of tomato foot and root rot

Twenty strains originating from the enrichment in the

tomato/stonewool system, which had not undergone dry-

ing were screened for their ability to suppress TFRR in

stonewool substrate. Seven strains did not have any influ-

ence or even increased the disease severity from 63% in

the control to 64–75%. Another seven strains decreased

the disease pressure slightly but not significantly to 58–

60%. Six strains, namely PCL1755, PCL1757, PCL1758,

PCL1759, PCL1760 and PCL1761, showed significant bio-

control of TFRR (Fig. 2a). We also tested two P. amylo-

lyticus strains, FSTII0 and PCL1756, originating from

freeze- and spray-dried samples, respectively, which sub-

sequently had been isolated from the root tip. These

Gram-positive strains were outcompeted by Ps. fluores-

cens WCS365 in tomato root tip competitive coloniza-

tion assays. However, the fact, that they had been

isolated via the competitive colonization enrichment

procedure, indicates that they are among the best colo-

nizers among the survivors of drying procedures. There-

fore, they were tested for their biocontrol ability. Strain

PCL1756 showed biocontrol of TFRR to a level compar-

able to that of Ps. fluorescens WCS365 (Fig. 2a). All

strains that showed significant disease suppression in the

first biocontrol experiment were tested again. Despite

the fact that the disease pressure was higher in the sec-

ond experiment (72%), all retested strains showed signi-

ficant biocontrol (Fig. 2b).

Table 5 gives an overview of the newly isolated biocon-

trol strains. Their 16S rDNA sequences were deposited in

the GenBank database and their accession numbers are

shown in Table 5.

Table 4 Competitive tomato root tip colon-

ization ability of the newly isolated strains in

competition with Pseudomonas fluorescens

WCS365 or its kanamycin-resistant derivative

PCL1285
Competing strains

Competitive root tip colonization,

log10 [(CFU + 1) cm)1 of root tip]

Test strain Reference strain

Delftia tsuruhatensis PCL1755 vs WCS365 5Æ03 ± 0Æ74(a) 3Æ60 ± 0Æ43(a)

Paenibacillus amylolyticus PCL1756 vs PCL1285 3Æ24 ± 1Æ22(a) 4Æ31 ± 0Æ32(b)

Pseudomonas chlororaphis PCL1757 vs PCL1285 5Æ09 ± 0Æ40(a) 4Æ99 ± 0Æ47(a)

Pseudomonas putida PCL1758 vs PCL1285 5Æ12 ± 0Æ52(a) 5Æ13 ± 0Æ41(a)

Ps. putida PCL1759 vs PCL1285 5Æ59 ± 0Æ33(a) 4Æ92 ± 0Æ62(b)

Ps. putida PCL1760 vs PCL1285 5Æ52 ± 0Æ35(a) 4Æ33 ± 1Æ25(b)

Pseudomonas rhodesia PCL1761 vs PCL1285 5Æ37 ± 0Æ40(a) 5Æ45 ± 0Æ53(a)

Values in one row followed by the different letter are significantly different from each other at

P ¼ 0Æ05, according to the Wilcoxon–Mann–Whitney test for mixed inocula (Sokal and Rohlf

1981). All experiments were performed at least twice. The results of representative experiments

are shown.
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Discussion

Recently, Kamilova et al. (2005) described for the first

time a method to enrich for biocontrol bacteria, starting

from a mixture of rhizosphere bacteria. In the present

article, we applied this method on a much larger scale

and improved the procedure considerably to make it

more efficient. Moreover, we have introduced a variant in

which, in addition to enrichment for enhanced colonizers,

an additional enrichment step was added to kill those

bacteria that could not survive drying procedures that are

an essential part of the preparation of many biocontrol

products.

The most useful improvement was the detection of sib-

lings and potential pathogens in an early stage of the pro-

cedure. Of 276 strains, 149 strains or 53% of the total

number fell into this category (Fig. 1). In contrast to the

original procedure, this improvement saved us from test-

ing these strains in the labour-intensive competitive col-

onization and biocontrol assays. A further reduction of

the work was obtained by testing the potential-enhanced

colonizers in groups of three or four. We were able to

design combinations of distinguishable strains because we

had determined the phenotypic properties of all strains in

advance (Table 5). It cannot be excluded, however, that

some good strains were lost as we continued with only

the ‘winners’ from each group. In contrast to the previous

work (Kamilova et al. 2005), we performed the biocontrol

tests in stonewool because this is the substrate of choice

in modern horticulture.

Enrichment for enhanced colonizers correlated with

enrichment for Gram-negative bacteria, pseudomonads

and/or lipase and protease producers (Table 3).

Drying is a part of many procedures for formulation of

microbial inoculants (Jones and Burges 1998). In contrast

to enrichment for enhanced colonizers, drying selects

against Gram-negatives, pseudomonads and lipase and

protease producers (Table 3, samples marked B).
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Figure 2 Biocontrol of tomato foot and root

rot. Seeds were bacterized with bacteria

except the negative control (none). Seeds

treated with the known biocontrol strains

Pseudomonas fluorescens WCS365 and

PCL1751 were used as positive controls. The

other seeds were treated with bacteria isola-

ted via the enrichment procedure based on

competitive tomato root tip colonization. Per-

centages of diseased plants, as scored 2–

3 weeks after inoculation, are indicated inside

the bars. Per strain 96 plants in eight trays

were tested. Statistically different values are

indicated with different letters. (a) and (b)

represent different experiments.
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The drying procedures that we applied killed most

viable rhizobacteria. Apparently, these drying procedures

are not very suitable for incorporation in a formulation

protocol. However, Amiet-Charpentier et al. (1998) and

Palmfeldt et al. (2003) have shown that it is possible to

formulate nonsporulating bacteria using both freeze- and

spray-drying. It was demonstrated that a methacrylic

copolymer carrier, an ethylcellulose and a modified starch

product all increase survival of rhizosphere bacteria dur-

ing spray-drying (Amiet-Charpentier et al. 1998, 1999;

Palmfeldt et al. 2003). Some of the enhanced colonizers

that survived drying were identified (see Results section).

Remarkable is the low percentage of endospore formers.

Moreover, this result confirms previous observations in

our laboratory (results not shown), which show that

Bacillus species are poor competitive colonizers. As good

competitive root tip colonization is essential for biocon-

trol by a biocontrol agent that acts through antagonism

(Chin-A-Woeng et al. 2000), these results suggest that

many Bacillis biocontrol agents, despite the fact that they

produce antibiotics, must also use another mechanism to

be good biocontrol agents. Another remarkable observa-

tion concerning the strains that survived drying and sub-

sequently underwent colonization enrichment is the

under-representation of pseudomonads in comparison

with other Gram-negatives such as S. maltophila, Ag. tu-

mefaciens and D. tsuruhatensis.

This work resulted in the isolation of seven new TFRR

biocontrol agents, including five pseudomonads (Table 5),

from seven different rhizosphere samples (Table 2). Six of

these seven strains do not inhibit Forl in the plate assay.

Pseudomonas rhodesia PCL1761 was the only antagonist

of Forl in the plate assay among the biocontrol strains

isolated. This confirms the observation of Kamilova et al.

(2005) that enrichment for competitive colonizers yields a

low percentage of antagonists.

Pseudomonas putida and Ps. chlororaphis were known

previously as biocontrol agents (Pierson and Thomashow

1992; Chin-A-Woeng et al. 1998; Bloemberg and Lugten-

berg 2001).

Pseudomonas rhodesiae was first isolated from natural

mineral water (Coroler et al. 1996) and is taxonomically

affiliated to the Ps. fluorescens group (Anzai et al. 2000).

The representatives of this species were known as degrad-

ers of aromatic compounds (Kahng et al. 2002; Yoon

et al. 2002) or as isonovalal producers (Fontanille and

Larroche 2003), but had not been reported yet as control

agents for plant disease.

Seven enhanced colonizers were identified as D. tsu-

ruhatensis. Delftia is a newly classified genus closely rela-

ted to Comamonas. These bacteria were isolated for the

first time from active sludge as degraders of terephtha-

late (Shigematsu et al. 2003). Delftia tsuruhatensis hasT
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also been reported as a diazotrophic plant growth pro-

moting rhizobacterium. Strain D. tsuruhatensis HR4 was

reported to be able to control blast and blight of rice

caused by Xanthamonas oryzae, Rhizoctonia solani and

Pyricularia oryzae (Han et al. 2005). Our strains of D.

tsuruhatensis were isolated from the rhizospheres of egg-

plant, tomato, sweet pepper and avocado, from both soil

and stonewool. This indicates that D. tsuruhatensis is

widely distributed in the rhizospheres of different plant

species.

Of the seven new biocontrol agents, P. amylolyticus is

the only strain that was isolated after both drying and

colonization enrichment. It is an endospore former.

Although it was a good colonizer among the survivors

of drying, it loses colonization in competition with Ps.

fluorescens WCS365. No antagonistic activity was detec-

ted (Table 4). Paenibacillus amylolyticus was reported

previously as an endophyte of coffee cherries (Sakiyama

et al. 2001) and of entomopathogenic nematodes (En-

right et al. 2003). The closely related species Paenibacil-

lus alvey can protect Arabidopsis against leaf pathogen

by triggering systemic resistance of the plant (Tjamos

et al. 2005).

Considering the procedure used to isolate these seven

new biocontrol strains, we suggest that their mechanism

of action likely is, or includes, competition for nutrients

and niches. Evidence for this mechanism has been

obtained for the first strain isolated using this procedure,

Ps. fluorescens PCL1751 (Kamilova et al. 2005).
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