
Author's personal copy

Pseudomonas putida strain PCL1760 controls tomato foot and root rot
in stonewool under industrial conditions in a certified greenhouse
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a b s t r a c t

Pseudomonas putida strain PCL1760 was isolated previously from the avocado rhizosphere, using an
enrichment method for competitive tomato root tip colonizers that selects for biological control strains
which act through the biological control mechanism ‘‘competition for nutrients and niches” (CNN). Here
we demonstrate that strain PCL1760 showed significant biological control of tomato foot and root rot
(TFRR), a disease caused by Fusarium oxysporum f. sp. radicis-lycopersici (Forl), in eight independent lab-
oratory experiments in stonewool substrate. Furthermore, its activity in stonewool was also tested in an
industrial setup. The presence of Forl appeared to decrease seed germination. The additional presence of
the biological control strain partly restored the germination level. Introduction of P. putida PCL1760
resulted in significant biological control of TFRR. PCR quantification revealed that the biological control
strain decreased the amount of Forl DNA in tomato plant tissue significantly. We conclude that the results
of this trial show that P. putida strain PCL1760, which acts through the new mechanism CNN, controls
TFRR also under industrial stonewool conditions.

� 2008 Elsevier Inc. All rights reserved.

1. Introduction

Tomato foot and root rot (TFRR) caused by phytopathogenic
Fusarium oxysporum f. sp. radicis-lycopersici (Forl) strains decreases
yield of tomato under greenhouse conditions worldwide (Jones
et al., 1991). Spores of Forl can be spread via air and water and
can infect plants under greenhouse conditions (Brayford, 1996).
TFRR cannot be efficiently prevented by chemical pesticides. This
urges the growers to look for alternative plant protection methods,
such as control by microbes.

Although over 100 microbial biological control products have
been marketed (Koch, 2001), their success is variable. Highly vary-
ing conditions in the field influence the expression of many biolog-
ical control traits (Lee and Cooksey, 2000; Thomashow and Weller,
1995; Duffy and Défago, 1997; van Rij et al., 2004). It is generally
agreed that biopesticides control diseases more stably under the
better controllable greenhouse conditions than in the open field
(Paulitz and Bélanger, 2001). Stonewool substrate provides the
grower with a highly manageable and controllable system for plant
cultivation. New stonewool is practically free from both beneficial
and pathogenic microbes. In comparison with soil, the absence of
pathogens in stonewool is a clear advantage but the absence of buf-
fering microbes is a big disadvantage (Moulin et al., 1994; Postma

et al., 2000). This is especially so in the young seedling stage be-
cause young seedlings are much more vulnerable for pathogens,
for instance Forl, than older plants (F. Kamilova, unpublished results).

The major mechanisms of biological control by Pseudomonas
bacteria are antibiosis (Chin et al., 1998; Keel et al., 1992) and in-
duced systemic resistance (van Loon et al., 1998; Kamilova et al.,
2005). More recently, Pseudomonas strains, able to control TFRR
under stonewool conditions, were isolated using an enrichment
method for competitive tomato root tip colonization (Kamilova
et al., 2005; Validov et al., 2007). As expected, one of these strains,
the excellent root colonizer P. putida strain PCL1760, appeared to
protect tomato plants by using the mechanism ‘‘competition for
nutrients and niches” (CNN) (Validov, 2007). Since these strains
clearly have the advantage for registration as they do not produce
antibiotics, and since it was predicted (Haas and Defago, 2005) that
strains acting through competition would not be good biological
control agents, we decided to test whether P. putida strain
PCL1760 is also effective under industrial stonewool conditions.
We followed plant development, disease severity and development
of the fungal pathogen in planta.

2. Materials and methods

2.1. Strains and growth conditions

Forl strain ZUM2407 (Syngenta, Enkhuizen, The Netherlands)
was maintained on Potato Dextrose Agar (PDA, Difco Laboratories,
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Detroit, MI, USA). To grow Forl, mycelium was placed on PDA and
incubated at 28 �C for 5–10 days. To avoid bacterial contamination,
PDA was supplemented with kanamycin and tetracyclin, both pur-
chased from Duchefa (Haarlem, The Netherlands), to final concen-
trations of 50 and 40 lg/ml, respectively. To generate microspores,
PDA pieces with mycelium of Forl ZUM2407 were placed in Cza-
pek-Dox broth (Difco Laboratories, Detroit, MI, USA) and incubated
under vigorous agitation at 28 �C for 72 h. The fungal culture was
filtered through cheese cloth to remove agar pieces and mycelium.
The microspore concentration in the filtrate was determined using
light microscopy with aid of the hemacytometers.

Biological control agent P. putida strain PCL1760 (Validov et al.,
2007) was maintained on Pseudomonas Isolation Agar (PIA; Difco
Laboratories, Detroit, MI, USA). When a liquid culture was needed,
PCL1760 was grown in King’s B (KB) broth (King et al., 1954) at
28 �C under vigorous aeration for 15–18 h. To prepare KB Agar
(KBA) 18 g of agar (Difco Laboratories, Detroit, MI, USA) was added
to 1 L of the KB broth.

2.2. Generation of a rifampicin resistant mutant of P. putida PCL1760

To obtain spontaneous rifampicin resistant mutants, a concen-
trated overnight culture (approx. 1011 cells/ml) of P. putida
PCL1760 was plated on PIA supplemented with rifampicin (Duch-
efa, Haarlem, The Netherlands) to a final concentration of 100 lg/
ml. Approximately 100 rifampicin resistant colonies were scraped
off plates and suspended in PBS (phosphate-buffered saline; Sam-
brook and Russel, 2001). Tomato seeds were inoculated by immer-
sion in this suspension for 10 min. After growth of the seedlings for
7 days, the root tip was cut off, the bacteria were washed off the
root tip, and serial dilutions were plated. Ten single colonies were
tested for competitive tomato root tip colonization against the wild
type strain PCL1760 (Simons et al., 1996). One mutant, designated
as strain PCL1765, which was equal to the parental strain in com-
petitive colonization of the tomato root tip after seed inoculation
was used in further experiments.

2.3. Biological control of tomato foot and root rot

Experiments on biological control under laboratory conditions
were carried out as described in Validov et al. (2007). The trials
were performed in the same greenhouse room independently,
since they were separated in time. To comply with uniformity in
light, air humidity, and temperature conditions trays with tomato
seedlings were randomly distributed in the greenhouse room. For
the each experiment at least 96 tomato plants were used. Plants
were scored as eight rows with 12 plants in each row.

For the trial in the industrial greenhouse (PPO, Bleiswijk, The
Netherlands) seeds of tomato (Solanum lycopersicum) var. Carmello
were sown in stonewool plugs in styropor trays (Grodan BV, Roer-
mond, The Netherlands) and each plug was covered with 0.5 g of
vermiculite. The trays were soaked in plant nutrient solution
(PNS; PPO, Bleiswijk, The Netherlands) with or without fungal
spores and with or without P. putida PCL1760 and PCL1765 cells
(9:1) as shown in Table 1. To allow seed germination, the trays
were incubated in the dark at 25–30 �C for 72 h. After germination,
trays with tomato plantlets were transferred to the greenhouse at
20–24 �C, 80% relative humidity and 16 h of daylight. The trays
were randomly distributed over the greenhouse (square 800 m2).
After 17 days of growth, plugs with plants were transferred to
stonewool blocks (Grodan BV, Roermond, The Netherlands). After
transplanting, blocks were placed on tables and watered automat-
ically for 5 min every day with PNS without added microbes.
Humidity, daylight duration and temperature of tomato cultivation
were the same as indicated previously. Each treatment was set in
three replicates. Twenty four plants were used for each replicate.

The trays with sown plugs and then tables with the stonewool
blocks were completely randomized in greenhouse section.

Biological control was scored after 31 days. Tomato roots were
removed from stonewool blocks and analyzed. The disease level
was scored by indexing the disease severity: healthy plants were
given a value of 0, plants with small lesions (<2 mm) were given
a value of 1, plants with developed lesions �2. The value for dead
plants was 3. The disease index (DI) was calculated using following
formula:

DI ¼ n0� 0þ n1� 1þ n2� 2þ n3� 3
n0þ n1þ n2þ n3

In which n0, n1, n2, and n3 are the number of plants with indexes of
0, 1, 2, and 3, respectively. Differences in DI among treatments were
determined by analysis of variance (ANOVA) and mean comparisons
were performed by Fisher’s least-significant difference test
(a = 0.05), using SPSS software (SPSS, Chicago, IL, USA).

The fresh weight of upper parts of the tomato plants in the
industrial experiment was determined as following: groups of
eight plants were weighed and average fresh weight of plants
was calculated. Differences in fresh weight among treatments were
determined by ANOVA and mean comparisons were performed by
Fisher’s least-significant difference test (a = 0.05), using SPSS
software.

2.4. Isolation of the biological control agent from stonewool

The stonewool (500 mg) from the plugs where tomato plantlets
were growing was sampled and homogenized in FastPrep FP220A
(MP Biochemicals, Amsterdam, The Netherlands) with 0.5 ml of
PBS at top speed for 30 s. Five samples were taken from each var-
iant. Serial dilutions of washes from the roots and the stonewool
were plated on KBA and PIA supplemented with rifampicin
100 lg/ml. Circulating PNS from the irrigation system, used to
water stonewool blocks with growing tomatoes, was sampled
and used directly for plating on PIA with or without rifampicin.

To distinguish the introduced strains from other bacteria iso-
lated from stonewool and plant roots, 30 colonies were picked
up from PIA plates and compared with P. putida strain PCL1760
using the RAPD method. To generate RAPD profiles, fresh bacterial
colonies were picked from the plate and resuspended in 1% NaCl.
The optical density at 620 nm of the suspension was adjusted to
0,1. Cells were lysed by incubation of the suspensions at 100 �C
for 5 min. The suspensions were spun at 14.000g for 5 min. Five
microliters of cleared cell lysate were used to carry out a PCR reac-
tion with the primer oMP1197 (Operon G19) as described in Clerc
et al. (1998). The DNA fragments were separated on a 2% agarose
gel. Ladders GeneRuler 100 plus (Fermentas GmbH, St. Leon-Rot,
Germany) was included in order to normalize the banding pattern
of the RAPD profiles. Digitalized images of the RAPD patterns were
converted, normalized, combined, and analyzed with Quantity One
software (Bio-Rad Laboratories B.V., Veenendaal, The Netherlands).
A band-matching algorithm (band matching tolerance of 0.75%)
was selected to calculate pairwise similarity matrices with the Dice
coefficient. Cluster analysis of similarity matrices was performed

Table 1
Scheme of the biological control experiment

Treatments Strain added

Forl ZUM2407 P. putida PCL1760*

None (positive control) – –
Forl (negative control) 107 spores per L –
PCL1760 107 spores per L 1010 CFU per L

* P. putida PCL1760 was added as a mixture with its RifR mutant PCL1765 in ratio
9:1.
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by the unweighted pair group method using arithmetic averages
(Sneath and Snokal, 1973). Cells of the closely related P. putida
strain PCL1758 (Validov et al., 2007) were used as the negative
control in comparison of profiles. Rif resistant clones clustered to-
gether with PCL1760 (PCL1765) were considered as colonies of the
introduced strain.

2.5. Sample collection and DNA isolation

Replicates of six plants each harvested in industrial experiment
were pulverized in liquid nitrogen. One gram of ground plant
material was mixed with 1 ml of extraction buffer consisting of
2% hexadecatrimethylammonium bromide (CTAB; Sigma–Aldrich
Chemie BV, Zwijndrecht, The Netherlands), 100 mM Tris–HCl (pH
8.0), 1.4 M NaCl, and 20 mM EDTA (MP Biochemicals, Amsterdam,
The Netherlands). The mixture was incubated at 60 �C for 20 min
and then precipitated at 14,500 rpm for 5 min. The supernatant
was extracted with one volume of chloroform. The upper phase
was transferred to a new Eppendorf tube and the DNA was precip-
itated by adding 0,6 volume of isopropanol followed by centrifuga-
tion. The pellets were dissolved in 100 ll of TE buffer (pH 8.0). To
remove RNA from the preparations, RNAse (Sigma–Aldrich Chemie
BV, Zwijndrecht, The Netherlands) was added at a final concentra-
tion 2 lg/ml. DNA preparations were incubated at 60 �C for 30 min
and mixed with five volumes of PB buffer and applied on columns
of PCR-purification kit (QIAGEN Benelux BV, Venlo, The Nether-
lands). Following DNA purification was carried out as described
in QIAGEN PCR purification kit. DNA was eluted from column with
50 ll of EB buffer of the same purification kit. The DNA concentra-
tion in the preparations was adjusted to 5 ng/ll.

To isolate DNA, the biomass of the Fox strains was ground in li-
quid nitrogen and further isolation was performed as described for
the isolation of DNA from tomato plants.

2.6. Quantitative PCR

Primers OMP1049 (50-TGCGATTTGGACGAGATATGTG-30) and
OMP1050 (50-ATTTGCCTACCCTGTACCTACC-30) for quantitative
PCR reaction were designed using Beacon Designer 5.0 (Bio-Rad
Laboratories BV, Veenendaal, The Netherlands) on the basis of
the IGS sequence of Forl ZUM2407 strain (Acc. N. EF437260).
Real-time PCR was performed in Chromo4TM Multicolor Real-Time
PCR Detection System (Bio-Rad Laboratories BV, Veenendaal, The
Netherlands) with the following thermal profile: initial DNA dena-
turation and polymerase activation at 95 �C for 10 min, followed by
40 cycles each containing denaturation and annealing steps at
95 �C and at 58 �C, respectively, both for 15 s. Amplification cycles
were followed by a melting curve built from 50 to 90 �C, with mea-
surements made every 0.2 �C. The PCR mixture was prepared using
qPCR Core kit for SYBR� Green I No ROX (Eurogentec, Seraing, Bel-
gium) according the recommendations of the manufacturer (see
ref. number RT-0000-06, at http://www.eurogentec.com). A stan-
dard curve for quantification was generated by plotting the log of
the concentrations (from 28 fg to 5 ng) of total DNA isolated from
Forl strain ZUM2407 in the presence of 5 ng of tomato plant DNA.
Forl DNA concentration was estimated in total DNA isolated from
tomato plants from the trial in industrial greenhouse.

3. Results

3.1. Efficacy of P. putida strain PCL1760 in disease suppression of TFRR
under laboratory conditions

P. putida strain PCL1760 showed significant biological control in
eight trials out of nine independently performed experiments

(Table 2). Disease pressure in these nine trials varied from 18.7%
to 72% of diseased plants in the negative control. The reduction
of TFRR symptoms varied from 45% to 83% in the experiments with
statistically significant biological control.

3.2. Effects of biological control strain P. putida PCL1760 under
industrial conditions

The percentage of germinated seeds was scored 17 days after
seed sowing. In the positive control, in the absence of added mi-
crobes, 95% of the seeds had germinated. The presence of Forl de-
creased this value to 57% but the addition of both Forl and P.
putida PCL1760 resulted in a value of 76% (Fig. 1A).

The average fresh weight per plant of the above stonewool parts
of the tomato plants was scored 31 days after sowing the seeds.
The presence of Forl decreased the fresh weight significantly, from
58.8 g in the positive control to 36.4 g (Fig. 1B). The additional
presence of P. putida PCL1760 increased the fresh weight to 50 g.

The disease severity was scored 31 days after sowing the seeds.
The treatments, in which P. putida strain PCL1760 was added
showed significant biological control: the DI decreased from 1.5
in the negative control to 0.8 (Fig. 1C).

When DNA of tomato plants was used as the template for quan-
titative PCR (qPCR) with primers specific to the IGS region of Fusar-
ium oxysporum, no Forl DNA was detected in the positive control
(Fig. 1D). In the positive control, the melting curves of the PCR
products consist of a few peaks, which are different from the peak
of the IGS fragment amplified from the negative control, which
contains only Forl DNA (data not shown).

qPCR semi-quantification showed that addition of biological
control strain P. putida PCL1760 decreased the amount of Forl
DNA in plant material approximately 5-fold in comparison with
the amount found in the negative control.

Also the numbers of biological control strain PCL1760 cells were
determined in circulating PNS as well as in stonewool. Recirculat-
ing PNS was plated on PIA, and RAPD profiles of these colonies
were compared with those of PCL1760. None of the 30 colonies
tested was identified as P. putida strain PCL1760. RifR mutants of
P. putida PCL1760 were found in the growth substrate in a concen-
tration of 3.1 � 105 CFUs per gram of dry stonewool.

4. Discussion

Since the use of chemical pesticides in agriculture has become a
great concern to society, biopesticides have become popular as

Table 2
Efficacy of biological control of TFRR by P. putida PCL1760 in trials under laboratory
conditionsa

Trial Diseased tomato plants (%) Reduction of TFRR symptoms (%)c

Forl (negative control) Forl + PCL1760

1 18.7 8.3b 55
2 29.9 13.7b 54
3 39.8 17.0b 56
4 53.3 25.9b 51
5 62.2 10.3b 83
6 62.4 28.6b 54
7 62.5 46.0 26
8 62.6 18.1b 71
9 72.0 38.9b 45

a Differences in disease level among treatments were determined by ANOVA and
mean comparisons were performed by Fisher’s least-significant difference test
(a = 0.05).

b The difference between the variants in this trial was significant.
c Tomato foot and root rot reduction was counted as percentage of disease

decrease. The result of the negative control was counted as 100% disease
occurrence.
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Fig. 1. Influence of biological control strains on tomato development: germination of tomato seeds (Panel A), average fresh weight of the above stonewool part of tomato
plants (Panel B), disease severity (Panel C), and fungal DNA concentration in planta (Panel D). Microconidia of Fusarium oxysporum f. sp. radicis-lycopersici ZUM2407 and cells
of P. putida PCL1760, its RifR mutant were added to PNS simultaneously. Different letters above the bars on the graphs indicate significantly different results (p < 0.05).

S.Z. Validov et al. / Biological Control 48 (2009) 6–11 9
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alternative tools to combat plant diseases. Biopreparations, which
do not cause a threat to the environment and do not accumulate
as toxic residues in end products, are suitable substitutions for
chemicals (Cross and Polonenko, 1996; Montesinos, 2003; Lugten-
berg and Bloemberg, 2004). Strains which do not produce antibiot-
ics are attractive since they are easier to register. P. putida PCL1760
does not produce antibiotics (Validov et al., 2007) and acts through
CNN (Validov, 2007).

Despite the fact that there are many biological control products
on the market, there are doubts with respect to the efficacy of bio-
logical pesticides (Fravel et al., 1999). We reported previously that
under laboratory conditions P. putida strain PCL1760, when added
together with Forl spores, controls TFRR (Validov et al., 2007). Here,
we show the results of as many as nine laboratory experiments
(Table 2), in eight of which significant control of TFRR was ob-
served. In all except one of these experiments the disease reduc-
tion exceeded 50%. In addition, the results show that PCL1760
can reduce TFRR symptoms under conditions of different disease
pressure.

Under industrial horticultural conditions in stonewool sub-
strate in a greenhouse, Forl decreases seed germination of tomato
cv. Carmello, decreases the fresh weight of the plants and causes
severe disease symptoms (Fig. 1). The presence of P. putida strain
PCL1760 significantly reduces the disease severity (Fig. 1C) and
alleviates the negative effects of Forl on the germination of tomato
seeds (Fig. 1A) and on the fresh weight of the plants (Fig. 1B). This
beneficial effect of P. putida strain PCL1760 is accompanied by a
significant decrease of the amount of Forl DNA in plant material
(Fig. 1D). It is likely that the decrease of Forl DNA is caused by
competition of P. putida strain PCL1760 cells with the fungus. Inhi-
bition of fungal proliferation in exudate by P. putida strain
PCL1760 may contribute to this beneficial effect as well, similarly
to the effect which was demonstrated for another biological con-
trol bacterium, P. fluorescens strain WCS365 (Kamilova et al.,
2006). Our results show for the first time that a bacterial strain
that acts through CNN can control a plant disease under industrial
conditions.

Recirculating PNS and stonewool were tested for the presence
of the biological control strain. P. putida strain PCL1760 was not
found in PNS which was recirculating in the stonewool block
watering system. Strain PCL1765, which is a RifR mutant of P. put-
ida PCL1760, was recovered from stonewool in a concentration of
3.1 � 105 per plug. Taking the original ratio of RifS/RifR into consid-
eration, total concentration of P. putida strain PCL1760 must be 10
times higher. These results are in the good agreement with the
ones obtained under laboratory conditions, which showed that
during biological control, strain PCL1760 was colonizing stonewool
in a concentration of approx. 106 cells/g of dry substrate. Appar-
ently, cells of the biological control agent P. putida strain
PCL1760 stay on the plant roots and in the stonewool surrounding
them in high numbers, and do not reach the PNS circulating in the
watering system. The plant associated localization of PCL1760 cells
might be explained by excellent colonization abilities of this strain.
In fact, the strain was selected for that trait (Validov et al., 2007).

The excellent colonizer P. fluorescens WCS365 shows strong
chemotaxis toward the major organic acids of root exudate (de
Weert et al., 2002). Similarly, P. putida strain PCL1760 shows a che-
motactic response to citric, succinic and malic acids (S. Validov,
unpublished observations). The root exudate of plants are the only
source of nutrients in the nutrient-poor stonewool substrate. The
chemotaxis trait might retain cells of strain PCL1760 around the
roots.

Finally, our results indicate that by far most cells of the biolog-
ical control strain stay close to the place where they should exert
their beneficial action and also that the risk of dissemination of
the biological control strain to the environment is low.
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