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Abstract
Two IncP-9 naphthalene degradative plasmids pOV17 and pBS216 were transferred into plant growth-promoting Pseudomonas which were
represented by species P. aureofaciens, P. chlororaphis, P. fluorescens, and P. putida. The strains with the same plasmid differed significantly by
their growth parameters, stability of the plasmid and plant protective effect from naphthalene action. Strains P. putida 53a(pOV17) and P.
chlororaphis PCL1391(pOV17) demonstrated higher population number in the rhizosphere. Moreover, they protected the mustard plants from
naphthalene toxic influence more effectively than the wild type strain P. aureofaciens OV17(pOV17). The activity of catechol-2,3-dioxygenase in
the strains with the plasmid pOV17 was higher than that in strains with the plasmid pBS216. The strain P. putida 53a(pOV17) with high catechol2,3-dioxygenase activity has been demonstrated to have the best protective effect. The strain P. putida 53a(pBS216) without catechol dioxygenases
activities did not have protective effect but suppressed the plant germination.
# 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Fluorescent Pseudomonas strains are typical inhabitants of
rhizosphere and rhizoplane. Some strains of Pseudomonas
rhizosphere bacteria may stimulate plant growth by the
synthesis of phytohormones, improve mineral nutrition of
plants and protect plants from phytopathogenic fungi due to the
synthesis of antibiotics and siderophores [1–4]. These strains
are referred to plant growth-promoting Pseudomonas (PGPP).
Furthermore, some Pseudomonas strains are able to degrade
various xenobiotics, including polycyclic aromatic hydrocarbons (PAHs) [5,6]. PAHs catabolic genes are usually located in
plasmids. A number of conjugative degradative plasmids has
been described [7]. The genetic control and biochemical
pathways of naphthalene and phenanthrene degradation by
Pseudomonas have been studied [8,9]. As a rule, the
naphthalene catabolic genes are organized in three operons.
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Nah1-operon encoding for the upper-pathway enzymes is
involved in the conversion of naphthalene to salicylate, nah2operon encoding for the lower-pathway enzymes is involved in
the oxidation of salicylate via the plasmid-encoded catechol
meta-cleavage pathway to acetaldehyde and pyruvate. The third
operon encodes for a regulatory protein. It has been shown that
some degradative plasmids carry non-functioning genes of
meta-ring cleavage. The strains bearing such plasmids are able
to grow on naphthalene using the chromosome-encoded orthopathway of catechol cleavage [10,11]. The ‘switch-on’ of the
silent genes of meta-pathway was possible in certain cases
(cultivation of strains on a mineral medium containing
methylated naphthalene and salicylate derivatives) [12,13].
It is known that the phytotoxicity of contaminated soil is
determined by both the direct action of organic pollutants
(PAHs, oil hydrocarbons, pesticides, herbicides) and the
influence of various microbial toxins. The main group of
microorganisms producing toxic metabolites is presented by
non-symbiotic micromycetes belonging to the genera Mucor,
Aspergillus, Penicilum, Fusarium [14]. Thus, the inoculation of
plants with biocontrol bacteria can protect plant health,

2418

T.O. Anokhina et al. / Process Biochemistry 41 (2006) 2417–2423
Bacteria were cultivated on Luria-Bertani (LB) [18] and the mineral Evans
medium supplemented with naphthalene as a sole carbon and energy source
[19]. Evans mineral medium (pH 7.0) had the final composition—K2HPO4:
8.71 g l 1; NH4Cl: 0.25 g l 1; Na2SO4: 14 mg l 1; MgCl2: 6.0 mg l 1; CaCl2:
0.1 mg l 1; (NH4)6Mo7O244H2O: 6.5 mg l 1; 1 ml microelement solution.
Microelement solution was prepared and sterilized separately and contained
(g l 1)—ZnO: 0.41; FeCl36H2O: 5.4; MnCl24H2O: 2.0; CuCl2H2O: 0.17;
CoCl26H2O: 0.48; H3BO3: 0.06.
To cultivate bacteria on the agarized Evans medium in Petry dishes
naphthalene was added as crystals inside the dish lid (bacteria grew in vapors
of naphthalene). To cultivate bacteria in the liquid Evans medium this compound was added as powder without dissolution in any organic solvent.
Growth parameters were studied in batch culture with naphthalene (2 g l 1)
as a sole carbon and energy source at 24 8C on orbital shaker at 200 rpm
according to Pirt [20]. The initial density of bacteria was (4–7)  105 colonyforming units (CFU) ml 1.
To determine the enzyme activity, the plasmid-harbouring strains were
grown in 500 ml flasks containing 200 ml mineral Evans medium and naphthalene (2 g l 1) as a sole carbon and energy source. The initial density of bacteria
was (2–4)  107 CFU ml 1. The cultivation proceeded for 18–20 h at 24 8C.
The plasmid-free bacteria used in the experiment with the induction of
catechol-1,2-dioxygenase were grown on the mineral Evans medium containing
1 g l 1 sodium glutamate. The enzymatic activity was induced by adding
catechol (0.1 g l 1) in the beginning of the exponential growth phase, and
then bacteria were cultivated for 2 h.
Conjugational transfer was carried out as described by Dunn and Gunsalus
[21].
Plasmid stability was studied estimating phenotypic properties of naphthalene utilization in strains. For this purpose, the strains were grown under nonselective conditions (enriched LB medium) for 10 days. Within this period
every day 50 ml bacterial suspension was added to 5 ml fresh LB broth and
cultivated for 24 h and then transferred to another 5 ml fresh LB broth. 1, 3, 6

increase plant productivity on contaminated soils and intensify
phytoremediation therefore the construction of PGPP strains
with degradative potential is an actual task.
The aim of this study was to investigate the effect of
catabolic plasmid-bearing PGPP strains on plant growth in
microcosms with naphthalene and estimate the stability and
expression of plasmid genes in rhizosphere bacteria.
2. Materials and methods
2.1. Bacterial strains, nutrient media and cultivation conditions
Bacterial strains and plasmids used are given in Table 1. The plasmids
pBS216 and pOV17 were isolated from wild type naphthalene-degrading strains
P. putida M313 and P. aureofaciens OV17 correspondingly. Bacterial strain P.
aureofaciens OV17 (pOV17) was isolated in 2001 year from the rhizosphere of
randomly selected cereals growing on oil-contaminated soil in West Siberia,
Russia. P. putida M313 was isolated in 1980s from the soil of metallurgical
plant, Ural region, Russia. The plasmids are wild type mobile genetic elements
bearing naphthalene catabolic genes.
Later the plasmid pBS216 was transferred in a cysteine auxotroph strain P.
putida BS394. It was shown that the strain P. putida BS394 is a good recipient of
the pBS216 plasmid. In our study P. putida BS394(pBS216) was used as the
donor of this plasmid in conjugal matings.
Since neither P. putida M313 nor P. putida BS394 possess any plant growth
promoting properties we did not include them in the experiments with plants
and did not construct P. putida BS394 bearing the plasmid pOV17.
All these plasmid-bearing strains are stored in the collection of Laboratory
of Plasmid Biology, G.K. Skryabin Institute of Biochemistry and Physiology of
Microorganisms Russian Academy of Sciences.
Table 1
Bacterial strains and plasmids
Strain
P. fluorescens
38a
38a(pBS216)b
P. chlororaphis
PCL1391
PCL1391(pBS216)b
PCL1391(pOV17)c
P. putida
BS394
BS394(pBS216), donor of the plasmid pBS216
53a
53a(pBS216)c,d
53a(pOV17)c
P. aureofaciens
BS1393
BS1393(pBS216)b
BS1393(pOV17)c
OV17(pOV17), wild type
OV17, derivative of the wild type strain
OV17(pOV17), cured from the plasmid pOV17
OV17(pBS216) c
Plasmids
pBS216
pOV17

Phenotype description

Source

Producer of pyoluteorin, Phn Nah Sal
Producer of pyoluteorin, Phn+Nah+Sal+

IBPM RASa
This work

Producer of phenazine-1-carboxamide, Phn Nah Sal
Producer of phenazine-1-carboxamide Phn+Nah+Sal+
Producer of phenazine-1-carboxamide Phn+Nah+Sal+

[15]
This work
This work

Cys , Phn Nah Sal
Cys , Phn+Nah+Sal+
Producer of indole-3-acetic acid, Phn Nah Sal
Producer of indole-3-acetic acid, Phn+Nah+Sal+
Producer of indole-3-acetic acid, Phn+Nah+Sal+

IBPM RAS
IBPM RAS
IBPM RAS
This work
This work

Producer
Producer
Producer
Producer
Producer

IBPM RAS [16,17]
[16]
This work
IBPM RAS
This work

of
of
of
of
of

phenazine
phenazine
phenazine
phenazine
phenazine

antibiotics,
antibiotics,
antibiotics,
antibiotics,
antibiotics,

Phn Nah Sal
Phn+Nah+Sal+
Phn+Nah+Sal+
Phn+Nah+Sal+
Phn Nah Sal

Producer of phenazine antibiotics, Phn+Nah+Sal+

This work

Phn+Nah+Sal+ Inc P9 Tra+ 83 kb
Phn+Nah+Sal+ Inc P9 Tra+ 83 kb

IBPM RAS
IBPM RAS

Phn+: ability to grow on phenanthrene; Nah+: ability to grow on naphthalene; Sal+: ability to grow on salicylate; Cys : cysteine auxotroph.
a
Strains from the collection of Laboratory of Plasmid Biology, G.K. Skryabin Institute of Biochemistry and Physiology of Microorganisms, Russian Academy of
Sciences.
b
Plasmid-bearing variants obtained by conjugal transfer of pBS216 plasmid from donor strain P. putida BS394(pBS216).
c
Plasmid-bearing variants obtained by transformation.
d
P. putida 53a(pBS216) forms small dark-brown colonies (<1 mm in size).
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and 10 day-bacterial cultures were plated on LB agar after a series of dilutions.
One hundred to 200 single colonies were plated by replica on the mineral Evans
medium supplemented with naphthalene. Plasmid stability was estimated as a
ratio of clones able to grow on the mineral Evans medium with naphthalene
(Nah+ phenotype) to general number of clones studied.

2.2. DNA techniques
Isolation of plasmid DNA and DNA electrophoresis in agarose gel were
performed according to the recommendations [18]. Plasmid DNA was visualized by Eckhardt method [22].
Transformation of bacterial cells by plasmid DNA was performed using a
MicroPulser Electroporator (Bio-Rad, CA, USA). Transformation conditions
were as follows: voltage: 1.2 kV, capacity: 25 mF, impulse time: 4.6–5.2 ms.
Cells for electro-transformation were obtained as described previously [18].
Transformed cells were incubated in LB broth for 2 h at 28 8C. Cells were then
washed in 0.85% NaCl solution and were plated onto the mineral Evans medium
supplemented with naphthalene. Transformation frequency was estimated as a
number of plasmid-bearing clones per mg of plasmid DNA used for transformation.

2.3. Enzyme activity assay
Cell-free extracts for determining enzymatic activities were produced by
destroying the frozen cell biomass in IBFM-press (Russia). Cell debris was
sedimented in a Beckman J2-21 centrifuge (United States) at 26,000  g and
0 8C for 60 min. Cell-free extract was used immediately for determination of the
enzyme activity. The reaction was performed at 30 8C and was started by the
addition of 100 ml cell-free extract to the 2.9 ml reaction mixture in a standard
quartz cuvette. Specific activities of enzymes were measured using spectrophotometer UV-160A (Shimadzu, Japan).
Specific activity of naphthalene dioxygenase was determined by measuring
the decrease of NADH extinction in reaction mixture (l = 340 nm,
e = 6.22 mM 1 cm 1) containing 100 mM NADH and cell-free extract in
50 mM Na–K phosphate buffer (pH 7.5) saturated with naphthalene, considering the endogenous NADH consumption by cell-free extract [23].
Specific activity of salycilate hydroxylase was determined by measuring the
decrease of NADH extinction in reaction mix (l = 340 nm, e = 6.22 mM 1
cm 1) containing 100 mM NADH, 100 mM sodium salycilate and cell-free
extract in 50 mM Na–K phosphate buffer (pH 7.5), considering the endogenous
NADH consumption by cell-free extract [24].
Specific activity of catechol-1,2-dioxygenase was assayed by measuring the
rate of cis,cis-muconate formation (l = 260 nm, e = 16.9 mM 1 cm 1). The
reaction mixture contained 50 mM Na–K phosphate buffer (pH 7.0), 5 mM
EDTA, 1 mM catechol and 100 ml cell-free extract [25].
Specific activity of catechol-2,3-dioxygenase was assayed by measuring the
rate of 2-hydroxymuconic semialdehyde formation (l = 375 nm, e = 33.4
mM 1 cm 1). The reaction mixture contained 50 mM Tris–HCl buffer (pH
7.5), 0.5 mM catechol and 100 ml cell-free extract [26].
Specific activities of enzymes were expressed in micromoles of the cofactor consumed or product formed in the minute per 1 mg total bacterial
protein.
Protein concentration was determined by the spectrophotometric method
[27].

2.4. Model system for plant growth
Microcosms were used to study the effect of plasmid-bearing PGPP strains on
plant growth [28]. The microcosms were gnotobiotic systems consisting of sterile
sand (150 g), naphthalene, plants (Indian mustard, Brassica juncea L.) and
bacterial cultures placed into closed plastic vessels (77 mm  77 mm  97 mm)
mm) (Sigma Chemical Co., St. Louis, Mo). Naphthalene (200 mg g 1 sand) was
added in sterile conditions as powder to sand and thoroughly mixed. Murashige
and skoog basal salt medium (Sigma Chemical Co., St. Louis, Mo) was used to
provide plants with mineral nutrition. The amount of the medium added was
calculated on a basis of 10% moisture. Bacterial culture-infected seedlings were
planted to the model system. Bacterial cultures were grown up to the exponential
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growth phase in LB broth. A model system with naphthalene and plants but
without bacterial cultures was a negative control. A model system with plants but
without naphthalene and bacterial cultures was a positive control.
Indian mustard seeds were sterilized in 10% sodium hypochlorite for
30 min, washed four times with sterile tap water for 2 h. The seeds were then
placed on LB agar and incubated for 18–20 h at 24 8C to control seed sterility.
Sterile seedlings were put in a bacterial suspension for 15 min. The
suspension density was 108 CFU ml 1. Twenty mustard seedlings were placed
in one plastic vessel and cultivated under the following conditions: 12 h of
daylight and 12 h in the dark at 20 8C. After 7 days of cultivation the plants were
taken from the systems. Plant roots with the adhering sand particles were then
cut from the shoots, placed into the tube with 5 ml phosphate buffer and
vigorously shaken. After appropriate dilutions samples were plated onto LB
agar. Petri dishes were incubated for 1-day at 24 8C and the colonies grown were
then counted. In parallel, shoot length was measured.

2.5. Thin-layer chromatography (TLC)
TLC of the culture liquid samples was performed on silica gel plates (Sigma
Chemical Co., St. Louis, Mo) using a system of solvents: chloroform/acetic acid
(5:1). Culture medium (4 ml, pH 2) was extracted with the same volume of
chloroform at intensive shaking. The chlorophorm phase was evaporated to
15 ml and used for chromatography. The plates were sprayed with 3% FeCl3 that
resulted in specific staining of salicylate and catechol typical for these compounds.

2.6. Statistical analysis
All the experiments were triplicated. The results were processed using the
statistic package of ‘‘Stadia’’ programs [29].

3. Results
3.1. Construction of PGPP strains bearing PAH
degradative plasmids
Two naphthalene degradative plasmids pOV17 and pBS216
were transferred to rhizosphere strains P. putida 53a, P.
fluorescens 38a, P. aureofaciens BS1393, and P. chororaphis
PCL1391 by conjugation or transformation (Table 1). P.
aureofaciens OV17(pOV17) was a natural plasmid-bearing
strain isolated from the rhizosphere of cereals grown in oilcontaminated soil. The plasmid pBS216 was also transferred into
the plasmid-free derivative P. aureofaciens OV17 (Table 1). Both
plasmids were about 80 kb. These plasmids belong to IncP-9
group and contain a full set of naphthalene degradative genes.
Because of similar antibiotic resistance of donor and recipient
strains and very low frequency of plasmid transfer to some strains
only three plasmid-bearing variants [P. aureofaciens BS1393
(pBS216), P. chlororaphis PCL1391(pBS216) and P. fluorescens
38a(pBS216)] were constructed by conjugation and the other five
strains [P. putida 53a(pBS216), P. putida 53a(pOV17), P.
aureofaciens BS1393(pOV17), P. aureofaciens OV17(pBS216),
P. chlororaphis PCL1391(pOV17)] were obtained by transformation.
During our experiments all possible combinations of strains
and plasmids with the exception of P. fluorescens 38a(pOV17)
were obtained. P. fluorescens 38a(pOV17) was not obtained
neither by transformation nor conjugation. The presence of
plasmid DNA in all nine strains was confirmed by electrophoresis methods [22].
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Eight plasmid-strains combinations were able to use
naphthalene as a sole carbon and energy source, which
indicated normal expression of the degradative plasmid genes
in the obtained strains. The exception was P. putida
53a(pBS216) characterized by very weak growth on the
agarized Evans medium with naphthalene. The strain formed
small colonies of dark-brown color. Similarly, the culture broth
became dark-brown in the process of bacterial cultivation in the
liquid Evans medium. Numerous experiments with transformation of this strain with the plasmid pBS216 failed to generate
clones with the normal Nah+Sal+ phenotype.
3.2. Growth parameters and plasmid stability in PGPP
strains
The growth parameters of all constructed strains were
studied. Data of the growth rate and plasmid stability that were
observed in plasmid-bacterial host combinations are given in
Table 2.
The growth kinetics of plasmid pOV17-bearing strains
showed that the natural strain P. aureofaciens OV17(pOV17)
had the maximum growth rate (mmax = 0.41 h 1), though its
maximum CFU number was less by a factor of 1.4–2 than for P.
chlororaphis PCL1391(pOV17) and P. putida 53a(pOV17).
Although plasmid pBS216 was initially isolated from P. putida,
the value of mmax of P. putida 53a(pBS216) was lower by a
factor of 4 than for P. chlororaphis PCL1391(pBS216). The
CFUmax of P. fluorescens 38a(pBS216) was higher by a factor
of 3 in comparison with P. putida 53a with the same plasmid.
The plasmid-bacterial strain combinations were unstable
(Table 2). Plasmids were eliminated from the strains with high
frequency when cultivated on rich nutrient medium. The
exception was P. putida 53a(pOV17) and P. chlororaphis
PCL1391(pBS216).
TLC analysis of culture broth after the cultivation of
plasmid-bearing strains in the liquid Evans medium with
naphthalene showed that neither salicylate (Rf = 0.86) nor
catechol (Rf = 0.54) were found after 24, 48 and 72 h
cultivation, excepting P. putida 53a(pBS216). Catechol and

unidentified compounds with Rf = 0.08, 0.28, 0.35 and 0.44
were detected in the culture broth of this strain after 72 h
cultivation.
3.3. Activity of the key enzymes of naphthalene catabolism
in obtained PGPP strains
Analysis of the activities of enzymes involved in naphthalene catabolism in plasmid-bearing PGPP strains showed that
they all had similar level of naphthalene dioxygenase (2–
9 nmol/min/1 mg protein) and salicylate hydroxylase (4–
11 nmol/min/1 mg protein) activities (Table 3).
The activity of catechol-1,2-dioxygenase was detected in
obtained plasmid-bearing (Table 3) and original plasmid-free
(Table 4) strains. These groups of strains had different
phenotype—Nah+ and Nah correspondingly. Thus, their
cultivation conditions were various (see section of culture
condition). Catechol-1,2-dioxygenase in plasmid-free strains
was induced by adding catechol (0.1 g l 1) in the beginning of
the exponential growth phase. Therefore its values were higher
(Table 4) than those ones of non-induced plasmid-bearing
strains (Table 3).
Catechol-1,2-dioxygenase and catechol-2,3-dioxygenase
activities were found in all the studied plasmid-bearing strains,
excepting P. putida 53a(pBS216). Both catechol dioxygenase
activities were absent in P. putida 53a(pBS216). Plasmid-free
strain P. putida 53a did not have the catechol-1,2-dioxygenase
activity in contrast to the other plasmid-free variants (Table 4).
The activity of catechol-2,3-dioxygenase in pOV17-bearing
strains was higher by a factor of 3-5 than in pBS216-harboring
combinations (200–300 and 40–60 nmol/min/1 mg protein,
respectively).
3.4. Effect of plasmids-bearing PGPP strains on plant
growth in microcosms with naphthalene
All plasmid-bearing PGPP strains were studied for the
ability to protect mustard plants from toxic effect of
naphthalene. The measurement of shoot length and the total

Table 2
Growth characteristics of plasmid-harboring PGPP strains in liquid Evans medium with naphthalene in batch culture
Strain

Lag-phase (h)

mCFU max (h 1)

CFU max (units ml 1)

Plasmid stability (%)

Strains with the plasmid pBS216
BS394(pBS216)
PCL1391(pBS216)
OV17(pBS216)
BS1393(pBS216)
53a(DBS216)
38a(pBS216)

6
9
14
6
10
8

0.30
0.50
0.27
0.36
0.13
0.39

1.0  109  2.2  107
6.1  108  6.7  107
1.9  108  1.3  107
2.1  108  2.0  107
2.9  106  2.3  105
1.3  109  5.1  107

0
100
0
0
50
0

Strains with the plasmid pOV17
PCL1391(pOV17)
OV17(pOV17)
BS1393(pOV17)
53a(pOV17)

15
19
20
43

0.30
0.41
0.33
0.31

1.0  109  6.0  105
7.4  108  2.2  107
7.5  108  5.8  106
1.5  109  1.8  107

69
14
40
100

mCFU max: maximal specific growth rate (h 1); calculated using CFU, CFU: number of colony-forming units (units ml 1); plasmid stability: the percent of clones
with retained ability for growth on Evans mineral medium supplemented with naphthalene after 10 days of cultivation under nonselective conditions.
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Table 3
Activities of key enzymes of naphthalene degradation in the initial and modified strains grown in mineral Evans medium with naphthalene
Strain

BS394(pBS216)
PCL1391(pBS216)
53a(pBS216)
OV17(pOV17)
PCL1391(pOV17)
53a(pOV17)

Specific enzyme activity (nmol/min/1 mg protein)
NO

SH

C12O

C23O

1.99  0.01
2.76  0.01
3.79  0.01
8.83  0.03
3.55  0.01
5.21  0.01

3.98  0.01
4.41  0.02
4.20  0.01
10.79  0.08
4.46  0.01
5.20  0.01

14.64  1.83
34.31  3.34
0
57.77  3.50
30.97  2.18
0

41.31  3.22
63.49  3.62
0
305.28  11.33
200.51  8.45
224  6.45

Average values and standard deviations are provided according to results of three repeats of each experiment. NO: naphthalene dioxygenase; SH: salycilate
hydroxylase; C12O: catechol-1,2-dioxygenase; C23O: catechol-2,3-dioxygenase.

Table 4
Activities of the catechol dioxygenases in the plasmid-free strains

dry plant biomass after week cultivation of mustard seedlings in
the presence of naphthalene (200 mg g 1) demonstrated that
naphthalene had a strong phytotoxic effect (Fig. 1). The shoot
length in negative control (a model system with naphthalene
and plants but without bacterial cultures) was in average by

80% shorter than in positive control (plants without naphthalene and bacterial cultures).
Treatment of seedlings with plasmid-bearing rhizobacteria
led to a pronounced protective effect from naphthalene. The
exception was the seedlings treated with P. putida 53a(pBS216)
(Fig. 1). In this case no seed germination was observed. P.
chlororaphis PCL1391(pOV17) and P. putida 53a(pOV17) had
the best protective effect on the plants. Shoot length of mustard
seedlings treated with the strains mentioned was comparable
with the control plants grown without naphthalene.
After 7 days of inoculation, bacterial numbers in the plant
rhizosphere varied, depending on bacterial species and plasmids
studied (Fig. 2). The number of all strains bearing plasmid pOV17
was greater than those with plasmid pBS216. P. chlororaphis
PCL1391(pOV17) had the highest number in the rhizosphere of
plants – 1.7  108 CFU g 1. P. chlororaphis PCL1391(pBS216)
was a good colonizer too (1.5  108 CFU g 1), however, with a
poor protective effect. P. putida 53a(pBS216) suppressed growth
of plants, cell concentration of this strain in rhizosphere was
low—2.7  107 CFU g 1.

Fig. 1. Effect of plasmid-harboring strains on shoot length of mustard plants in
microcosms (sterile sand supplemented with naphthalene). Indian mustard seedlings were inoculated with plasmid-bearing strains and grown in the microcosms.
After 7 days the shoots length was measured. Values were calculated from 20
plants. The experiment was in triplicate. : as a positive control, plants without
naphthalene and bacterial culture were used. : as a negative control, plants with
naphthalene but without bacterial culture were used. & : strains bearing the
plasmid pBS216, & : strains bearing the plasmid pOV17.

Fig. 2. Number of plasmid-harboring cells in the rhizosphere of mustard plants
in microcosms (sterile sand supplemented with naphthalene). Indian mustard
seedlings were inoculated with plasmid-bearing strains and grown in the
microcosms for 7 days. Bacteria were isolated from the roots, diluted and
plated on LB-medium. Values were calculated from 10 plants. & : pBS216
plasmid-bearing strains, & : pOV17 plasmid-bearing strains.

Strain

P.
P.
P.
P.
P.
P.

fluorescens 38a
chlororaphis PCL1391
aureofaciens BS1393
aureofaciens OV17
putida BS394
putida 53a

Specific enzyme activity (nmol/min/
1 mg protein)
C12O

C23O

42.69  1.15
101.73  4.22
154.94  5.62
163.50  5.18
18.93  1.12
0

0
0
0
0
0
0

Average values and standard deviations are provided according to results of
three repeats of each experiment. C12O: catechol-1,2-dioxygenase; C23O:
catechol-1,3-dioxygenase.
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4. Discussion
Eight naphthalene degrading PGPP strains were obtained in
our study. Three strains were constructed by conjugation and
five strains were obtained by transformation. The frequency of
conjugation transfer was 10 7 to 10 8 per a donor cell. The
frequency of transformation was 102 to 103 per mg of DNA.
Most of the studied plasmid-bacterial strain combinations were
unstable. When we isolated the wild type strain P. aureofaciens
OV17(pOV17) in 2001 the plasmid stability was about 100%
after 10–14 days of cultivation under nonselective conditions.
Now stability of the plasmid became low. It may be because of
P. aureofaciens species is not typical host for naphthalene
catabolic plasmids. According to our data it is first mention
about P. aureofaciens strain harbouring naturally occurring
naphthalene catabolic plasmid. Possibly, during the storaging
the strain P. aureofaciens OV17(pOV17) some genetic events
occurred and the plasmid became low-stable.
All obtained plasmid-bacteria combinations utilized
naphthalene as a sole carbon and energy source and had the
activity of naphthalene degradative enzymes being similar with
its plasmid donor strains (Tables 2 and 3). The sole exception
was P. putida 53a(pBS216). Specific growth rate (mmax =
0.13 h 1) and maximum concentration of bacteria (CFUmax =
2.9  106) were the lowest and the Evans medium with
naphthalene became dark-brown color, when P. putida
53a(pBS216) was cultivated. It was shown that both catechol
dioxygenases activities were absent in the strain P. putida
53a(pBS216) (Table 3). The restriction analysis of plasmid
DNA isolated from this strain revealed the presence of
structural rearrangements [30], which could turn off catechol-2,3-dioxygenase gene. Thus, the cells were unable to
utilize catechol. Earlier it was shown that some toxic
intermediates formed in the oxidation of aromatic compounds
led to the death of growing cell [31,32]. In this connection, the
growth inhibition of P. putida 53a(pBS216) and the strong
phytotoxic effect could be explained by the accumulation of
catechol and its oxidation products.
Naphthalene degradative plasmids were shown to be capable
of transferring to Pseudomonas rhizobacteria, and genes of
degradative plasmids were found to express in P. putida, P.
fluorescens and P. aureofaciens [6,16,33]. However, growth
parameters and the efficiency of PAH degradation by plasmidbearing PGPP were not studied. Kupier et al. reported that a
rhizosphere strain P. putida PCL144 with degradative
capabilities and the ability of efficient colonization of rye
grass roots (Lolium multiflorum) was isolated [34], but the
presence of catabolic plasmids in this strain was not
investigated. Natural and obtained in laboratory conditions
naphthalene degradative plasmid-PGPP combinations were
studied in our experiments. These strains combined plant
growth-promoting and degradative properties.
To assess the effect of plasmid-bacteria combinations on plant
growth in microcosms with naphthalene, the experiments, where
mustard seedlings were treated by plasmid-bearing PGPP strains,
were carried out. P. chlororaphis PCL1391(pOV17) and P. putida
53a(pOV17) demonstrated the best protective effect on growing

plants (Fig. 1). The CFU number in mustard rhizosphere of all
strains bearing plasmid pOV17 was also greater than those with
pBS216 (Fig. 2). This correlates with the fact of catechol-2,3dioxygenase activity in pOV17-harboring strains being higher
than that in pBS216-bearing strains. It is known the strains able to
degrade catechol via the meta-pathway demonstrate high specific
growth rates [35–37]. P. chlororaphis PCL1391(pBS216) had
the maximum growth rate and colonized plant rhizosphere
well (nearly 1.5  108 CFU g 1 rhizosphere). Despite its best
growth parameters the strain showed no obvious protective
effect on plants. This was probably because of low catechol-2,3-dioxygenase activity (meta-pathway) in the pBS216bearing strain.
Thus, the plant protective effect from naphthalene phytotoxicity of the obtained strains is probably provided by the
different level of the catechol-2,3-dioxygenase activity. The
strain P. putida 53a(pOV17) with high catechol-2,3-dioxygenase activity demonstrated the best protective effect on plants.
The strain P. putida 53a(pBS216) without catechol dioxygenases activities did not have protective effect but suppressed
the plant germination.
Thus, before using PAH-degrading PGPP strains for
phytoremediation, the level of colonization of the rhizosphere
by bacteria, the efficiency of pollutant destruction, interaction
between plasmid, bacterial host strain and plant, competitiveness of the ‘‘plasmid-bacterial host’’ combination in the
polluted site should be studied.
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