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As a result of industrial development, the biosphere
has become unable to cope with anthropogenic contam-
ination. One of the modern approaches to environmen-
tal contamination is phytoremediation, i.e., application
of plants and associated microorganisms for purifica-
tion of soil and aquatic ecosystems from various pollut-
ants. This technology is based on the so-called rhizo-
spheric effect, which intensifies microbial degradation
of a pollutant in soil. This process is facilitated by exu-
dates of plant roots, which provide the populations of
rhizospheric microorganisms–destructors with addi-
tional sources of carbon, energy, sometimes oxygen,
trace elements, and enzymes [1], while the penetration
of roots into soil facilitates the interaction between the
plants, microorganisms, and pollutant. The major vir-
tues of phytoremediation are possible recultivation of
vast territories, relatively low cost as compared with
other technologies, high efficiency, and an absence of a
negative impact on the environment [2].

Polycyclic aromatic hydrocarbons (PAH) are wide-
spread and stable environmental pollutants, which
result from the burning of fossil fuel and are by-prod-
ucts of industrial activity. The main contribution to their
degradation is made by those heterotrophic microor-
ganisms which can utilize oil hydrocarbons as the
major energy and carbon source. It becomes presently
more and more evident that the rate of PAH degradation
in the environment may depend on the metabolism of
particular microbial species and the capabilities of

entire microbial communities [3]. Based on the above,
the process of bioremediation more and more often
employs bacterial associations rather than monocul-
tures. Co-metabolism and cooperation are very impor-
tant. The application of more complex microbial sys-
tems for biotechnological purposes requires consider-
ation of the rearrangements of internal succession and
inter-population dynamics, which result in substantial
modifications of the properties of the community in
time [3].

The studies on phytoremediation are carried out in
many countries worldwide, but the interaction of the
components of this biotechnology (microorganisms,
plants, and pollutants) has been poorly studied.

The goal of the present work was to study the inter-
action of destructor microorganisms and its influence
on the efficiency of phenanthrene biodegradation in
plant rhizosphere.

MATERIALS AND METHODS

 

Bacterial strains.

 

 Bacterial strains used in the work
were 

 

Pseudomonas putida

 

 BS3701 (pBS1141,
pBS1142) and 

 

Burkholderia

 

 sp. BS3702 (pBS1143)
(Table) isolated from the soil samples contaminated
with oil products and from the wastes of a by-product
of a coke plant collected in the Moscow oblast and
described as naphthalene and phenanthrene destructors
[4, 5].
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Nutrient media.

 

 Bacteria were grown on complete
nutrient media, LB agar and LB broth [6], containing
the following (g/l): bactotryptone (Difco), 10.0; yeast
extract (Difco), 5.0; NaCl, 10.0.

The minimal medium for bacteria was synthetic
Evans medium [7] of the following composition (g/l):
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, 8.71; 5 M NH

 

4

 

Cl solution, 1; 0.1 M Na
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SO
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solution, 1; 62 mM MgCl
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 solution, 1; 1 mM CaCl
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O, 1; and trace elements, 1. The solution of trace
elements in 10% HCl contained (g/l): ZnO, 0.41;
FeCl

 

2

 

 · 6H
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O, 5.4; MnCl
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 · 4H

 

2

 

O, 2.00; CuCl

 

2

 

 · 2H

 

2

 

O,
0.17; CoCl

 

2

 

 · 6H

 

2

 

O, 0.48; H

 

3

 

BO

 

3

 

, 0.06; pH 7.0.
For solid media, 20 g/l agar (Pronadisa, Spain) was

added.
For cultivation with naphthalene or phenanthrene as

a sole carbon and energy source, the microorganisms
were grown on an agarized mineral medium in the
vapors of these compounds. King B medium (KB) [8]
was used for the monitoring of the strains. For cultiva-
tion in a liquid medium, naphthalene and phenanthrene
were added as powder in the concentrations of 2 and
0.5 g/l, respectively.

 

Gnotobiotic system for plant cultivation [9].

 

Plants were cultivated in closed plastic vessels, 

 

77 

 

×

 

77 

 

×

 

 97

 

 mm (Magenta vessel, Sigma), in 150 g of sand.
Pheanthrene was added as powder in the concentration
of 500 

 

µ

 

g/g of sand.
The “Murashige and Skoog basal salt” medium

(Sigma) was used for mineral nutrition of the plants.
The plants grown without phenanthrene and without
inoculation were used as a positive control and the
plants grown with phenanthrene but without inocula-
tion were used as a negative control.

 

Sterilization of the seeds.

 

 The seeds of white mus-
tard (

 

Sinapis alba

 

 L.) were sterilized with 5% sodium
hypochlorite solution for 3 h and then washed four
times with sterile tap water for 2 h. The seeds were
placed on the plates with LB agar and incubated for 18–
20 h at 

 

24°ë

 

 for sterility control.

 

Introduction of degrading microorganisms into
model systems.

 

 In the experiment, a microbial suspen-
sion was introduced directly into sand together with the
mineral medium; the concentration of microorganisms
was 

 

1.5 

 

×

 

 10

 

8

 

 CFU/g of sand.
Twenty mustard seedlings were planted into one

pot. The plants were grown in the following regime:

12-h light period and 12-h dark period at 

 

20°ë

 

. After
7 days, washouts were made from the roots and rhizo-
sphere on LB agar and KB medium for the qualitative
and quantitative analysis of bacteria.

 

Scheme of the experiment.

 

 The following model
systems were used for the study of interaction of
degrader strains and assessment of phenanthrene
decrease:

1. with phenanthrene, without microorganisms and
plants: for estimation of abiotic decrease of phenan-
threne;

2. with plants, without microorganisms and phenan-
threne: as a control of biometric characteristics of white
mustard;

3. with plants, without microorganisms, with
phenanthrene: for estimation of the phytotoxic effect of
phenanthrene on plants;

4. with plants, phenanthrene, and strain BS3701: for
the study of the effect of introduction of a PAH-degrad-
ing strain on the biometric properties of white mustard
in the presence of the pollutant, the study of the content
of bacteria in plant rhizosphere and rhizoplane, and for
the study of the effect of strain BS3701 on the effi-
ciency of phenanthrene degradation;

5. with plants, phenanthrene, and strain BS3702: for
the study of the effect of introduction of a PAH-degrad-
ing strain on the biometric properties of white mustard
in the presence of the pollutant, the content of bacteria
in plant rhizosphere and rhizoplane, and the effect of
strain BS3702 on the efficiency of phenanthrene degra-
dation;

6. with plants, phenanthrene, strains BS3701 and
BS3702: for the study of the effect of joint introduction
of PAH-degrading strains on the biometric properties of
white mustard in the presence of the pollutant and on
the efficiency of phenanthrene degradation, for the
study of the content of microorganisms in plant rhizo-
sphere and rhizoplane.

 

Determination of phenanthrene content in the
samples.

 

 Sand (150 g) was transferred form the model
system into a flask and extracted with 100 ml of meth-
anol for 16 h at 

 

25°ë

 

. Then, 200 

 

µ

 

l of methanol extract
was analyzed by HPLC on a LKB-2150 chromatograph
(Sweden): C18 column (Nova Pak Waters, United
States), the system of 60% methanol–40% water, UV
detector, working wavelength 280 nm, and flow rate
1 ml/min. The phenanthrene concentration was calcu-

 

Bacterial strains and plasmid used in the work

Strain Characteristics Source

 

Pseudomonas putida

 

 BS3701 (pBS1141, pBS1142) Nah

 

+

 

 Sal

 

+

 

 2MeNah

 

+

 

 Gnt

 

+

 

 Phn

 

+

 

 Hna

 

+

 

LPB, IBPM RAS

 

Burkholderia

 

 sp. BS3702 (pBS1143) Nah

 

+

 

 Sal

 

+

 

 Phn

 

+

 

 Ant

 

+

 

 Hna

 

–

 

LPB, IBPM RAS

 

Note: Nah

 

+

 

, the ability to grow on naphthalene; 2MeNah

 

+

 

, on 2-methyl naphthalene; Gnt

 

+

 

, on gentisate; Phn

 

+

 

, on phenanthrene; Ant

 

+

 

, on
anthracene; Hna

 

+

 

, on 1-hydroxy-2-naphthoic acid; Sal

 

+

 

, on salicylate; LPB, Laboratory of Plasmid Biology; IBPM RAS, Skryabin
Institute of Biochemistry and Physiology of Microorganisms, Russian Academy of Sciences.
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lated by the peak area as compared with the peak area
of the control sample.

 

Kinetics of microbial growth on phenanthrene.

 

The specific maximum growth rate in batch culture on
phenanthrene was determined at cultivation of microor-
ganisms in flasks with Evans medium (250 ml).
Phenanthrene was introduced as powder (500 mg/l).
The cultures grown on Evans medium with phenan-
threne were used as inoculum. The initial concentration
of bacteria in flasks was 

 

1–4 

 

×

 

 10

 

5

 

 cells/ml. The optical
density of the culture liquid was determined spectro-
photometrically in a FEK-56M-U42 colorimeter at
540 nm in a 0.5-cm cuvette. Concentrations of microor-
ganisms in the growth medium were determined by the
method of standard serial dilutions with plating on
King B medium (KB [8]). On this medium, the colonies
of two strains were morphologically different; more-
over, strain BS3701 exhibited fluorescence under UV
illumination. The samples were taken every 3 h. The
specific maximum growth rate (

 

µ

 

max

 

) was defined as

 

µ

 

max

 

 = 

 

 where 

 

ï

 

0

 

 is the initial cell number, 

 

ï

 

 is

the final cell number, and 

 

t

 

 and 

 

t

 

0

 

 are time points [10].

 

Determination of the content of gentisic acid and
1-hydroxy-2-naphthoic acid.

 

 The culture grown in a
liquid Evans medium with phenanthrene was sampled
(1.5 ml), the cells were precipitated, and the superna-
tant was transferred into a clean Eppendorf test tube
and extracted with methanol.

Gentisate and 1-hydroxy-2-naphthoate concentra-
tions were analyzed in a HPLC chromatograph LKB-
2150 (Sweden), column Symmetry300

 

TM

 

 C

 

4 

 

(150 

 

×

 

3.9 mm) (Waters, United States), mobile phase: metha-
nol–water–acetic acid (34:66:1), elution rate
1.2 ml/min, and working wavelength 230 nm.

For identification, the retention times of the ana-
lyzed compounds and standards were compared. Quan-
titative calculation of the chromatograms was carried
out by the method of absolute calibration. Variation
coefficients for gentisic acid and 1-hydroxy-2-naph-

X0

X
------ln

t t0–
------------,

 

thoic acid were 5.2% and 7.6%, respectively. The
detection limit was 5 ng for gentisic acid and 11.2 ng
for 1-hydroxy-2-naphthoic acid.

 

The study of 1-hydroxy-2-naphthoic acid toxicity
for plants.

 

 The toxic effect of 1-hydroxy-2-naphthoic
acid on plants was studied in gnotobiotic systems with
sterile sand, plants (white mustard), Murashige mineral
medium, and 1-hydroxy-2-naphthoic acid introduced in
two concentrations, 15 and 150 mg/l. The model sys-
tems with plants but without 1-hydroxy-2-naphthoic
acid served as a positive control.

RESULTS

 

The study of the protective effect on plants at
introduction of degrader strains 

 

Pseudomonas
putida

 

 BS3701 (pBS1141, pBS1142) and 

 

Burkholde-
ria

 

 sp. BS3702 (pBS1143).

 

 The toxic effect of phenan-
threne was demonstrated by suppression of the growth
of the shoots of white mustard.

After 7 days of incubation of the plants in the model
systems, the shoot length was determined, which corre-
lated with the positive effect of microorganisms on
plants. The best protective effect on plants (Fig. 1) was
observed in the systems inoculated by strain BS3701
and by the mixture of degrading microorganisms,
BS3701 and BS3702.

The model system containing strain BS3702
showed a lower protective effect.

 

Phenanthrene biodegradation.

 

 Under joint culti-
vation of BS3701 and BS3702 in a phenanthrene-con-
taminated system, degradation was lower (17%) than in
the presence of one of the degrader strains (37%)
(Fig. 2).

The dynamics of the numbers of degrading
microorganisms and root colonization. The capacity
for root colonization and the dynamics of the quantities
of monocultures and the mixed culture of degrading
microorganisms were determined in the study of bacte-
rial numbers in the rhizoplane and rhizosphere of plants
under contamination of a model system with phenan-
threne.
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A significant difference was observed in the concen-
trations of microorganisms on the roots (Fig. 3a) and in
the rhizosphere of mustard (Fig. 3b). The numbers of
BS3701 in both rhizosphere and rhizoplane were
higher at joint cultivation with BS3702 than in case of
the system with BS3701 alone. At separate cultivation
of the monocultures, the content of strain BS3702 was
higher as compared with the quantity of BS3701 both
on the roots and in the near-root zone of the plants.

Growth kinetics of strains Pseudomonas putida
BS3701(pBS1141, pBS1142) and Burkholderia sp.
BS3702(pBS1143). The experiment was performed
under batch cultivation in a liquid Evans mineral
medium with phenanthrene as a carbon and energy
source. Apart from the pure cultures of strains BS3701
and BS3702, the mixed culture of these microorgan-
isms (in equal ratio) was studied in the experiment. The
maximum specific growth rates were calculated for the
two parts of the growth curves with the maximum
increase of microbial numbers.

At separate cultivation of degrading microorgan-
isms BS3701 and BS3702 in liquid Evans mineral
medium with phenanthrene (Fig. 4a), the value of the
maximum specific growth rate for the first part of the
growth curve was higher than for the second one (0.5

and 0.1 h–1, respectively) for both strains. At joint culti-
vation (Fig. 4b), the values of the maximum specific
growth rate for the first part of the growth curve for both
BS3702 and BS3701 were lower than in monocultures
(0.24 and 0.22 h–1, respectively), while the values deter-
mined for the second part of the growth curve did not
decrease that much (0.25 and 0.17 h–1, respectively).

Accumulation of metabolites at phenanthrene
degradation in liquid mineral medium by strains
Pseudomonas putida BS3701(pBS1141, pBS1142)
and Burkholderia sp. BS3702(pBS1143). Accumula-
tion of the intermediates of the pathway of phenan-
threne degradation was assessed by HPLC the analysis
of liquid samples of the culture.

At separate cultivation of degrader strains BS3701
and BS3702, the latter accumulated both gentisate and
1-hydroxy-2-naphthoic acid; 1-hydroxy-2-naphthoic
acid was produced in greater amounts than gentisate
(14.57 and 0.58 mg/l, respectively). Strain BS3701 was
able to consume both intermediates practically without
their accumulation, which resulted in relatively low
concentrations of these substrates in the systems at sep-
arate cultivation of the microorganisms (0.5 mg/l for
gentisate and 0.11 mg/l for 1-hydroxy-2-naphthoate).
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As can be seen from Figure 5, the system containing
both degrader strains at first showed the accumulation
of 1-hydroxy-2-naphthoic acid; its uptake began after
35 h of cultivation with concurrent accumulation of
gentisic acid.

Toxicity of 1-hydroxy-2-naphthoic acid to plants.
In view of accumulation of 1-hydroxy-2-naphthoic
acid, which is known to be nontoxic for microorgan-
isms [5], the following stage of the work pursued the
study of toxicity of 1-hydroxy-2-naphthoate to plants.

The toxic effect of 1-hydroxy-2-naphthoic acid on
shoots of white mustard was studied in the experiment
with gnotobiotic systems consisting of sterile sand,
plants, and 1-hydroxy-2-naphthoic acid introduced as a
solution together with the mineral medium for plant
growth.

Our results revealed (Fig. 5) that 1-hydroxy-2-naph-
thoic acid had a toxic effect on the shoots even at
15 mg/l, inhibiting the growth of white mustard by
18%; at 150 mg/l, the length of plant shoots decreased
by 64% as compared with the control.

DISCUSSION

The interaction of degrader strains was studied in
model systems in accordance with the scheme
described in Materials and Methods. Such artificial
ecosystems, being simplified models of natural sys-
tems, make it possible to establish the basic interrela-
tions between their components.

As is known, PAH are consumed by bacteria in the
water phase [11] and, hence, their uptake depends on
their solubility in water. Besides, sorption by soil parti-
cles protects these molecules from degradation by
microbes and is one of the main reasons of their long-
term stability in soil. Phenanthrene is a poorly soluble
PAH (1.3 mg/l) and, therefore, is not easily accessible
to microorganisms.

One of the methods of introducing microorganisms
into model systems such as bacterization of plant seed-
lings has been described in the literature previously [12,
13]. This method of introduction showed the protective
effect on plants at phenanthrene contamination of
model systems, but the degradation of weakly subli-
mated phenanthrene was practically absent. Probably,
microorganisms were localized on the roots and in the
rhizosphere, thus protecting plants from the negative
effect of PAH, while the major volume of contaminated
sand was not engaged in the biodegradation process. In
this connection, at the next stage of work the degrader
strains were introduced by direct inoculation of a bac-
terial suspension into sterile sand. Such a method
proved to be more effective, and the data obtained indi-
cated phenanthrene degradation in the whole model
system.

Originally it was expected that phenanthrene degra-
dation under joint cultivation of strains BS3701 and
BS3702 will be more effective (Fig. 2) because the

microbes were not antagonists, judging from compati-
bility tests and their pathways of PAH utilization were
different [5]. Strain BS3701 degrades phenanthrene
with the formation of salicylate, which is further oxi-
dized to catechol and then to the intermediates of the
Krebs cycles, while strain BS3702 oxidizes salicylate
to gentisate, which is further cleaved to the intermedi-
ates of the Krebs cycle. However, phenanthrene decom-
position was worse under joint cultivation of two
strains than at separate introduction of each destructor
into a model system.

Introduction of strains BS3701 and BS3702 into
model systems resulted in several effects on the shoots
of white mustard (Fig. 1). Under joint introduction of
the microorganisms, as well as at inoculation of the sys-
tem with BS3701 alone, the effect of plant protection
from the action of phenanthrene was visualized by an
increase in shoot length relative to the negative control
(with the pollutant but without the microorganisms).
With BS3702 alone, the shoot length was lower by 33%
than in the combinations described above.

Since phenanthrene degradation at introduction of
BS3702 was 37% (Fig. 2), while the protective effect
on plants was insignificant (Fig. 1), it was suggested
that this microorganism accumulated an intermediate in
the course of phenanthrene degradation, which was
probably toxic to plants. At joint cultivation of BS3701
and BS3702, the former is probably able to consume
the accumulated intermediate, thus eliminating the
toxic effect and concurrently lessening the degree of
phenanthrene degradation (17%) due to utilization of
the most advantageous substrate.

At the following stage of the work, the changes in
the number of microorganisms on the roots and in the
rhizosphere of the plants were analyzed (Fig. 3). The
results showed that the content of introduced bacteria
on the roots (Fig. 3b) was higher nearly by an order of
magnitude than in the rhizosphere (Fig. 3a). This phe-
nomenon is probably associated with exudation of the
plant roots, resulting in creation of an ambient medium
enriched in nutrients, where microbial activity is stim-
ulated. Plant exudates contain such basic components
as sugars, organic acids, and amino acids. The ability
for effective colonization of plant roots by different
strains of the same genus varies significantly [11]. Pre-
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Fig. 5. The dynamics of accumulation of gentisate (1) and
1-hydroxy-2-naphthoate (2) under joint cultivation of
P. putida BS3701 (pBS1141, pBS1142) and Burkholderia
sp. BS3702(pBS1143).
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viously it has been shown that the chemotaxis of micro-
organisms with respect to some organic acids and
amino acids present in root exudates plays a key role in
the colonization process. At joint cultivation of the two
microbes, the quantity of strain BS3701 increased both
on the roots and in the rhizosphere of plants as com-
pared with its concentration in the system with intro-
duced monoculture. This fact probably also indicates
the presence in the medium of a substrate stimulating
the increase of BS3701 content.

For interpretation of the reported results, an experi-
ment was performed under batch cultivation in the
Evans liquid mineral medium with phenanthrene as a
sole carbon and energy source. In addition to the pure
cultures of strains BS3701 and BS3702, the mixed cul-
ture of these microorganisms (equal ratio) was ana-
lyzed in the experiment. The maximum specific growth
rates were calculated for two parts of the growth curves
with the maximum increase of microbial biomass
(Fig. 4). At separate cultivation of the microorganisms
(Fig. 4a), the maximum specific growth rate for the first
part was five times higher than for the second one in
both strains. At joint cultivation (Fig. 4b), the values of
the maximum specific growth rate for BS3702 were
lower for both parts and were comparable with the val-
ues for BS3701. It could be associated with the charac-
ter of interaction of both strains, namely with secretion
of intermediates by one strain and their uptake by the
other strain as more accessible carbon sources.

The samples of the culture liquid were analyzed by
HPLC to confirm the hypothesis of a toxic-to-plants
intermediate secreted at phenanthrene degradation. As
has been shown previously [14], one of major initial
metabolites of phenanthrene degradation by strains
BS3701 and BS3702 is 1-hydroxy-2-naphthoic acid,
and its accumulation was observed in our work in case
of strain BS3702 with simultaneous accumulation of
gentisate. Gentisate accumulated in the cultures of both
strains under separate cultivation in small and nearly
equal amounts (0.50 mg/l for BS3702 and 0.58 mg/l for
BS3701), while no decrease of its amount was observed
at the point of maximum biomass growth under joint
cultivation (0.50 mg/l).

In case of 1-hydroxy-2-naphthoic acid, under sepa-
rate cultivation of BS3701 and BS3702, the latter pro-
duces and accumulates this acid in greater amounts as
compared with BS3701. Under joint cultivation of two
strains, the concentration of accumulated 1-hydroxy-2-
naphthoate was 133 times less. This fact is evidence of
more efficient uptake of this intermediate in the mixed
culture.

Thus, the interactions between the microorganisms
observed under joint introduction of BS3701 and
BS3702 at phenanthrene contamination were expressed
in cooperation, i.e., strain BS3702 degraded phenan-
threne, accumulating high amounts of an intermediate
(1-hydroxy-2-naphthoic acid), while BS3701 utilized

1-hydroxy-2-naphthoate as a more advantageous sub-
strate than phenanthrene.

At the following stage of the work, the toxicity of
1-hydroxy-2-naphthoate to white mustard was esti-
mated. This metabolite indeed proved to be toxic to
plants, which was demonstrated by suppression of
shoot growth (Fig. 5).

Based on the above, it may be concluded that selec-
tion of microbial–plant associations for the most effec-
tive biodegradation of polycyclic aromatic hydrocar-
bons requires the study of and allowance for the inter-
action of degrading bacteria with each other and with
the plants in order to avoid undesirable events, which
may have a negative effect both on microbial–plant
associations and on the process of remediation of con-
taminated territories as a whole.
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