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Abstract—The oil-oxidizing potential of associative rhizobacteria of the genus Azospirillum was studied under
laboratory conditions. After screening, A. brasilense strain SR80 was chosen for further investigation. The
strain was capable of degrading 56.5% of crude oil (added in a concentration of 1%) over 14 days in a medium
containing malate as an additional source of carbon and energy. Studies of associative properties showed that
the strain had positive chemotaxis to wheat root exudates, colonized wheat roots, and produced indole-3-acetic
acid. The synthesis of indole-3-acetic acid was not inhibited by oil. Under hydroponic conditions, crude oil
stimulated growth of A. brasilense SR80, which promoted development of the wheat root system in the pres-
ence of oil and enhanced the level of oil degradation by the plant-microbial association.
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The use of plants for remediation of environmental
objects (phytoremediation) has become an area of
intense research in the last years. Studies in the mecha-
nisms of phytoremediation have great potential for the
ecobiotechnology market and encourage research in
fundamentals of the interaction of plants and microor-
ganisms.

One of the primary phytoremediation mechanisms
is microbial degradation of a pollutant in the plant
rhizosphere [1, 2]. It has been shown that it is the way
that soil is purified from most organic pollutants, oil
hydrocarbons in particular [3].

It is known that oil pollution of soil affects different
groups of soil microorganisms in different ways.
According to [4, 5], oil inhibits the activity of nitrifiers
and cellulolytic microorganisms but stimulates
ammonifiers, denitrifiers, and nitrogen-fixing microor-
ganisms, the activity of which may be specifically or
nonspecifically connected with the plant [1]. Presum-
ably, oil pollution limits access of oxygen into soil, thus
protecting microbial nitrogenase from O, and activat-
ing the process of nitrogen fixation carried out by asso-
ciative and symbiotic microorganisms. Thus, the pres-
ence of a hydrocarbon-oxidizing potential in nitrogen-
fixing bacteria may give them a significant advantage
over other groups of microorganisms and is very fruit-
ful in terms of soil bioremediation. Furthermore, stabi-
lization of the population of such bacteria in soil by
additional factors (e.g., by an associative plant resistant
or adapted to a pollutant) should ensure phytoremedia-
tion results.

We studied an azospirillum—wheat association as a
model. Bacteria of the genus Azospirillum are natural
inhabitants of the rhizosphere of many cereals. They
are well-studied associative microorganisms capable of
nonsymbiotic nitrogen fixation. Their activity results in
pronounced stimulation of growth and development of
the host plant [6].

The goal of our work was to scan the genus Azospir-
illum for oil-oxidizing properties, to study the revealed
oil degraders in association with wheat, to investigate
the effects of oil pollution on the azospirillum—wheat
association, and to study oil biodegradation by this
association and its members.

MATERIALS AND METHODS

We studied the ability to degrade crude oil in 33
azospirillum strains from the collection of rhizosphere
microorganisms of the Institute of Biochemistry and
Physiology of Plants and Microorganisms, Russian
Academy of Sciences: 9 Azospirillum lipoferum
strains, 15 A. brasilense strains, and 9 unidentified
azospirilla.

Experiments were carried out with a high-sulfur
crude oil of the following composition (according to
data of our analysis), %: alkanes, 22.3; naphthenes,
47.4; mono- and biaromatic carbohydrates, 10.5; poly-
cyclic aromatic hydrocarbons, 4.5; alcohol-benzene
gums, 4.1; asphaltenes, 11.9.

For investigation of biodegradative properties, cul-
tures were grown in minimal salt medium M9 [7], min-
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eral medium with trace elements (MSM) [8] and yeast
extract (0.05) for growth stimulation, medium Nfb for
azospirilla [9], and medium for plant growth (MCP)
containing (g/l distilled water) K,HPO,, 0.02; KClI,
0.075; MgSQO,, 0.3; CaCl,, 0.1; Ca(NOs),, 0.01, EDTA,
0.02.

The ability of microorganisms to use crude oil as the
source of carbon was studied by the MacClung method
[10]. Cultures were grown on solid media of the com-
position described above with the addition of crude oil.

For quantitative estimation of degradative abilities,
cultures were grown in flasks containing media with the
addition of oil (1%) on a shaker (100 rpm) at 29°C for
14 days. Then, residual oil concentrations were deter-
mined.

For studies of the effect of the nitrogen source on the
degradation of crude oil by A. brasilense strain SR80,
we grew the strain on Nfb medium without nitrogen-
containing salts or replaced NH,Cl with KNO; in
equimolar quantities.

The increase in biomass of A. brasilense SR80 in
liquid medium was estimated by inoculation of serial
dilutions of a microbial suspension onto plates with
Nfb medium and calculation of the number of colony
forming units (CFU).

We used wheat (Triticum aestivum L.) of the sort
Saratovskaya 29. Before germination, seeds were ster-
ilized with a mixture of ethanol and hydrogen peroxide
(1 : 1) for 5 min. For sterility control, seeds were incu-
bated on nutrient agar plates for 2 days at 28°C. Only
sterile seedlings were used.

Chemotaxis of A. brasilense strain SR80 was stud-
ied according to [11] on Petri plates with Nfb medium
containing 1% agar. To obtain the necessary attractants,
sterile wheat seeds were grown in a hydroponics cham-
ber for 7 days. Then, roots were aseptically separated
and ground. Sterile hollow plastic cylinders were
placed in the center and periphery on plates with Nfb
medium. The central cylinder was inoculated with two
drops of a48-h A. brasilense SR80 culture grown in liq-
uid Nfb medium supplemented with 6 g/l peptone (or
two drops of sterile water as a control). Peripheral cyl-
inders were filled with the attractants under study:
crude oil, root homogenate, mineral medium after
growing of wheat, or mineral medium for plant growth.
The results were first estimated after 2 days. Chemot-
axis was judged from the diameter and time of appear-
ance of a growth zone.

To study the production of indole-3-acetic acid
(IAA), A. brasilense strain SR80 was grown in 0.25-1
flasks containing 50 ml of Nfb medium supplemented
with 0.2 g/l DL-tryptophane as a phytohormone precur-
sor. To study the effect of oil pollution on IAA synthe-
sis, the medium was supplemented with 1% crude oil.
The culture was incubated at 29°C under passive aera-
tion for 14 days. All experiments were conducted in
triplicate.
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For analysis of the concentrations of IAA and tryp-
tophane in the cultivation medium, oil was extracted
from the medium with chloroform, microbial cells were
sedimented by centrifugation (8000 g, 20 min), and
samples were analyzed on an HPC 500 chromatograph
(Czech Republic) equipped with a UV-detector.

Bacterization of 48-h wheat seedlings was carried
out with an A. brasilense SR80 suspension containing
109 cells/ml. Untreated seedlings were used as a con-
trol. Seedlings were placed in a number of 10 on a steel
grid in 0.25-1 chambers closed with cotton plugs and
containing 50 ml of sterile medium for plant growth
supplemented with 1% crude oil or without addition of
oil. Chambers were incubated at 24°C for 7 days. All
the experiments were performed in four replicates.
After incubation, the length of roots was measured.

To study root colonization, a root homogenate pre-
pared from 9-day wheat seedlings and diluted 1 : 10
was plated onto nutrient agar and Nfb medium that con-
tained Congo-rot indicator for an easier cell count [12].

In all experiments, oil content in the medium
before and after cultivation was determined by the
gravimetric method [13] after extraction with chloro-
form. Oil degradation was expressed in per cent of the
initial concentration.

RESULTS AND DISCUSSION

Data on the ability of azospirilla to degrade xenobi-
otics are very scarce. We found only some data on the
respiratory activity of azospirilla in the presence of
phenolic compounds [14]. At the same time, azospirilla
are well studied as associative bacteria that stimulate
growth and development of the host plant, which was
our reason to study pollutant degradation by these
microorganisms.

The results (Table 1) showed that most strains were
capable of using crude oil if grown on Nfb medium
containing malate as an additional source of carbon and
energy. Eighteen of 33 cultures studied showed consid-
erable growth on this medium. However, only two
strains grew on M9 medium supplemented with oil:
Azospirillum sp. SR4 and Azospirillum sp. SR66.

Quantitative estimations of the oil-degradative abil-
ity of azospirilla showed that the best results were
achieved on Nfb medium. Maximal degradative activ-
ity was shown by A. lipoferum SR42 and A. brasilense
SR80, which degraded 57.5 and 56.5% of crude oil
(added in a concentration of 1%) over 14 days.

The highest degradative activity was shown on a
medium containing malate. In the rhizosphere, root
exudates may serve as a source of malate. This demon-
strates the importance of the associative properties of
the studied microorganisms, which are capable of con-
suming root exudates as cosubstrates. Taking into
account all the above, for further experiments we chose
strain SR80, which showed the most pronounced
growth in the presence of oil.
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Table 1. Growth and degradative activity of azospirilla on different media supplemented with crude oil (1%)

M9 medium MSM medium MSM medium + yeast Nfb medium
extract
no. Strain
Growth 2%3%_ Growth thogrfl%_ Growth thogrfl(‘%- Growth thog;fl%_

1 | Azospirillum sp. SR3 - + 35 -

2 | Azospirillum sp. SR4 + 20.5 + 43 + 13 +

3 | Azospirillum sp. SRS - + + 7

4 | Azospirillum sp. SR14 - - * + 55

5 | Azospirillum sp. SR16 + + 36 + +

6 | Azospirillum sp. SR35 - - -

7 | Azospirillum sp. SR45 - + 12 + 13 -

8 | Azospirillum sp. SR55 - + 21 + 0 -

9 | Azospirillum sp. SR98 - + + -
10 | A. lipoferum SR33 - - * + 36
11 | A. lipoferum SR42 - - - + 57.5
12 | A. lipoferum SR43 - - + -
13 | A. lipoferum SR54 - - - + 0
14 | A. lipoferum SRS9BT + + + -
15 | A. lipoferum SR66 + 16 + 28 + 41
16 | A. lipoferum SR85 - + 27 *
17 | A. lipoferum SR94 - + 0 + + 0
18 | A. lipoferum SR99 t + 31 t t
19 | A. brasilense Sp7 (T) + + + 9.5
20 | A. brasilense SR7 - - - + 31
21 | A. brasilense SR8 + + + 22 + 16
22 | A. brasilense SR15 t + 0
23 | A. brasilense SR56 - - + + 15
24 | A. brasilense SR75 - + + + 33
25 | A. brasilense SR80 - + 25 + 56.5
26 | A. brasilense SR88 - - + + 19
27 | A. brasilense SR96 t t t + 18
28 | A. brasilense SR100 - - - + 6
29 | A. brasilense SR103 + + + 0
30 | A. brasilense SR109 - - - + 43
31 | A. brasilense SR111 + + + +
32 | A. brasilense SR115 + + 9 + + 11
33 | A. brasilense Sp245 - + + + 22

Note: “—” stands for absence of growth on agar-containing medium with oil; “+” stands for weak growth; “+” stands for considerable

growth. Degradative activity was measured only for strains exhibiting considerable growth on the oil-supplemented media.

Studies of the effects of nitrogen and an additional
source of carbon on the oil degradation by A. brasilense
SR80 showed that the biomass growth was highest on
media containing malate as an additional source of car-
bon and energy, irrespective of the source of nitrogen
(Table 2). However, oil degradation was not pro-
nouncedly stimulated by malate, nitrogen source being

more crucial. Maximal level of oil degradation was
achieved on media containing ammonium nitrogen (56.4
and 40% in the presence and absence of malate, respec-
tively). Higher level of degradation in the presence of
malate resulted from a threefold higher biomass increase.

In the presence of nitrate nitrogen in combination
with malate, the degradative activity of A. brasilense
MICROBIOLOGY  Vol. 74
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Table 2. Effect of nitrogen and malate on the growth and degradative activity of Azospirillum brasilense strain SR80 towards

crude oil (1%) on Nfb medium

Source of nitrogen Add(l)téocﬁézzurce Gromtehd?li;()hd Gro‘:;ltg dli?nlrllqmd Oil degradation, %
- Malate + 3.0x 108 27.8
- - + 1.1x108 343
KNO; Malate + 2.6 x 10° 36.4
KNO; - + 2.1x108 27.6
NH,CI Malate + 6.8 x 108 56.4
NH,Cl - + 2.2x108 40.0

Note: Dose of inoculum was 2.16 x 107 cells/ml. Oil content decrease in an abiotic control was 16-21%.

SR80 was much lower (36.4%), but the biomass yield
was maximal. Presumably, nitrate is a more preferable
source of nitrogen for malate utilization. Without a
cosubstrate, the level of oil degradation dropped to
27.6% (which was close to oil dissipation in the abiotic
control). This allowed us to conclude that the level of
degradation on a medium for plant growth would be
also quite low.

Remarkably, strain SR80 grew and degraded oil on
a nitrogen-free medium. In the presence of malate, a
biomass increase was detected. Without a cosubstrate,
cells used crude oil for growth, which resulted in an
increase in the level of degradation (34.3% compared to
27.8%) but minimal biomass growth.

Thus, we proved the ability of A. brasilense strain
SR80 to degrade crude oil (including nitrogen-free con-
ditions) and the crucial role of malate for microbial
growth and degradation of pollutants in the presence of
ammonium and nitrate nitrogen; i.e., A. brasilense
SR80 may participate in the degradation of crude oil in
an association with an appropriate cereal culture sup-
plying additional organic substrate (e.g., malate).

Thus, we studied an association of A. brasilense
SR80 and wheat and the effects of oil pollution on this
association.

Positive chemotaxis to root exudates is considered
to be the first step in the formation of a plant-microbial
association. It is known that azospirilla are highly
motile and exhibit positive chemotaxis to organic acids,
sugars, and root exudates [6].

Our experiments also demonstrated the ability of
A. brasilense SR80 to move toward root exudates. As
Table 3 shows, attractant properties were most pro-
nounced for the homogenate of wheat roots. Growth
around the cylinder with this attractant was visible on
the 2nd day of the experiment. The strain also showed
positive chemotaxis toward root exudates: growth
around the cylinder with the broth from plant cultiva-
tion was detected on the 7th day of the experiment.
Chemotaxis toward oil was detected on the 10th day of
the experiment, which is an extra evidence of the oil-
degrading activity of A. brasilense SR80. The data
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obtained allow a conclusion that oil pollution does not
impede formation of an associative symbiosis of wheat
and azospirilla. Moreover, the presence of oil in the
plant rhizosphere may fasten root colonization by deg-
radative strains. This is proved by our data presented in
Table 4. The number of azospirillum cells in the rhizo-
sphere of oil-polluted plants was significantly higher
compared to nonpolluted plants.

Bacteria of the genus Azospirillum are well-known
for their plant-growth-stimulating properties [6, 15, 16].
Initially, the interest of the researches in azospirilla was
connected to their ability of fixing molecular nitrogen,
but more profound research showed that the positive
influence of azospirilla on plant growth and development
is of a multiple-factor nature. Azospirilla produce
growth-stimulating substances (auxins, gibberellins, and
cytokinins), which plays an important role in the interac-
tion with the host plant [6]. There is evidence that the
leading factor in the growth-stimulating activity of
azospirilla is their ability to produce indole-3-acetic
acid (IAA) and thus to replenish the hormone pool of
the plant [6, 17]. Therefore, we studied synthesis of
indole-3-acetic acid by A. brasilense SR80 as an asso-
ciative property of this microorganism towards wheat
and the effects of crude oil on this process.

We showed that strain SR80 was capable of produc-
ing more that 20 pg/ml IAA over 14 days of cultivation
(figure). Addition of 1% oil to the medium did not result
in a decrease in phytohormone synthesis. Analysis of

Table 3. Chemotaxis in A. brasilense SR80

Growth zone Time of growth
Attractant di zone develop-
iameter, mm
ment, days

Root homogenate 2.6 2
Root exudate-containing min- 1 7
eral medium after plant growth
Mineral medium for plant - -
growth
Crude oil 2 10
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Table 4. Degradation of oil by an azospirillum—wheat association and the effect of A. brasilense strain SR80 on the devel-
opment of the plant root system under hydroponic conditions with and without pollutant

Development of the plant root system

Root colonization by the

Experimental variant

microorganism, cells/g Oil degradation, %

Number of roots Length of roots, cm of fresh roots
Medium without oil
Inoculated plant 6 9.57+0.39 1x108+1.2x 107 -
Sterile plant 6 7.91£0.30 - -
Medium with 1% crude oil
Inoculated plant 3 0.97 £0.03 7x108+9.1 x 107 28.1£5.5
Sterile plant 2 0.75+0.03 - 20.8 +7.96

microbial degradation of oil in these experiments also
proved the advantages of Nfb medium. As the figure
shows, the level of oil degradation on Nfb medium sup-
plemented with tryptophane was 54% after 14 days.
Thus, oil pollution did not result in a decrease in the
growth-stimulating activity of the microorganism
under study in terms of IAA synthesis.

Evidently, this explains the positive influence of the
microorganism on the development of the plant root
system that we observed while growing wheat seed-
lings in a hydroponic chamber in the presence of oil
(Table 4). The addition of oil to the nutrient solution
resulted in an approximately tenfold inhibition of root
development in comparison with the control (a
decrease in the number and length of the developing
roots). However, preliminary bacterization of seedlings
with a suspension of A. brasilense SR80 resulted in
stimulation of root development. Moreover, the effect
was more pronounced in the presence of oil, 23% stim-
ulation in comparison with 17% stimulation without
oil. This, apparently, resulted from a sevenfold

IAA, pg/ml oil, g/l
25+ 5, 220 910
_11'__T_
20F 18
151 1 |16
101 ~ | 4
ol 2.7 3-2’—‘4'1 12
0 1 |+|%. 1 1 O
0 2 4 14
Days

Effect of crude oil on synthesis of indole-3-acetic acid by A.
brasilense strain SR80 on Nfb medium without (CJ) and
with () oil: (A) oil decrease in abiotic control; (A) oil
degradation by strain SR8O0.

enhancement of the bacterial population in the presence
of oil as compared to the control (a pronounced stimu-
lating effect of the pollutant on the bacterial population
was evident).

Our studies of oil degradation by an azospirillum—
wheat association showed that under hydroponics con-
ditions, sterile wheat seedlings alone eliminated more
than 20% of oil from the medium. To answer the ques-
tion whether this oil was degraded or consumed by the
plant, additional studies are required. In the case of bac-
terization, the oil content of the medium decreased by
28.1% after cultivation. We concluded that it was the
bacterial partner in the association that provided the
extra decrease in oil concentration. Thus, the presence
of azospirilla in the plant rhizosphere resulted in a
decrease of the toxic effect of oil on the plant, promot-
ing plant survival and development under oil pollution.
Although we conducted our experiments with a model
association and the observed increase in the level of oil
degradation was not large (only 9%), the revealed
mechanisms and methods may be extended to other
associations more promising for phytoremediation.

Studies of associative degradation of hydrophobic
substrates under hydroponic conditions cannot ade-
quately represent the process of phytoremediation via
rhizosphere microbial degradation of a pollutant. Nev-
ertheless, the experiments conducted allowed us to
reveal certain ecological plant-microbial interactions
under conditions of oil pollution. For the first time it
was shown that bacteria of the genus Azospirillum are
capable of degrading oil hydrocarbons. It was also
shown that azospirilla degrade hydrocarbons mostly in
the presence of organic acids and that production of
indole-3-acetic acid by azospirilla is not inhibited by
hydrocarbon pollution. Bacterization of a plant with
associative oil-degrading rhizobacteria stimulated the
development of the plant root system.
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