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The environmental risks associated with petroleum
product contamination is of a global scale. Different
methods (mechanical, physicochemical, chemical, and
biological) have been developed for the cleaning of var-
ious environments from oil pollution [1]. Microbiolog-
ical methods are based on the capacity of degradative
microorganisms to utilize oil hydrocarbons as the sole
carbon and energy source or as a cosubstrate. Hydro-
carbon-oxidizing microorganisms were isolated to
develop preparations applicable for cleaning soil and
water from oil contamination [2, 3]. However, the avail-
able microbial preparations oxidize, primarily, oil par-
affins [4], while other fractions (cycloparaffins, aro-
matic hydrocarbons, resins, etc.) are less accessible for
microbial enzymes [1, 5]. 

Various machine oils, which are multicomponent
additive-containing liquid mixtures of high boiling
temperature hydrocarbons, belong to these difficult-to-
oxidize fractions. Because machine oils are often used
as lubricants, they are the main soil-polluting agents
near oil-processing plants.

Machine oil degradation by microbes has been
described in a few reports. To our knowledge, only Ple-
shakova and Turkovskaya developed biocatalysts for
cleaning waste water from mineral oil [6, 7]. These
authors developed degradative microbial communities,
which, however, comprised members of the genera

 

Acinetobacter

 

 and 

 

Pseudomonas

 

, whereas nocardio-
forms prevail, as a rule, in oil-polluted habitats [4, 8].

In this study, active strains of microorganisms utiliz-
ing machine oil were isolated to analyze their biologi-
cal diversity.

MATERIALS AND METHODS

 

Isolation and Identification of Microorganisms.

 

The microorganisms capable of utilizing machine
oil as the sole carbon and energy source were isolated
from the oil-polluted soil samples by the enrichment-
culture method. The following machine-oil types
served as substrates: turbine oil (TuO), motor oil (MO),
transformer oil (TO), and compressor oil (CO). Bacte-
ria were cultivated aerobically in flasks on a shaker at

 

26–28°C

 

 in medium no. 1 (Raymond medium [9]) or in
medium no. 2 of the following composition (g/l): 

 

K

 

2

 

HPO

 

4

 

,
7; KH

 

2

 

PO

 

4

 

, 3; MgSO

 

4 

 

·

 

 7H

 

2

 

O, 0.1; (NH

 

4

 

)

 

2

 

SO

 

4

 

, 1; FeSO

 

4 

 

·

 

7H

 

2

 

O 

 

and 

 

MnCl

 

2

 

 

 

·

 

 4H

 

2

 

O

 

, trace amounts; pH 7.0.
Enrichment cultures were grown for 10 to 14 days;

the growing microbial communities were monitored
microscopically. Pure cultures were isolated by plating
on GPY medium (g/l): glucose, 5; peptone, 10, yeast
extract, 5; NaCl, 5; pH 7.2. The isolated strains were
maintained on the same medium.

To determine the species affiliation of isolates, their
morphological, cultural, physiological, and biochemi-
cal properties were studied by currently adopted meth-
ods. Cell morphology was examined under a phase-
contrast microscope. The cell-wall type was deter-
mined by the analysis of mycolic acid isomers and
sugar composition [10]. The LCN-A complex (com-
plex of mycolic acids) was determined by the conven-
tional method [10]. Microorganisms were identified
according to 

 

Bergey’s Manual

 

 [11] and Nesterenko

 

et al.

 

 [12].
The capacity of the isolates to degrade machine oil

was compared with that of the collection strains previ-
ously identified in the Laboratory of Oil Microbiology,
Institute of Microbiology, Russian Academy of Sci-
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ences [13]. The collection strains belonged to the spe-
cies 

 

Rhodococcus erythropolis

 

 (strains 283, 367-6,
12049, sch), 

 

Dietzia maris

 

 (formerly 

 

Rhodococcus
maris

 

) (strains 4-3, 4-2b, 367-5, n-2(4), 2834, 2842r,
7816r, 7824a, 7824b), 

 

Staphylococcus 

 

sp. (strains
2839, 2843, 3011 wh), 

 

Brevibacterium lineus

 

 (strain
21830), 

 

Pseudomonas stutzeri

 

 (strain A), and 

 

Alcali-
genes faecalis

 

 (strain 367-1).

 

Measurement of Oil Utilization

 

1. Gas-liquid chromatography (GLC).

 

 Substrate
utilization by microorganisms grown on machine oil as
the sole carbon and energy source was estimated from
their respiratory activity. In addition to the above-men-
tioned machine oils, purified mineral oil (MinO) (light
white oil, ICN Pharmaceutical Inc.) and a mixture of
paraffins (PAR) with a chain length of 

 

C

 

14

 

–C

 

18

 

 were
also used as substrates.

 

CO

 

2

 

 release and 

 

O

 

2

 

 consumption were measured in
hermetically closed 30- or 50-ml flasks containing 10 ml
of media no. 1 or 2. Inoculate comprised 2%. The oil
content was 0.3%. Cultivation at 

 

26–28°C

 

 under aera-

tion on a shaker continued from 3 to 10 days. During cul-
tivation, pH changes were monitored using an EV-74 uni-
versal ionometer.

Gases were analyzed on a model 3700 chromato-
graph equipped with a thermal conductivity detector.
Argon was the carrier gas. The temperature was 

 

50°C

 

. To
evaluate 

 

CO

 

2

 

 evolution, we used a 3.5-m metal column
packed with Chromasom 101, 80 mesh. Residual 

 

O

 

2

 

 was
determined on a 2.0-m metal column (i.d., 2 mm) packed
with molecular sieve 5A.

In controls, the respiration activity of microorgan-
isms in the absence of oil (endogenous respiration) and
changes in the gas phase in flasks with uninoculated
substrates were determined.

All measurements were replicated three to six times.

 

2. Weighting method.

 

 Cultures were grown in 3-l
flasks containing 300 ml of nutrient media no. 1 or 2
and in hermetically closed 30-ml flasks containing
10 ml of the same media at 

 

26–28°C

 

 on a shaker for 7
to 10 days. Oil was extracted with a hexane–acetone
(10 : 1) mixture. The extract was evaporated on a rotor

 

Table 1.

 

  Substrate specificity of nocardioform bacteria with respect to different machine oils (CO

 

2

 

 concentration, %)

Microorganism Substrate
Days

1 2 3 4 5 6 7 8 9

1 2 2 4 5 6 7 8 9 10 11

 

R. erythropolis

 

 100 PAR 1.3 6.1 – 6.6 – – 7.9 – –

MinO 0.5 4.5 6.3 – 6.5 – 6.9 – 6.9

TuO 0.5 4.1 4.9 6.1 6.8 – – 6.8 6.8

MO 0.3 4.1 5.8 – 7.0 7.1 – – –

TO 0.3 0.5 0.8 – 1.4 – 1.4 – 1.4

CO 0.2 0.6 1.4 – 1.6 – 1.9 – 1.9

 

D. maris

 

 101 TuO – 0.8 – 4.3 – 6.0 6.0 – 6.0

TO – – 0.3 1.5 – – 3.2 – 3.4

CO – – 0.3 – 0.3 – – – 0.4

 

Mycobacterium

 

 102 TuO – – 0.3 – – 0.5 – – 0.5

MO – – 0.3 – 0.3 – – – 0.3

Microbial community PAR 0.5 – 5.3 – – 6.8 – – –

MinO 0.5 – 5.3 – – 7.3 – – –

TuO 0.3 – 6.2 – – 8.0 – – –

MO 0.4 – 6.4 – – 8.3 – – –

TuO 0.2 – 1.4 – – 2.9 3.0 – –

CO 0.2 – 3.0 – – 4.5 4.7 – –

Medium + 

 

R. erythropolis

 

 100 no 0.1 0.1 – 0.1 – – 0.1 – 0.1

Medium + microbial
community

no 0.1 – 0.2 – – 0.3 – 0.3 –

Medium MinO 0.1 0.1 – 0.1 – – 0.1 0.1 –

 

Note: Here and in Tables 2 and 3, the sign “–” means “not determined,” “no” means “no substrate”; PAR designates a mixture of paraffins;
MinO, purified mineral oil; TuO, turbine oil; MO, motor oil; TO, transformer oil; CO, compressor oil.
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evaporator, and the residual material was weighed to
determine the percent of oil utilization [14].

 

3. Fluorescent method.

 

 Cell suspension sampled
from the culture containing TTO as the substrate was
placed on a slide to be stained with an 0.01% acridine
orange solution by a conventional technique [10]. The
stained specimens were examined under a LUMAM-I2
luminescent microscope. Luminescence was excited
using an FS-1-4 filter in combination with a heat-pro-
tecting light filter.

RESULTS AND DISCUSSION

 

Identification of the Isolates

 

Six bacterial strains were isolated from mazut-pol-
luted soil (sample no. 1) and from a tank for petroleum
product separation of the Kashira heat and electric
power plant (sample no. 2).

Based on a combination of the phenotypic proper-
ties of strains 100, 101, and 102 isolated from sample
no. 1, and in comparison with previously studied strains
[13], both generic and species affiliations of the new
isolates were determined. To determine the bacterial
group to which strains 100, 101, and 102 belong, their
cell wall composition was studied and shown to contain
meso-diaminopimelic acid, arabinose, and galactose,
thus conforming to the type-IV cell wall. The complex
of free mycolic acids was determined by the thin-layer

chromatography on plates with silica gel. Based on the
cell-wall type and mycolic acid composition, the iso-
lates were assigned to group 22, (nocardioform actino-
mycetes), subgroup 1 (bacteria synthesizing mycolic
acids) [11]. Comparison of the mycolic acid 

 

R

 

f

 

 values
characteristic of collection strains and new isolates
showed that strains 100 and 101 were rhodococci,
whereas strain 102 contained different mycolic acids
typical of mycobacteria.

According to the morphological traits (cell size and
shape, developmental cycle), the shape and consistency
of colonies, pigmentation, physiological properties
(utilization of hydrocarbons, alcohols, organic acids,
and nitrogen sources), strain 100 was related to the spe-
cies 

 

Rhodococcus erythropolis

 

, and strain 101 to 

 

Dietzia
maris.

 

 Strain 102 was identified as 

 

Mycobacterium

 

 sp.

 

Analysis of the Oil-Utilizion Capacity
in Microorganisms

 

1. Measurement of oil degradation from bacte-
rial respiration activity by means of GLC.

 

 Strains

 

R. erythropolis

 

 100, 

 

D. maris

 

 101, and 

 

Mycobacterium

 

sp. 102, as well as strains 3, 4, and 8, isolated from sam-
ple no. 2, were capable of growing on paraffins as the
sole carbon and energy source. Hence, these strains
were assumed to have a capacity for machine oil degra-
dation.

The utilization of different machine oils (TuO, MO,
TO, and CO), as well as of PAR and MinO, serving as
controls, was measured from the microbial respiration
activity. The results obtained are summarized in Table 1.
When cultivated in 30-ml flasks, microorganisms uti-
lized oil over seven days, but then the process ceased.
The strains showed different substrate specificity with
regard to different oils. 

 

R. erythropolis

 

 100, 

 

D. maris

 

101, and a bacterial community utilized TuO and MO
more actively than TO and CO. Thus, after a 6-day cul-
tivation of 

 

R. erythropolis

 

 100 with TTO and MO, the
content of CO

 

2

 

 in flasks was about 7%, i.e., the micro-
bial respiration activity was similar to that determined
with the more easily oxidized substrates, PAR and
MinO. All of the oil substrates studied were more
actively degraded in cultures containing bacterial com-
munities obtained from the sample no. 2 than in pure
cultures. Strains 3, 4, and 8 isolated from this bacterial
community were similar to 

 

R. erythropolis

 

 100 in their
capacity to utilize TuO. Strain 

 

Mycobacterium

 

 sp. 102
showed the lowest activity.

We supposed that the microorganism respiration
and oil utilization ceased after six to seven days of incu-
bation (in 30-ml flasks) because of either 

 

O

 

2

 

 shortage or
of the toxic effect of 

 

CO

 

2

 

. To verify these suggestions,

 

R. erythropolis

 

 was incubated with TuO in 30- and
50-ml flasks, in which the content of residual 

 

O

 

2

 

 com-
prised 3.0–3.4 and 7.0–7.5%, respectively, on the sev-
enth day of incubation. After this incubation period,

 

CO

 

2

 

 emission ceased in both 30- and 50-ml flasks, i.e.,

 

CO

 

2

 

, %
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Fig. 1.

 

 Inhibition of bacterial degradation of machine oils by
carbon dioxide: 

 

1

 

, CO

 

2

 

 concentration in flasks on days 6–7;

 

2

 

, CO

 

2

 

 accumulation in flasks upon removal of excess CO

 

2

 

;

 

3

 

, continued CO

 

2

 

 emission after repeated CO

 

2

 

 removal.
(a) 

 

R. erythropolis

 

: 1, 2, 3, and 4, microorganisms + PAR,
MinO, TuO, and MO, respectively; (b) microbial commu-
nity: 1, 2, 3, and 4, microbial community + PAR, MinO,
TuO, and MO, respectively.
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at a different concentration of residual oxygen. Hence,

 

O

 

2

 

 concentration did not limit bacterial oil utilization.
The content of 

 

CO

 

2

 

 was similar in both kinds of flasks
after seven days of incubation (6.0–7.0%) and
exceeded 200-fold the 

 

CO

 

2

 

 concentration in the air.
Hence, it is probably the content of 

 

CO

 

2

 

 that is the lim-
iting factor in the system.

The suggestion that 

 

CO

 

2

 

 has an effect on microbio-
logical oil degradation was confirmed in a series of
experiments with those oil-degrading microorganisms
whose activity was suppressed at a CO2 concentration
of 6.0–7.0%. After six to seven days of incubation,
when CO2 emission stopped, the flasks previously
closed hermetically were opened to remove the carbon

Table 2.  Degradative activity of rhodococci with respect to machine oils (CO2 concentration, %)

Species Strain Substrate
Days

2 3 4 5 7 9

R. erythropolis 100 TuO 4.1 4.9 6.1 6.8 6.8 –

TO 0.5 0.8 – 1.4 1.5 1.5

367-6 TuO 2.8 – 6.4 – 7.0 –

TO 0.8 – 0.9 – 0.9 –

283 TuO 1.8 – 7.2 – 7.3 7.3

TO 1.1 – 1.4 – 1.4 –

12049 TuO 1.3 – 4.4 – 7.5 7.6

TO 1.4 – 2.3 – 2.5 –

D. maris 101 TuO – 0.8 4.3 – 6.0 6.0

TO – 0.3 0.8 – 3.0 3.4

4-3 TuO – 0.7 – 2.4 3.6 4.7

TO – 0.8 – 1.3 1.5 1.7

2842r TuO – 1.2 2.2 2.8 3.7 4.4

TO – 0.5 0.9 1.5 1.6 1.7

7816r TuO – 0.8 – 2.7 3.5 3.9

TO – 0.8 – 1.5 1.8 2.1

Table 3.  Utilization of machine oils by nocardioform bacteria (the substrate used and CO2 accumulation)

Microorganism Substrate Medium volume of 
300 ml, utilization, %

Medium volume of 10 ml

utilization, % CO2, %

R. erythropolis 100 PAR – 73 15.9

MinO 30 31 9.7

TuO 28 27 8.0

MO – 32 8.1

TO 16 16 1.5

CO – 4 1.6

MinO + Na acetate 28 – –

MinO + PAR 22 – –

Microbial community PAR – 98 14.2

MinO 39 38 16.6

TuO 38 25 11.8

MO 37 28 14.0

TO 30 30 3.0

CO 22 15 4.7

MinO + Na acetate 38 – –

MinO + PAR 38 – –
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dioxide that accumulated. The cultures were aerated
over 1.5 to 2 h under sterile conditions, and, after the
CO2 concentration in flasks became close to that in the
ambient air (0.03%), they were again closed hermeti-
cally. This procedure was repeated twice, and, after-
wards, oil utilization continued for an additional three
to four days, so that total CO2 accumulation in flasks
increased significantly to reach 32 to 53% in various
experimental versions (Fig. 1).

Endogenous bacterial respiration, as well as carbon
dioxide release due to chemical reactions (about 0.3%),
had no significant effect on the results. The low level of
endogenous respiration in rhodococci agrees well with
the data published [1]. The culture medium was insig-
nificantly acidified during the experiments (the pH
changed from 7.0 to 6.5).

As determined experimentally, similar acidification
of sterile medium with 0.2N H2SO4 led to an increase
in the CO2 concentration in flasks by only 0.3%. In the
microorganism-free oil-containing medium, the CO2
content did not exceeded 0.1% after a week of incuba-
tion (Table 1).

The oil-utilizing capacity of new isolates, both
R. erythropolis 100 and D. maris 101, was compared
with that of the collection species exhibiting hydrocar-
bon-oxidizing activity [4, 15]. All the strains studied
utilized TuO more actively than TO, although different
species and strains differed to a certain extent in this
property (Table 2). The R. erythropolis 100 cultures, as
well as the collection strains of the same species,
showed the highest activity of TuO degradation. The
D. maris strains, especially isolate D. maris 101, were
superior to R. erythropolis (except for R. erythropolis
12049) in TO utilization.

Thus, the isolates obtained did not differ signifi-
cantly from the collection strains in the capacity for
machine oil degradation, which suggests that the
enzymes involved in the substrate oxidation were con-
stitutive.

Some other hydrocarbon-oxidizing collection
strains (R. erythropolis sch and D. maris 4-2b, n-2(4),
2834, 367-5, 7824a, and 7824b) also proved to be capa-
ble of machine oil degradation, as determined visually
and by microscopic examination. Certain activity was
also detected in Staphylococcus sp. 2839, 2843, and
3011 wh; Cytophaga sp. 3011r; Pseudomonas sp. A;
and, as mentioned above, in Mycobacterium sp. 102. No

(a)

(b)

(c)

(d)

(e)

Fig. 2. Stages of R. erythropolis 100 interaction with TuO
drops. Fluorescent microscopy, 1300×. (a) On day 1 (initial
stage), individual cells attach to the oil drop surface; (b) on
days 2 to 3, the number of attached cells increases; (c) on
day 4 to 5, bacterial cells penetrate the oil drops and repro-
duce; (d) on day 6 to 7, the cell number inside the drops
increases, the luminescence of the drops enhances; (e) on
day 7 to 8 (the final stage in the culture development),
microcolonies are formed.
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capacity for machine oil utilization was detected in Brevi-
bacterium lineus 21830 and Alcaligenes faecalis 367-1.

The results obtained suggest that the highest capac-
ity for machine oil degradation is characteristic of
R. erythropolis strains.

2. Measurement of bacterial oil degradation by
the weighing method. On days 7 and 8 of the incuba-
tion, both microbial communities and R. erythropolis
100 cultivated with various machine oils as the sole car-
bon and energy source utilized from 30 to 39% and
from 16 to 30% of the substrate, respectively, when
TuO (or MO) and TO (or CO) were added to the cul-
tures. The addition of either sodium acetate or a mix-
ture of paraffins to MinO did not increase the bacterial
oil-degrading capacity (Table 3). The medium volume
(cf. 3-l and 30-ml flasks) and aeration (cultivation
under stationary conditions or on a shaker) were of no
importance for oil degradation. The percent of oil utili-
zation by the bacterial community was higher than by
the R. erythropolis 100 culture, which correlates with
the above data obtained by GLC. A correlation was also
observed with respect to the substrate specificity to dif-
ferent oils. This can probably be explained by the
mechanism of cooxidation underlying the degradation
of cyclic alkanes by strains Pseudomonas aeruginosa
K1 and Rhodococcus equi P1 [16]. This was also indi-
rectly supported by different substrate specificities
showed by R. erythropolis 100 and D. maris 101 incu-
bated with TuO and TO (Table 2). Note that the respi-
ration activity level of both the bacterial community
and R. erythropolis 100 was low (3 and 1.5%, respec-
tively) when the bacteria were cultivated with TO,
although significant utilization of this substrate was
observed, as determined by the weighing method. TO
seemed to be oxidized to some intermediate products
but not to CO2, as it was previously found with crude oil
[15, 17].

With MinO used as the substrate, significant activity
was revealed in D. maris 2842 and 367-5 (36 and 33%,
respectively); Cytophaga sp. 3011r showed a lower
activity (28%), and the lowest activity was detected in
Pseudomonas sp. A (11%).

3. The study of interaction between oil drops and
oil-degrading microorganisms by fluorescent
microscopy. The process of oil utilization by microor-
ganisms was visually monitored under a fluorescent
microscope in specimens of R. erythropolis 100 culture
grown on TuO-containing medium no. 1 for 7 to 8 days.

On the first day of cultivation, individual bacterial
cells attached to the oil drop surfaces (Fig. 2a). Over the
next 2–3 days, the cell density on each drop increased
(Fig. 2b). At this initial stage (1 to 4 days), the cells
were oval in shape, 1 × 3 µm in size. The next stage
(4 to 5 days) was characterized by extensive cell repro-
duction and penetration into the drops (Fig. 2c). The
latter process, which promotes greater surface contact
between cells and the substrate; results from an
increase in the hydrophobicity of the rhodococcus cell

wall due to the synthesis of mycolic acid esters [1].
Upon entering the drops, the cells become finely emul-
sified, which not only enlarges the bacterium–substrate
surface contact, but also improves aeration. Cell pene-
tration into the oil drops was accompanied by an
increase in the luminescence of the latter, which
increased significantly on the sixth–seventh days of
cultivation (Fig. 2d). This can probably be explained by
a release of cell metabolic products, including dye-
binding emulsifying agents. As seen in Fig. 2d, at this
stage of cultivation, the highest cell density within the
drops was observed; the cells decreased twice in their
size (1.0 × 1.5 µm) and acquired a coccoid shape. At the
final stage, the accessible substrate was mostly utilized
and the cell-filled drops became peculiar microcolo-
nies, often losing their round shape (Fig. 2e).

Although we did not use any special techniques to
discern viable and dead cells, no evident cell lysis was
observed in such microcolonies. Most cells seemed to
be viable and at rest. Cell growth and division were
suppressed; the cell thickness decreased twice and
averaged about 0.5 µm, although the original cell
length of 3 µm was reached. In old cultures, microcol-
onies persisted for a long time; only upon culture trans-
fer to a fresh medium did they disintegrate into individ-
ual cells.

The duration of the cycle (cell attachment to oil
drops, penetration of the latter, and cell reproduction
within the drops) depended on the initial drop size and
volume and differed in individual oil drops. Because of
this, different stages of the cycle can be observed in
suspensions of the same age.

The results of this study indicate that nocardioform
bacteria synthesizing mycolic acids can efficiently
degrade machine oil. R. erythropolis showed the high-
est activity. This is consistent with the published evi-
dence of the domination of R. erythropolis representa-
tives in hydrocarbon-oxidizing microbial communities
[15, 18]. Some researchers consider R. erythropolis to
be an indicator species for ecosystem contamination
with petroleum products [19]. In our experiments,
R. erythropolis 100 populations were found to domi-
nate bacterial communities when cocultivated with
D. maris 101 and Mycobacterium sp. 102 and then
plated on Petri dishes.

The results obtained with the GLC method used to
evaluate bacterial respiration activity during oil degra-
dation correlated with those yielded by the conven-
tional weighing method (with respect to both species
composition of active strains and substrate specificity).
Monitoring of bacterial growth and development by the
GLC method has advantages over the extremely labori-
ous weighing method, as well as over the nephelomet-
ric method and protein determination; the latter two
methods are difficult to apply in biphasic systems,
including the water–oil system.
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As determined by both weighing method and GLC,
rhodococci utilize only certain oil fractions constituting
this multicomponent system.

Using the fluorescent method, we were able to fol-
low different stages of interaction between oil-degrad-
ing bacteria and oil drops during substrate utilization. It
should be noted that the maximal content of CO2 in the
experimental flasks was recorded when the oil drops
were filled with bacteria.

Our results on the ability of rhodococci to utilize
machine oils as the sole carbon and energy source con-
firm once more the ecological role of rhodococci as a
group of microorganisms highly important in ecosys-
tems contaminated with petroleum products.

ACKNOWLEDGMENTS

This work was supported by the programs “Novel
Methods of Bioengineering”, “Biotechnology of Environ-
mental Protection” and “Biological Diversity”, “Micro-
bial Biodiversity of Natural Ecosystems of Russia”.

REFERENCES

1. Koronelli, T.V., Principles and Methods of Intensifica-
tion of Biological Degradation of Hydrocarbons in Nat-
ural Environments: A Review, Prikl. Biokhim. Mikro-
biol., 1996, vol. 32, no. 6, pp. 579–585.

2. Sidorov, D.G., Borzenkov, I.A., Ibatullin, R.R., Mile-
khina, E.I., Khramov, I.T., Belyaev, S.S., and Ivanov, M.V.,
Field Experiment on the Decontamination of Soil from
Oil Pollution Using Hydrocarbon-oxidizing Microor-
ganisms, Prikl. Biokhim. Mikrobiol., 1997, vol. 33, no. 5,
pp. 497–502.

3. Koronelli, T.V., Arakelyan, E.I., Komarova, T.I., and
Il’inskii, V.V., A Method To Decontaminate Soil from Oil
Pollution, RF Patent 2019527, Byull. Izobr., 1994, no. 17.

4. Belyaev, S.S., Borzenkov, I.A., Milekhina, E.I., Zvyag-
intseva, I.S., and Ivanov, M.V., Halotolerant and
Extremely Halophilic Oil-oxidizing Bacteria in Oil
Fields, Proc. Int. 1992 Conf. on Microbial Oil Recovery,
Premuzic, E. and Woodhead, A., Eds., Amsterdam:
Elsevier, 1993, pp. 79–88.

5. Sidorov, D.G., Borzenkov, I.A., Milekhina, E.I.,
Belyaev, S.S., and Ivanov, M.V., Microbiological Degra-
dation of Black Oil in Soil with the Use of the Devoroil
Bioformulation, Prikl. Biokhim. Mikrobiol., 1998, vol. 34,
no. 3, pp. 281–286.

6. Pleshakova, E.V. and Turkovskaya, O.V., Elaboration
and Use of Biocatalysts for Degradation of Mineral Oils,
Biotekhnologiya, 1993, no. 11/12, pp. 46–49.

7. Pleshakova, E.V., Biodegradation of Surfactants and
Mineral Oils and the Underlying Genetic Mechanisms,
Cand. Sci. (Biol.) Dissertation, Saratov, 1999, pp. 3–23.

8. Berdichevskaya, M.V., Ivshina, I.B., Nesterenko, O.A.,
and Shekhovtsov, V.P., Properties and Species Composi-
tion of Oil-oxidizing Rhodococci in Formation Waters of
the Near-Kama Region, Mikrobiologiya, 1984, vol. 53,
no. 4, pp. 681–685.

9. Raymond, R.L., Microbial Oxidation of n-Paraffinic
Hydrocarbons, Develop. Ind. Microbiol., 1961, vol. 2,
no. 1, pp. 23–32.

10. Methods of Taxonomic Analysis, Metody pochvennoi
mikrobiologii i biokhimii (Methods of Soil Microbiology
and Biochemistry), Zvyagintsev, D.G., Ed., Moscow:
Mosk. Gos. Univ., 1991, pp. 131–133.

11. Bergey’s Manual of Systematic Bacteriology, Ninth Edi-
tion, Hold., J. et al., Eds., Baltimore: Williams and
Wilkins, 1994.

12. Nesterenko, O.A., Kvasnikov, E.I., and Nogina, T.M.,
Nokardiopodobnye i korinepodobnye bakterii (Nocar-
dioform and Coryneform Bacteria), Kiev: Naukova
Dumka, 1985, pp. 1–334.

13. Bykova, S.A., Zvyagintseva, I.S., Akhlynin, D.S.,
Belyaev, S.S., and Gal’chenko, V.F., Clusterization of
Halophilic and Halotolerant Eubacteria Using Whole-
Cell Protein Electrophoresis, Mikrobiologiya, 2000,
vol. 69, no. 5, pp. 694–699.

14. Reimers, C., Schmidt, B., Stegmann, R., and Francke, W.,
Application of Thin-Layer Chromatography of Soil
Samples for the Determination of the Mineral Oil
Hydrocarbons, Umweltwissenschaften-und-Schadstoff-
Forschung, 1998, vol. 10, no. 4, pp. 200–204.

15. Milekhina, E.I., Borzenkov, I.A., Zvyagintseva, I.S.,
Kostrikina, N.A., and Belyaev, S.S., Ecological and
Physiological Characterization of Aerobic Eubacteria
from Oil Fields of Tatarstan, Mikrobiologiya, 1998, vol. 67,
no. 2, pp. 208–214.

16. Ko, S.H. and Lebeault, J.M., Effect of a Mixed Culture
on Cooxidation during the Degradation of Saturated
Hydrocarbon Mixture, J. Appl. Microbiol., 1999, vol. 87,
pp. 72–79.

17. Gorlatov, S.N. and Belyaev, S.S., Aerobic Microflora of
an Oil Field and Its Capacity To Degrade Oil, Mikrobi-
ologiya, 1984, vol. 53, no. 5, pp. 843–849.

18. Koronelli, T.V., Dermicheva, S.G., Il’inskii, V.V., Koma-
rova, T.I., and Porshneva, O.V., Species Composition of
Hydrocarbon-oxidizing Bacteriocenoses of Aquatic
Ecosystems of Various Climatic Zones, Mikrobiologiya,
1994, vol. 63, no. 5, pp. 917–923.

19. Berdichevskaya, M.V., Kozyreva, G.I., and Blaginykh, A.V.,
The Population Density, Species Composition, and Oxy-
genase Activity of the Hydrocarbon-oxidizing Commu-
nities of Oil-polluted Water Bodies of Ural and Western
Siberia, Mikrobiologiya, 1991, vol. 60, no. 6, pp. 122–128.


