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Abstract. Alkanmonooxygenase enzymes AlkB and Cyp153 are responsible for the aerobic degradation of n-alkanes
of petroleum and petroleum products. To prove the usage of n-alkanes from oil and petroleum products by hydro-
carbon-oxidizing bacteria isolated from aviation kerosene TS-1 and automobile gasoline Al-95, the detection of the
key genes alkB, Alk1, Alk2, Alk3 and Cyp153 encoding alkanmonooxygenases AlkB and Cyp153 (responsible for the
oxidation of hydrocarbons with a certain chain length) was carried out. It was found that bacterial strains isolated
from TS-1 jet fuel, except Deinococcus sp. Bi7, had at least one of the studied n-alkane degradation genes. The strains
Sphingobacterium multivorum Bi2; Alcaligenes faecalis Bi3; Rhodococcus sp. Bi4; Sphingobacterium sp. Bi5; Rhodococ-
cus erythropolis Bi6 contained the alkB gene. In the strains of hydrocarbon-oxidizing bacteria isolated from gaso-
line Al-95, this alkanmonooxygenase gene was not detected. Using the real-time PCR method, the activity of the
alkB gene in all bacterial strains isolated from petroleum products was analyzed and the number of its copies was
determined. By real-time PCR using a primer with a different sequence of nucleotides to detect the alkB gene, its
activity was established in all bacterial strains isolated from gasoline Al-95; besides, the strain Paenibacillus aga-
ridevorans Bi11 was assigned to the group with a high level of its activity (1290 copies/ml). According to the assess-
ment of the growth of isolated hydrocarbon-oxidizing bacteria on a solid Evans mineral medium with the addition
of the model mixture of hydrocarbons, the strains were divided into three groups. The distributions of strains of
hydrocarbon-oxidizing bacteria in the groups based on the activity of the alkB gene and groups formed based on
the growth ability and use of the model mixture of hydrocarbons and petroleum products were found to be con-
sistent. The results obtained indicate that we need to use a complex of molecular and physiological methods for a
comprehensive analysis of the distribution of the studied genes in bacteria and to assess their activity in the strains
of hydrocarbon-oxidizing bacteria capable of biodegradation of petroleum hydrocarbons.
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AHHoTauusa. DepmeHTbl ankaHMoHookcureHasbl AIkB n Cyp153 oTBETCTBEHHbI 32 a3pO6HYI0 AerpafaLuio H-ankaHoB
HedTV 1 HedTenpoayKToB. [1NA foKa3aTenbCTBa UCMOIb30OBaHMA WTaMMaMy YrieBOAOPOAOKNCAALWMX baKkTepurii,
Bbl€NEHHbIX 13 aBUALMOHHOrO KepocuHa TC-1 n aBTomobunbHoro 6eHsnHa AN-95, H-ankaHoB HebTN 1 HedTenpo-
LyKTOB, NpoBefeHa aeTekuma Knouesbix reHos alkB, Alk1, Alk2, Alk3 n Cyp153, kopupyowmx arkaHMOHOOKCUTeHasbl
AlkB 1 Cyp153, oTBETCTBEHHbIX 3@ OKMCSIEHNE YINIEBOAOPOLAOB C OnpeAeneHHON ANNHON Lenu. YCTaHOBMIEHO, UTO
LWTaMMbl GaKTepuiA, 30NMPOBaHHbIE U3 peakTBHOro Tonnmea TC-1, 3a ucknoueHnem Deinococcus sp. Bi7, umenn
KaK MHUMYM OAVH U3 UCCNe[oBaHHbIX FeHOB Aerpafaunmn H-ankaHos. Ltammbl Sphingobacterium multivorum Bi2,
Alcaligenes faecalis Bi3, Rhodococcus sp. Bi4, Sphingobacterium sp. Bi5, Rhodococcus erythropolis Bi6 copepanu
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reH alkB. Y \WuTaMMOB yrneBOAOPOAOKMCAALWMX 6aKTepuid, BblgeneHHbIX U3 6eH3nHa A/-95, 3TOT reH ankaHMOHO-
oKcureHasbl He 6bin fleTekTpoBaH. C nomouybto MeToaa MNLP B peanbHOM BpeMeHW MpoaHann3npoBaHa akTMBHOCTb
reHa alkB y Bcex nonyyeHHbIX U3 HedpTenpoayKToB WTaMMOB GaKTepuii 1 ONpefeNieHo Yncio ero Konuii. Metogom
MLP B peanbHOM BpeMeHH C UCMONb30BaHMEM MpaiiMepa C APYroi NocnefoBaTeNlbHOCTbIO HYKeOTUAOB AJ1s AeTeK-
Luu reHa alkB ycTaHOBJIEHa €ro aKTUBHOCTb Y BCEX LITaMMOB 6aKTepui, BbiAeNieHHbIX 13 6eH3nHa AN-95, npryem
wramm Paenibacillus agaridevorans Bi11 oTHeceH K rpynne ¢ BbICOKMM ypOBHeM ero akTueHocT (1290 konwuii/mn). Mo
OLleHKe poCTa UCCneoBaHHbIX YINeBOAOPOAOKMCAALWMX 6akTepUid Ha MIOTHOW MUHEpPanbHOM cpefie DBaHca C Mo-
[eNbHOI CMeCblo YrNIeBOAOPOAOB WUTaMMbl Obiv pasfeneHbl Ha Tpuy rpynmnbl. OTMeUeHbl COBMAZEHNA Pe3yNbTaToB
no pacrnpepAeneHuio LWTaMMOB YrlIeBOAOPOAOKUCALWMX BakTepuid B rpynnax no akTMBHOCTYW reHa alkB n rpynnax,
cpOpPMUPOBaAHHBIX HAa OCHOBE CMOCOBHOCTI POCTa U UCTONb30BaHNA MOAENbHON CMecu yrneBofopPOAoB U HedTe-
npognyKToB. MNonyyeHHble pe3ynbTaTbl CBUAETENbCTBYIOT O HEOOXOAVMOCTU NMPUMEHEHNA KOMIIEKCA MONEKYAPHO-
reHeTNYeCcKrX 1 Gr3NoNornyecKrX METOA0B A BCECTOPOHHEro aHanv3a pacnpoCcTpaHeHUs NCCIeAyeMbIX FEHOB Y
6aKTepuii 1 OLLeHKN UX aKTVBHOCTU B LUTAMMaX YrneBOAOPOAOKMCAIOLMX GaKTepuid, CNOCo6HbIX K buoaerpagaumnm
yrneBofopOA0B HedTeNPOAYKTOB.

KnioueBble cnoBa: 6ronoBpexpeHne; HepTenpoayKTbl; YrieBoAOpPOAoKMcasAowre 6akTepuy; 6uoperpajauns;

ankaHMOHoOKcureHasbl; reH alkB; NLP B peanbHOM BpemeHu.

Introduction

Petroleum products are the main source of energy from the
economical point of view and in human life. Data about
biological contamination of petroleum products and, first of
all, various types of fuels, especially aviation kerosene, has
recently increased significantly in the open press (Martin-
Sanchez et al., 2018). Direct and indirect losses from micro-
biological corrosion of petroleum products in industrialized
countries range from 2 to 5 % of the annual gross domestic
product (Karimova, 2007). The study of the ability of strains
of hydrocarbon-oxidizing bacteria isolated from petroleum
products to use n-alkanes plays an important role both for
protecting petroleum products from bio-damage and in the
application of these strains for the disposal of emergency
oil spills in water areas and on land (Dedov et al., 2017).
In addition, the ability of bacteria to assimilate petroleum
hydrocarbons can be the reason for the loss of their quality
during transportation, storage and usage of equipment (Martin-
Sanchez et al., 2018).

As arule, microorganisms are capable of selective assimila-
tion of certain types of hydrocarbons, which is determined by
the number of carbon atoms and the peculiarity of the structure
of the hydrocarbon. In natural conditions, microorganisms
form communities in which a single chain of oxidation of
hydrocarbons of oil and petroleum products is formed by the
type of metabiosis. Each microorganism of the community,
having specific enzyme systems aimed at using a certain
type of hydrocarbons, uses this substrate in its metabolism.
Therefore, with the joint action of microorganisms of the
community, not only a larger amount, but also a wider range
of hydrocarbons of oil and petroleum products is used (Timer-
gazina, Perekhodova, 2012).

It is known that the vast majority of bacterial transfor-
mations of hydrocarbons are oxidative reactions that occur
most actively in aerobic conditions. There are data on the
molecular mechanisms and ways of aerobic biodegradation
of hydrocarbons, which are as follows: 1) many multi-purpose
oxygenase systems forming active complexes with hydrocar-
bon substrates and molecular oxygen have been discovered;
2) several enzymes involved in the initial stage of aerobic
biodegradation of alkanes have been characterized (Coon,
2005; Funhoff et al., 2006; Van Beilen, Funhoft, 2007); 3) the
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metagenomic approach has made it possible to describe new
metabolic pathways of hydrocarbon degradation, different
from those previously characterized in cultured pure bacterial
strains (Sierra-Garcia et al., 2014) and 4) new phylotypes of
alkanmonooxygenase (a/kB) genes encoding alkanmonooxy-
genases have been found in marine ecosystems (Wasmund et
al., 2009; Smith et al., 2013).

Aerobic degradation of alkanes can be carried out by two
main types of enzymes: alkanmonooxygenase AlkB (also
known as alkanhydroxylase) and some cytochrome P450
systems (Van Beilen et al., 2006) found in bacteria of the
genera Pseudomonas (Johnson, Hyman, 2006), Rhodococ-
cus (Sameshima et al., 2008), Acinetobacter (Throne-Holst
et al., 2007), Alcanivorax (Liu, Shao, 2005), Burkholderia
(Mohanty, Mukherji, 2008), Geobacillus (Vomberg, Klinner,
2000) and Gordonia (Kato et al., 2009). Genes encoding the
protein complex of alkanmonooxygenase CYP 153 P450 have
been studied by several authors (Whyte et al., 1998; Smits et
al., 1999; Kloos et al., 2006; Powell et al., 2006), molecular
methods for their identification have been proposed not only
in pure cultures, but also at the level of the microbial com-
munity (Wang et al., 2010).

However, the regulation of the expression of genes encoding
the degradation pathways of alkanes still has many unresolved
issues, due to the fact that in many cases genes of central
metabolism also participate in these processes (Paisse et al.,
2011). In addition, since these genes and their products are
adaptive, many of them are often located in plasmids, which
can contribute to their variability and horizontal transfer
(Korshunova et al., 2011).

The cytochrome P450 Cyp153 family is a type of alkan-
monooxygenases used for the degradation of short-chain
and medium-chain n-alkanes and are commonly found in
hydrocarbon-oxidizing bacteria lacking AIkB monooxygen-
ases (Van Beilen, Funhoff, 2007). Oxygen-activated systems
lacking this cytochrome are characteristic of prokaryotes and
are formed by another integral membrane-bound monooxy-
genase encoded in most bacteria by the alkB gene, and electron
transport proteins such as rubredoxin and NADH-dependent
reductase encoded by the alkG and alkT genes, respectively
(Van Beilen et al., 2006; Cappelletti et al., 2011). AlkB mono-
oxygenase has been detected in bacteria of various systematic
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groups and is used by them for oxidation of n-alkanes with
a chain length up to C,, (Wasmund et al., 2009). Thus, A/k-
like genes have been studied in Gram-positive bacteria such
as Rhodococcus, Mycobacterium, Nocardia and Praserella
(Andreoni et al., 2000; Vomberg, Klinner, 2000; Van Beilen
et al., 2002; Whyte et al., 2002).

To confirm the presence of a specific n-alkane oxidation
system and the homology degree of its sequence with the
previously studied sequences of the alkB gene, the method
of amplification of fragments of the alkB gene using specific
primers for this gene was mainly used. Studies on the genetic
and structural organization of n-alkane oxidation systems,
regulation of their genes and the spectrum of utilized sub-
strates were carried out only for individual strains. It should
be considered that each microorganism has a certain set of
inducible oxygenase systems and the ability to degrade some
hydrocarbons depends on the expression of the corresponding
oxygenase (Redmond et al., 2010).

The detection and determination of the activity of key genes
responsible for the oxidation of certain types of hydrocarbons
in oil and petroleum products is a direct proof of the use of
hydrocarbons by hydrocarbon-oxidizing bacteria, and can also
serve as a measure of the assessment of the metabolic activity
of a particular microorganism.

The aim of the work was to detect alkB, Alkl, Alk2, Alk3
and Cyp153 genes encoding AlkB and Cyp153 alkanmono-
oxygenases in strains of hydrocarbon-oxidizing bacteria iso-
lated from samples of TS-1 jet fuel and AI-95 gasoline, and
to study the activity of the al/kB gene by real-time PCR.

Materials and methods

Objects of research. In the current study, 13 strains of hyd-
rocarbon-oxidizing bacteria isolated from TS-1 jet fuel and
AI-95 gasoline (Shapiro et al., 2021) were used. The sequences
of the fragment of the 16S rRNA gene of isolated strains of
hydrocarbon-oxidizing bacteria are deposited in the Genbank
international database (Table 1). Bacterial strains are stored
in the collection of the Department of Bioengineering of the
Faculty of Biology of Moscow State University. The cultures
were maintained on a solid organic Rich medium containing
peptone, yeast extract, casein hydrolysate, and glucose (Lysak
et al., 2003), the growth of isolated strains in the presence of
petroleum products was analyzed on an Evans mineral medium
(Evans et al., 1970) with the addition of hydrocarbons as the
only carbon source.

Isolation of bacterial DNA. DNA isolation was carried out
after 7 days of cultivation of hydrocarbon-oxidizing bacteria
strains on the Rich medium. To isolate bacterial DNA, the
Thermo Scientific™ MagJET™ Plant Genomic DNA Kit was
used as described earlier (Shapiro et al., 2021).

Assessment of the growth of pure cultures of hydrocar-
bon-oxidizing bacteria on a medium with model hydro-
carbons. The growth of isolated cultures of hydrocarbon-
oxidizing bacteria in the presence of hydrocarbons was com-
pared using the M. V. Zhurina et al. (2008) method. 0.025 ul
of culture suspension of a hydrocarbon-oxidizing bacteria
strain with an optical density (OD) of 0.2 was added onto
the solid EM medium containing 1.96 % by volume of a
mixture of hydrocarbons No. 1 (C,5H,,, C,;H,,, C ,;H;; and
C,4H,,-pseudocumol) and distributed over the surface of the
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Table 1. Strains of hydrocarbon-oxidizing bacteria
isolated from petroleum products samples

Type of Bacterial strain Genbank ID
petroleum

product

TS-1 kerosene  Sphingobacterium multivorum Bi2  MG812313.1

Alcaligenes faecalis Bi3 MG812316.1
Rhodococcus sp. Bi4 MK951703
Sphingobacterium sp. Bi5 MK968142
R. erythropolis Bi6 MG871403.1
Deinococcus sp. Bi7 MG812379.1
Rhodococcus sp. Bi10 MG871414.1
Sphingobacterium sp. Bi8 MK968144
S. mizutaii Bi9 MK968143
Al-95 gasoline  Paenibacillus agaridevorans Bi11 MK951751
Bacillus pumilus Bi12 MK951709
B. safensis Bi13 MK951740
Bacillus sp. Bi14 MK951752

Petri dish with a spatula. After 7 days, the grown colonies of
microorganisms were washed off with a 1 % NaCl solution
in two portions of 5 ml. In the combined sample, the optical
density of the obtained cell suspension was measured using
the spectrophotometer KFK-2-UHL 4.2 at A= 540 nm and the
thickness of the optical layer | = 10 mm.

Detection of alkanmonooxygenase genes alkB, Alkl,
Alk2, Alk3 and Cyp153. To obtain the PCR products of genes
encoding various alkanmonooxygenases (Kohno et al., 2002;
Ivanova et al., 2014) (the sequences of the used primers are
shown in Table 2), PCR was performed with the genomic
DNA of the isolated strains using the following parameters:
initiation — 94 °C x 3 min, subsequent 35 cycles —94 °Cx30s,
55°C (Cyp153) or 60 °C (alkB)*40 C, 72 ° C — 1 min; final
polymerization — 72 © Cx 7 min. (Ivanova et al., 2014). For
genes Alkl-3 PCR was performed in the following mode:
initial initiation — 94 °C %3 min, subsequent 30 cycles —
94°Cx60s,40°Cx30s, 72 °C—30s; final polymerization —
72 °Cx7 min (Kohno et al., 2002).

PCR was performed on a Mastercycler Gradient DNA
amplifier (Eppendorf, Germany). The volume of the amplifi-
cation mixture was 50 pl and had the following composition:
10 ml of 1x Taq polymerase buffer (Evrogen, Russia), 1 ml
of forward and reverse primers, 1 ml of DNA of the sample
and 37 ml of water. The amplification results were recorded
using electrophoresis. The PCR purification of the product
was carried out using the Cleanup Standard kit (Eurogen).

Real-time PCR. The real-time PCR method was used to
quantify the number of DNA copies containing the functional
alkB gene responsible for the degradation of n-alkanes. The
measurement was carried out on a DTLite4 (DNA Technology,
Russia) amplifier after 7 days of cultivation of hydrocarbon-
oxidizing bacteria strains on Rich medium (Lysak et al., 2003),
according to the method described in (Manucharova et al.,
2021). Sequences of primers used to identify hydrocarbon-
oxidizing bacteria strains with the functional gene al/kB were
as follows: F(TGGCCGGCTACTCCGATGATCGGAATCT
GG); R(CGCGTGGTGATCCGAGTGCCGCTGAAGGTG)
(Whyte et al., 2002).
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Table 2. Sequences of primers used for the detection of alkB, Alk1, Alk2, Alk3 and Cyp153 genes encoding alkanmonooxygenases

Gene Sequence, 5'—3’

Cyp153 F-GATCCGCTCGCGTGTC
R-GGGAGTGAGGCGAACCA

alkB F-AGAACSCRCCSGAYGAGG
R-ATRTCRCCGYCRTAGTGC

Alk1 F-CATAATAAAGGGCATCACCGT
R-GATTTCATTCTCGAAACTCCAAAC

Alk2 F-GAGACAAATCGTCTAAAACGTAA
R-TTGTTATTATTCCAACTATGCTC

Alk3 F-TCGAGCACATCCGCGGCCACCA

R-CCGTAGTGCTGACGTAGTT

The amount of DNA under study was expressed in absolute
or relative units. Quantitative determination of the DN A matrix
was carried out in the presence of three standards and negative
control (a sample without a DNA matrix).

Results and discussion

Previously, strains of hydrocarbon-oxidizing bacteria were
isolated from contaminated samples of petroleum products
(TS-1 jet fuel and AI-95 gasoline), identified and characte-
rized (Shapiro etal., 2021). 9 strains of hydrocarbon-oxidizing
bacteria were isolated, described and identified from TS-1 fuel,
and 4 strains were isolated from AI-95 gasoline.

Allisolated strains of hydrocarbon-oxidizing bacteria were
analyzed for the presence of genes encoding alkanmonooxy-
genases: alkB, Cypl53, Alkl, Alk2 and Alk3 (Table 3). The
Alkl gene encodes alkanmonooxygenase AlkB, which cata-
lyzes the reactions of terminal oxidation of n-alkanes with a
chain length of C—C |, in representatives of the Pseudomonas
genus. The A/k2 gene encodes alkanmonooxygenase AlkB in
representatives of the Acinetobacter genus, which catalyzes
the reactions of terminal oxidation of n-alkanes with a chain
length > C,, using monooxygenases or dioxygenases. The
Alk3 gene encodes alkanmonooxygenase AlkB, which has
substrate specificity to n-alkanes and oxidase systems (Kohno
et al., 2002).

It was found that the alkanmonooxygenase Alk2 gene, typi-
cal mainly for Acinetobacter bacteria (Kohno et al., 2002), is
absent in all bacterial strains studied. Among the strains iso-
lated from TS-1 jet fuel, the strain Deinococcus sp. Bi7 did not
contain the studied alkanmonooxygenase genes. All the other
strains isolated from TS-1 fuel had at least one of the studied
n-alkane degradation genes. Five strains (Sphingobacterium
multivorum Bi2, Alcaligenes faecalis Bi3, Rhodococcus sp.
Bi4, Sphingobacterium sp. Bi5, Rhodococcus erythropolis
Bi6) had the alkB gene. In the strains of hydrocarbon-oxidizing
bacteria isolated from gasoline AI-95, this alkanmonooxy-
genase gene was not detected (Fig. 1, see Table 3).

All the studied alkanmonooxygenase genes —alkB, Cyp153,
Alkl and Alk3 were identified in the strains 4. faecalis Bi3,
Rhodococcus sp. Bi4 and R. erythropolis Bi6. It is interesting
that different isoforms of the a/kB gene and the Cyp153 gene
were simultaneously present in these bacteria, and genes alkB,
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Length of the PCR fragment, bp Reference
. 8 70 ....................................................... |V anova eta| 20 14 .....................
...... 9 60
...... 185K0hnoeta|2002
...... 2 71
...... 3 30

Cyp153 —in the strains of Sphingobacterium multivorum Bi2
and S. mizutaii B19. According to the resent data, the enzyme
Cypl153 is a type of alkanmonooxygenase involved in the
degradation of short-chain and medium-chain n-alkanes in
hydrocarbon-oxidizing bacteria that do not have alkB alkan-
monooxygenases (Van Beilen, Funhoff, 2007).

n-alkanes account for up to 88 % of the volume in natu-
ral oil and petroleum products and can serve as an energy
source for microorganisms capable of decomposing them
(Van Beilen et al., 2003; Dedov et al., 2017). The detection of
alkanmonooxygenase group genes was previously carried out
for bacterial communities isolated from petroleum products,
and the activity of strains against the degradation of various
hydrocarbons, including n-alkanes, was shown (Likhoshvay
et al., 2014; Lomakina et al., 2014).

alkB family genes are usually present in the genomes of
both gram-positive and gram-negative bacteria in several
variants (Van Beilen et al., 2003). This is consistent with the
data obtained by us on the presence of several al/kB family
genes in isolated strains of gram-negative bacteria of the
Sphingobacterium genus and gram-positive bacteria of the
Rhodococcus genus.

The ability to degrade n-alkanes in strains for which this has
not been described in the literature before may be evidence
of the gene localization in the plasmid and its horizontal
transfer between community members, which was shown in
the works of T.P. Turova et al. (2008), where bacteria of the
Geobacillus genus could acquire alkB genes from bacteria of
the Rhodococcus genus.

Among the strains of hydrocarbon-oxidizing bacteria iso-
lated from AI-95 gasoline, only the Cyp153 gene was detected
in P. agaridevorans Bill.

The data on the presence of alkB family genes in the studied
bacterial strains only partially agreed with the data on their
ability to grow on liquid and solid media in the presence of
1 % n-alkanes with different carbon chains length (Shapiro
et al., 2021). Thus, strains Sphingobacterium mizutaii Bi9,
Bacillus pumilus Bil2; Bacillus safensis Bil3; Bacillus sp.
Bil4; Paenibacillus agaridevorans Bill grew on a model
mixture of hydrocarbons containing alkanes with different
chain lengths, TS-1 fuel and oil (Fig. 2 and 3). Also, in some
cases, the ability to grow and the high activity of the isolated
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Table 3. The presence of the studied alkanmonooxygenase genes for the oxidation of hydrocarbons

alkB, Cyp153, Alk1, Alk2 and Alk3 in strains of hydrocarbon-oxidizing bacteria isolated from petroleum products

Strain/gene Bi2* Bi3 Bi4 Bi5 Bi6 Bi7 Bi8 Bi9 Bi10 Bi11 Bi12 Bi13 Bi14

a,k3+++_+__+_____ .............
Cyp153+++++_++++___ .............
A/k,_++_+________ .............
A/k3_++_+________ .............

* Full names of the strains are given in Table 1.

961 bp

Fig. 1. Electrophoresis in agarose gel of the PCR product of the alkB gene.

1 - Sphingobacterium multivorum Bi2; 2 - Alcaligenes faecalis Bi3; 3 - Rhodococcus sp. Bi4; 4 — Sphingobacterium sp. Bi5; 5 - Rhodococcus
erythropolis Bi6; 6 — Deinococcus sp. Bi7; 7 - Sphingobacterium sp. Bi8; 8 — Sphingobacterium mizutaii; 9 — Rhodococcus sp. Bi10; 10 - Bacil-
lus pumilus Bi12; 11 - Bacillus safensis Bi13; 12 — Bacillus sp. Bi14; 13 — Paenibacillus agaridevorans Bi11. DNA length marker (100 + bp DNA
Ladder). ¥ — is the expected length of the target PCR product.

strains in degrading n-alkanes of the model hydrocarbon mix-
ture in the absence of this gene were established (see Fig. 3).

Growth evaluation of hydrocarbon-oxidizing bacteria pure
cultures on a solid EM medium with a model mixture of
hydrocarbons (see Fig. 3) allowed us to divide the strains by
growth rate into three groups. This division was proposed by
us and is based on the following: group 1 (active cultures) —
the value of the optical density of the cell suspension after
cultivation for 7 days from 3 units and above; group 2 (medium
activity) — from 2 to 3 units; group 3 (low activity) — the value
of the optical density of the cell suspension less than 2 units.

It was found that the most active group of strains capable
of using a model mixture of hydrocarbons included strains
R. erythropolis Bi6, Rhodococcus sp. Bil0. The average
growth rate is typical for strains Deinococcus sp. Bi7, Sphin-
gobacterium sp. Bi5, S. multivorum Bi2 and Sphingobacte-
rium sp. Bi8. At the same time, the tested alkanmonooxyge-
nase genes were not detected in the strain Deinococcus sp. Bi7.
The strains Rhodococcus sp. Bi4, S. mizutaii Bi9, Ochrobac-
trum sp. Bil and 4. faecalis Bi3 and all strains isolated from
gasoline had the slowest growth in the presence of a model
mixture of hydrocarbons. At the same time, bacterial strains
isolated from gasoline AI-95 — Bacillus safensis Bil3; Bacil-
lus sp. Bil4, in which the alkB gene was not detected, used
pentadecane, octadecane and hexadecane of a model mixture
by more than 80 % (Shapiro et al., 2021). In this regard, a
quantitative analysis of the number of DNA copies contain-

Fig. 2. Growth of the several studied cultures on the Evans mineral me-
dium in the presence of TS-1 jet fuel (a) and oil (b).

(a) T - Sphingobacterium multivorum Bi2; 2 - Sphingobacterium sp. Bi5; 3 - Rho-
dococcus sp. Bi4; 4 — Alcaligenes faecalis Bi3; (b) 1 - Rhodococcus sp. Bi4; 2 -
Sphingobacterium mizutaii Bi9; 3 - Sphingobacterium sp. Bi8; 4 — Deinococcus
sp. Bi7; 5 - Rhodococcus erythropolis Bi6.

ing the functional alkanmonooxygenase gene in all isolated
strains of hydrocarbon-oxidizing bacteria was carried out.
Based on the results of real-time PCR, it was found that the
alkB gene is present and active in all bacterial strains isolated
from petroleum products.

According to the number of copies of the gene, all bacterial
strains were divided into two groups: the first group with the
highest activity of the al/kB gene, for which the concentration
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Fig. 3. Growth of isolated bacterial strains from Al-95 gasoline (blue columns) and TS-1 jet fuel (pink columns) on a solid medium

with a mixture of hydrocarbons No. 1 for seven days.

values ranged from 1290 to 8060 DNA copies/ml, and the
second group, where the concentration values were from 10.4
to 786 DNA copies/ml:

1 group II group

Alcaligenes faecalis Bi3 Rhodococcus sp. Bi4

Sphingobacterium multivorum Bi2  Rhodococcus erythropolis Bi6
Rhodococcus sp. Bil0
Sphingobacterium sp. Bi8
Deinococcus sp. Bi7

Bacillus pumilus Bil12
Bacillus safensis Bil3

Bacillus sp. Bil4

Sphingobacterium mizutaii Bi9
Sphingobacterium sp. Bi5
Paenibacillus agaridevorans Bil 1

It was found that all strains of hydrocarbon-oxidizing
bacteria isolated from gasoline AI-95 showed the activity of
the alkB gene, and the strain Paenibacillus agaridevorans
Bill was assigned to the first group of strains with a high
level of its activity (1290 DNA copies/ml). The results ob-
tained were consistent with the data on the ability of strains
isolated from petroleum products to grow (see Fig. 3) and use
hydrocarbons of a model mixture of hydrocarbons (Shapiro
et al., 2021). There were also coincidences of the results on
the distribution of strains of hydrocarbon-oxidizing bacteria
in groups based on the activity of the a/kB gene (see Table 2)
and groups formed on the basis of their growth ability and
the use of a model mixture of hydrocarbons and petroleum
products (Shapiro et al., 2021).

In bacteria growing on petroleum products, including both
short-chain and long-chain n-alkanes, their oxidation system
includes several isoenzymes of the key protein alkanmono-
oxygenase. The strains of bacteria isolated from TS-1 jet
fuel and AI-95 gasoline are capable of using a wide range of
substrates, which suggests that they have a complex alkan-
monooxygenase system. It has been established that repre-
sentatives of different groups of hydrocarbon destructor
microorganisms may have several evolutionary variants of
alkanmonooxygenase enzymes, which requires the selection
of primer sets for different hydrocarbon-oxidizing bacteria
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that allow the identification of all variants of hydrocarbon
oxygenase genes. In such cases, it is proposed to apply several
variants of primers to different groups of isoenzymes (Kohno
et al., 2002; Heiss-Blanquet et al., 2005). In our work, two
types of primers were used to detect the presence and activity
of the alkB gene. The detection of the alkB gene with primers
proposed in the article by A.E. Ivanova and co-authors (2014)
showed the presence of this gene in five bacterial strains, and
with primers by L.G. Whyte and co-authors (2002) — in all
studied strains of petroleum products destructors. This may
indicate the greater versatility of the primers proposed by
L.G. Whyte and co-author (2002), on the one hand, or the
presence of a specific isoform of the enzyme, on the other.

Conclusion

Thus, real-time PCR revealed the activity of the alkB gene
in all strains of hydrocarbon-oxidizing bacteria isolated from
TS-1 jet fuel and AI-95 gasoline. A significant quantitative
difference in the activity of this gene in the isolated strains
was shown. For strains isolated from gasoline, the activity data
correspond to physiological and biochemical data on bacterial
growth in the presence of a model mixture of hydrocarbons
and the efficiency of their degradation (Shapiro et al., 2021).
The results obtained indicate the need to use a set of methods
(a polyphase approach) for a comprehensive assessment of the
ability of hydrocarbon-oxidizing bacteria strains to degrade
petroleum hydrocarbons, including the usage of molecular
(in particular, PCR) and physiological methods to analyze
the distribution and homology of the specific studied gene
in bacteria.

References

Andreoni V., Bernasconi S., Colombo M., van Beilen J.B., Cavalca L.
Detection of genes for alkane and naphthalene catabolism in Rho-
dococcus sp. strain 1BN. Environ. Microbiol. 2000;2:572-577. DOI
10.1046/j.1462-2920.2000.00134.x.

Cappelletti M., Fedi S., Frascari D., Ohtake H., Turner R.J., Zanno-
ni D. Analyses of both the al/kB gene transcriptional start site and
alkB promoter-inducing properties of Rhodococcus sp. strain BCP1

BaBunosckuii xKypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 6



T.H. Wanwnpo, H.A. MaryuyapoBsa
E.C.Jlo6akoBa

grown on n-alkanes. Appl. Environ. Microbiol. 2011;77(5):1619-
1627. DOI 10.1128/AEM.01987-10.

Coon M.J. Cytochrome P450: nature’s most versatile biological cata-
lyst. Annu. Rev. Pharmacol. Toxicol. 2005;45:1-25.

Dedov A.G., Ivanova E.A., Sandzhieva D.A., Kashcheeva P.B., Buz-
nik V.M., Lobakova E.S., Kirpichnikov M.P., Ishkov A.G. New ma-
terials and ecology: biocomposites for aquatic remediation. Theor:
Found. Chem. Eng. 2017;51(4):617-630. DOI 0.1134/S0040579517
040042.

Evans C.G.T., Herbert D., Tempest D.W. The continuous cultivation
of micro-organisms: 2. Construction of a chemostat. In: Methods in
Microbiology. Vol. 2. London; New York: Academic Press, 1970:
277-327. DOI 10.1016/S0580-9517(08)70227-7.

Funhoff E.G., Bauer U., Garcia-Rubio I., Witholt B., van Beilen J.B.
CYP153A6, a soluble P450 oxygenase catalyzing terminal-alkane
hydroxylation. J. Bacteriol. 2006;188(14):5220-5227. DOI 10.1128/
JB.00286-06.

Heiss-Blanquet S., Benoit Y., Marechaux C., Monot F. Assessing the
role of alkane hydroxylase genotypes in environmental samples by
competitive PCR. J. Appl. Microbiol. 2005;99(6):1392-1403. DOI
10.1111/j.1365-2672.2005.02715 x.

Ivanova A.E., Kravchenko I.K., Sukhacheva M.V., Kanat’eva A.Y.,
Kurganov A.A. Hydrocarbon-oxidizing potential and genes for n-al-
kane biodegradation in a new acidophilic mycobacterial association
from sulfur blocks. Microbiology. 2014;83(6):764-772.

Johnson E.L., Hyman M.R. Propane and n-butane oxidation by Pseudo-
monas putida GPol. Appl. Environ. Microbiol. 2006;72(1):950-952.
DOI 10.1128/AEM.72.1.950-952.2006.

Karimova S.A. Corrosion is the main enemy of aviation. Nauka i
Zhizn’ = Science and Life. 2007;6:63-65. (in Russian)

Kato T., Miyanaga A., Kanaya S., Morikawa M. Alkane inducible pro-
teins in Geobacillus thermoleovorans B23. BMC Microbiol. 2009;
9(1):1-9. DOI 10.1186/1471-2180-9-60.

Kloos K., Munch J.C., Schloter M. A new method for the detection
of alkane-monooxygenase homologous genes (a/kB) in soils based
on PCR-hybridization. J. Microbiol. Methods. 2006;66(3):486-496.
DOI 10.1016/j.mimet.2006.01.014.

Kohno T., Sugimoto Y., Sei K., Mori K. Design of PCR primers and
gene probes for general detection of alkane-degrading bacteria.
Microbes Environ. 2002;17:114-121. DOI 10.1264/jsme2.17.114.

Korshunova A.V., Tourova T.P., Shestakova N.M., Mikhailova E.M.,
Nazina T.N., Poltaraus A.B. Detection and transcription of n-al-
kane biodegradation genes (a/kB) in the genome of a hydrocarbon-
oxidizing bacterium Geobacillus subterraneus K. Microbiology.
2011;80(5):682-691.

Likhoshvay A., Lomakina A., Grachev M. The complete a/k sequences
of Rhodococcus erythropolis from Lake Baikal. Springerplus. 2014;
3(1):1-5. DOI 10.1186/2193-1801-3-621.

Liu C., Shao Z. Alcanivorax dieselolei sp. nov., a novel alkane-degrad-
ing bacterium isolated from sea water and deep-sea sediment. /nt.
J. Syst. Evol. Microbiol. 2005;55(3):1181-1186. DOI 10.1099/ijs.0.
63443-0.

Lomakina A.V., Pogodaeva T.V., Morozov 1.V., Zemskaya T.I. Micro-
bial communities of the discharge zone of oil- and gas-bearing flu-
ids in low-mineral Lake Baikal. Microbiology. 2014;83(3):278-287.
DOI 10.1134/S0026261714030126.

Lysak L.V., Dobrovol’skaya T.G., Skvortsova IL.N. Methods for As-
sessing the Bacterial Diversity of Soils and the Identification of Soil
Bacteria. Moscow: MAX Press Publ., 2003. (in Russian)

Manucharova N.A., Pozdnyakov L.A., Vlasova A.P., Yanovich A.S.,
Ksenofontova N.A., Kovalenko M.A., Stepanov A.L. Metabolically
active prokaryotic complex in grassland and forests’ sod-podzol
under polycyclic aromatic hydrocarbon influence. Forests. 2021;
12(8):1103. DOI 10.3390/f12081103.

Martin-Sanchez P.M., Becker R., Gorbushina A.A., Toepel J. An im-
proved test for the evaluation of hydrocarbon degradation capacities
of diesel-contaminating microorganisms. /nt. Biodeterior. Biodegr.
2018;129:89-94. DOI 10.1016/j.ibiod.2018.01.009.

2022
266

AKTUBHOCTb reHa afikaHMOHooKcureHasbl alkB
Yy WITaMMOB 6aKTEPWI, BbIGENIEHHbIX N3 HeGTENPOLYKTOB

Mohanty G., Mukherji S. Biodegradation rate of diesel range n-alkanes
by bacterial cultures Exiguobacterium aurantiacum and Burkhold-
eria cepacia. Int. Biodeterior. Biodegr. 2008;61(3):240-250. DOI
10.1016/j.ibiod.2007.06.011.

Paisse S., Duran R., Coulon F., Gofii-Urriza M. Are alkane hydroxylase
genes (alkB) relevant to assess petroleum bioremediation processes
in chronically polluted coastal sediments? Appl. Microbiol. Biotech-
nol. 2011;92(4):835-844. DOI 10.1016/j.ibiod.2007.06.011.

Powell S.M., Ferguson S.H., Bowman J.P., Snape 1. Using real-time
PCR to assess changes in the hydrocarbon-degrading microbial
community in Antarctic soil during bioremediation. Microb. Ecol.
2006;52(3):523-532. DOI 10.1007/500248-006-9131-z.

Redmond M.C., Valentine D.L., Sessions A.L. Identification of novel
methane-, ethane-, and propane-oxidizing bacteria at marine hydro-
carbon seeps by stable isotope probing. Appl. Environ. Microbiol.
2010;76(19):6412-6422. DOI 10.1128/AEM.00271-10.

Sameshima Y., Honda K., Kato J., Omasa T., Ohtake H. Expression
of Rhodococcus opacus alkB genes in anhydrous organic solvents.
J. Biosci. Bioeng. 2008;106(2):199-203. DOI 10.1263/jbb.106.
199.

Shapiro T.N., Lobakova E.S., Dolnikova G.A., Ivanova E.A., Sand-
zhieva D.A., Burova A.A., Dedov A.G. Community of hydrocarbon-
oxidizing bacteria in petroleum products on the example of TS-1
jet fuel and AI-95 gasoline. Appl. Biochem. Microbiol. 2021;57(9):
949-961. DOI 10.1134/S0003683821090076.

Sierra-Garcia I.N., Alvarez J.C., de Vasconcellos S.P., de Souza A.P.,
dos Santos Neto E.V., de Oliveira V.M. New hydrocarbon degrada-
tion pathways in the microbial metagenome from Brazilian petro-
leum reservoirs. Plos One. 2014;9(2):E90087. DOI 10.1371/journal.
pone.0090087.

Smith C.B., Tolar B.B., Hollibaugh J.T., King G.M. Alkane hydroxy-
lase gene (alkB) phylotype composition and diversity in northern
Gulf of Mexico bacterioplankton. Front. Microbiol. 2013;4:370.
DOI 10.3389/fmicb.2013.00370.

Smits T.H.M., Rothlisberger M., Witholt B., Van Beilen J.B. Molecu-
lar screening for alkane hydroxylase genes in Gram-negative and
Gram-positive strains. Appl. Environ. Microbiol. 1999;1(4):307-
317. DOI 10.1046/j.1462-2920.1999.00037..x.

Throne-Holst M., Wentzel A., Ellingsen T.E., Kotlar H.K., Zotchev S.B.
Identification of novel genes involved in long-chain n-alkane de-
gradation by Acinetobacter sp. strain DSM 17874. Appl. Environ.
Microbiol. 2007;73(10):3327-3332. DOI 10.1128/AEM.00064-07.

Timergazina L.F., Perekhodova L.S. Biological oxidation of oil and
petroleum products using hydrocarbon-oxidizing microorganisms.
Neftegazovaya Geologiya. Teoriya i Praktika = Petroleum Geology.
Theoretical and Applied Studies. 2012;7(1):15. (in Russian)

Turova T.P., Nazina T.N., Mikhailova E.M., Rodionova T.A., Eki-
mov A.N., Mashukova A.V., Poltaraus A.B. A/kB homologues in
thermophilic bacteria of the genus Geobacillus. Mol. Biol. (Mosk.).
2008;42(2):247-257.

Van Beilen J.B., Funhoff E.G. Alkane hydroxylases involved in micro-
bial alkane degradation. Appl. Microbiol. Biotechnol. 2007;74(1):
13-21. DOI 10.1007/s00253-006-0748-0.

Van Beilen J.B., Funhoff E.G., van Loon A., Just A., Kaysser L., Bou-
za M., Witholt B. Cytochrome P450 alkane hydroxylases of the
CYP153 family are common in alkane-degrading eubacteria lacking
integral membrane alkane hydroxylases. Appl. Environ. Microbiol.
2006;72(1):59-65. DOI 10.1128/AEM.72.1.59-65.2006.

Van Beilen J.B., Li Z., Duetz W.A., Smits T.H., Witholt B. Diversity of
alkane hydroxylase systems in the environment. Oil Gas Sci. Tech-
nol. 2003;58(4):427-440. DOI 10.2516/0gst:2003026.

Van Beilen J.B., Smits T.H., Whyte L.G., Schorcht S., Rothlisber-
ger M., Plaggemeier T., Witholt B. Alkane hydroxylase homologues
in Gram-positive strains. Environ. Microbiol. 2002;4(11):676-682.
DOI 10.1046/3.1462-2920.2002.00355 .x.

Vomberg A., Klinner U. Distribution of alkb genes within n-alkane-
degrading bacteria. J. Appl. Microbiol. 2000;89(2):339-348. DOI
10.1046/j.1365-2672.2000.01121.x.

FEHETUKA MUKPOOPTAHU3MOB / MICROBIAL GENETICS 581



T.N. Shapiro, N.A. Manucharova
E.S. Lobakova

Wang L., Wang W., Lai Q., Shao Z. Gene diversity of CYP153A and
AlkB alkane hydroxylases in oil-degrading bacteria isolated from the
Atlantic Ocean. Environ. Microbiol. 2010;12(5):1230-1242. DOI
10.1111/j.1462-2920.2010.02165 x.

Wasmund K., Burns K.A., Kurtboke D.I., Bourne D.G. Novel alkane
hydroxylase gene (alkB) diversity in sediments associated with hy-
drocarbon seeps in the Timor Sea, Australia. Appl. Environ. Micro-
biol. 2009;75(23):7391-7398. DOI 10.1128/AEM.01370-09.

Whyte L.G., Hawari J., Zhou E., Bourbonniére L., Inniss W.E.,
Greer C.W. Biodegradation of variable-chain-length alkanes at low

Activity of alkanmonooxygenase alkB gene
in strains of bacteria isolated from petroleum products

temperatures by a psychrotrophic Rhodococcus sp. Appl. Environ.
Microbiol. 1998;64(7):2578-2584. DOI 10.1128/AEM.64.7.2578-
2584.1998.

Whyte L.G., Smits T.H.M., Labbé D., Witholt B., Greer C.W., van
Beilen J.B. Prevalence of alkane monooxygenase genes in Arctic
and Antarctic hydrocarbon-contaminated and pristine soils. FEMS
Microb. Ecol. 2002;41(2):141-150. DOI 10.1111/5.1574-6941.2002.
tb00975.x.

Zhurina M.V., Strelkova E.A., Plakunov V.K., Belyaev S.S. Effect
of reconstituted biofilm composition on bacterial hydrocarbon-
oxidizing activity. Microbiology. 2008;77(5):625-627.

ORCIDID

T.N. Shapiro orcid.org/0000-0002-4005-8114

N.A. Manucharova orcid.org/0000-0002-7304-7753
E.S. Lobakova orcid.org/0000-0002-7054-0024

Acknowledgements. The research was carried out with the financial support of the Russian National Science Foundation grant No. 21-14-00076
“Diversity and biotechnological potential of the soil microbiome under anthropogenic and abiogenic loads” and partly supported by the Interdiscip-
linary Scientific and Educational School of Moscow University “Molecular Technologies of the Living Systems and Synthetic Biology”.

Conflict of interest. The authors declare no conflict of interest.
Received May 4, 2022. Revised June 14, 2022. Accepted July 7, 2022.

582

BaBunosckuii xKypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 6



