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Abstract. Bacterial species of the genus Rhodococcus are known to be efficient degraders of hydrocarbons in contam-
inated soil. They are also employed for bioremediation of polluted environments. These bacteria are widely met in soil,
water and living organisms. Previously, we have isolated the Rhodococcus gingshengii strain VKM Ac-2784D from the
rhizosphere of couch grass growing on oil-contaminated soil. This strain can effectively degrade oil and some model
compounds (naphthalene, anthracene and phenanthrene). The results of phylogenetic analysis show that this strain
belongs to the species R. gingshengii. To understand the catabolic properties of this strain, we have studied its gene
clusters possessing such properties. The alkane destruction genes are represented by two clusters and five separate
alkB genes. The destruction of aromatic compounds involves two stages, namely central and peripheral. The R. ging-
shengii VKM Ac-2784D genome contains four out of eight known central metabolic pathways for the destruction of
aromatic compounds. The structure of the gene clusters is similar to that of the known strains R. jostii RHA1 and R. ru-
ber Chol-4. The peripheral pathways include the genes encoding proteins for benzoic acid destruction. The presence
of biphenyl 2,3-dioxygeneses as well as gene clusters of benzoate and 2-hydroxypentandienoate pathways suggests
that R. gingshengii VKM Ac-2784D could degrade polychlorinated biphenyls. The biodegradation ability can be en-
hanced by biosurfactants, which are known to be synthesized by Rhodococcus. The R. gingshengii VKM Ac-2784D
genome contains the otsA, otsB, treY, treZ genes. The bioinformatics data are supported by the previous biochemical
experiments that allow a mixture of species with a wide variation of metabolic pathways to be obtained.
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AHHoTayua. MHorve npefctaBmTeny poga Rhodococcus N3BeCTHbI Kak aKTBHbIE BMOECTPYKTOPbI KOMMOHEHTOB
HedTV (B TOM YmMCne afkaHOB) U apOMATUYECKUX COoefuHeHWN. MpucTanbHoe BHUMaHWe, KOTOpoe CTanu yaenaTtb
POLOKOKKaM B MocneaHee Bpems, ABNAETCA CNeCTBMEM UX BbICOKOTO KaTabonuueckoro noteHumana. PaHee Hamu
BblgeneH wramm Rhodococcus gingshengii VKM Ac-2784D 13 pusocdepbl Nbipes, MponspacTtasluero Ha Hedrtesarpas-
HeHHol nouse. Mo pe3ynbTaTam GUIOreHeTUYECKOro aHanr3a 3TOT LUTaMM MOXeET ObITb OTHeCeH K Buay Rhodococcus
gingshengii. Ha cerogHAWHMIA AeHb paclumndpoBaHbl Ny TN 1 UAEHTUPMLNPOBAHbI FeHbl AECTPYKLUM MHOTUX 3arPA3HN-
Tenel. nA oueHKN CnocobHOCTM paccMaTPMBAEMOrO WTaMMa K aerpagaumnmn HedTr n HedpTenpoayKToB Mbl CCeLo-
Basv reHHble KnacTepbl, aCCOLMNPOBAHHbIE C TaKoW CNOCOBHOCTbI0. DepMeHTbl 4eCTPYKLMM anKkaHOB NpeACTaBNeHb
LBYMA KnacTepamu 1 NATbIO OTAENbHO PacrofioXeHHbIMY reHamu alkB. JecTpyKumsa apomaTyecKkmx CoOeAUHEHWNI Co-
CTOUT U3 ABYX 3TanoB: nepudepryeckoro n LeHTpanbHoro. leHom R. gingshengii VKM Ac-2784D copepuT yeTbipe
13 BOCbMW U3BECTHbIX LIeHTPasbHbIX MyTen AeCTPYKLUN apoMaTUYeCcKnx coegnHeHnin. CTpyKTypa reHHbIX KnacTepoB
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O6Hapy»keHvie reHOB AeCTPYKLMMN KOMMNOHEHTOB HehTU
B reHome Rhodococcus gingshengii VKM Ac-2784D

CXO[IHa C OMUCaHHbIMKY B NUTepatype wrammamu R. jostii RHA1 n R. ruber Chol-4. Mepudepnueckne nytv npeacrasne-
Hbl KNlaCcTEPaMU reHOB, KOAVPYIOLUX BENKM AeCTPYKLUMMN GEH30MHOW KACNIOTbI, reH 6rdeHnn 2,3-4uoKcmreHassl 1 iea
reHa 6uderun-2,3-guon 1,2-AUOKCUreHasbl, y4acTBYyOLWNX B KaTabonnsme 6udernna. Mpucytctene reHos brdeHnn
2,3-ANOKCUreHasbl, Knactepa reHoB 6eH30aTHOro 1 2-MMAPOKCUNEHTaANEHOATHOIO NyTel YKa3blBaeT Ha CNOCOOHOCTb
nccnefyemoro WraMma AecTpyKTMpoBaTh NONUXIOPUPOBaHHbIe 6deHUnbl. YCunuTb akTMBHOCTb GUOAECTPYKLMN
3arpAsHUTenelt NomoralrT cypdakTaHTbl, yyylualowme JOCTYNHOCTb pa3fiaraemMblx BelecTs. 1A HeKoTopbiX BUAOB
Rhodococcus onucaHbl 6riocypdakTaHTbl Ha OCHOBE Tperano3bl. B reHome R. gingshengii VKM Ac-2784D npucyTcTBy-
10T reHbl, KoanpytoLmne 6enkn bUocMHTe3a CypPpakTaHTOB — OtsA, otsB, treY, treZ. [laHHble 61oUHGOPMALMOHHOTO aHa-
Nn3a COrnacyTca C pesynbTaTamyl paHee NPOoBeAeHHbIX GUOXUMNYECKUX NCCefoBaHNIA. 3HaHEe MeTaboMyecKoro
noTeHLUMana oTaeNbHOro OpraHn3Ma, NoyYeHHoe B pesynbTaTte aHann3a reHoma, No3BOANT CO3AaBaTb afanTUPOBaH-
Hble K 3afaHHbIM YCNOBUAM cMecK 6akTepranbHbIX WTaMMOB, 06beaUHALWE MAKPOOPraHU3Mbl C PasHbIM CreK-

TPOM METaboNIMYECKMX MyTen AeCTPYKLUN.

KnioueBble cnoBa: buopecTpykuus; Rhodococcus; HedTepecTpyKLUs; reHOMMKA.

Introduction

Rhodococcus is a genus of Gram-positive bacteria of the
Actinobacteria phylum, which are widespread in nature.
These bacteria have been isolated from soil, water and li-
ving organisms. Some species of Rhodococcus are known to
be pathogens, e.g. R. hoagii (former R. equi), which causes
zoonotic infection, and R. fascians phytopathogen (Garrido-
Sanz et al., 2020).

Over the last decade, rhodococci have attracted consider-
able interest owing to their high catabolic properties. These
bacteria are able to degrade various pollutants (polyaromatic
hydrocarbons, PAHs; dioxines, dioxin-like polychlorinated
biphenyls, etc.) and, therefore, can be employed for biore-
mediation of soils (Martinkova et al., 2009).

The application of rhodococci in bioactive mixtures re-
quires an understanding of which pollutants are capable of
destroying a microorganism. This goal can be achieved by
the joint use of bioinformatic and biochemical approaches.
Currently, most of the genes and pathways of pollutants de-
gradation are known.

To date, numerous gene clusters of rhodococci genomes,
which encode oil-degrading enzymes, have been reported
(Zampolli et al., 2019). The key components of alkane
degradation are alkane-monooxigenase (gene alkB, soluble
di-iron monooxygenase, SDIMO) and cytochrome (CYP153,
member of superfamily P450). Enzymes AlkB and CYP153
are usually involved in the oxidation of liquid alkanes, while
SDIMO exerts an action on short-chain alkanes (<C8) (Cole-
man et al., 2011).

The destruction of aromatic compounds involves central and
peripheral pathways. The latter are diverse: more than twenty
such pathways are known in the literature. Owing to these
pathways, rhodococci can oxidize polyaromatic hydrocar-
bons (PAHs), biphenyls, steroids or phthalates to common in-
termediates, which are further oxidized by central destruction
routes. Eight central destruction pathways are described for
Rhodococcus species: B-ketoadipate, phenylacetate, 2-hydro-
xypentadienoate, gentisate, homogentisate, hydroxyquinol,
homoprotocatechuate, and a pathway with an unknown sub-
strate (Guevara et al., 2019). Genes encoding proteins of pe-
ripheral pathways are usually located in plasmids, while genes
of central pathways are localized in a chromosome.

Biosurfactants play an auxiliary role in the degradation of
hydrophobic compounds. These surface-active agents (SAAs)
improve bioavailability of the degrading substances. Rhodo-

cocci can synthesize the biosurfactants from trehalose and
mycolic acids (Kuyukina, Ivshina, 2010).

In the present work, we tried to determine the genes en-
coding the above metabolic pathways in the Rhodococcus
qingshengii VKM Ac-2784D genome as well as to evaluate
the ability of this strain to degradation of oil components.

Materials and methods

The Rhodococcus qingshengii VKM Ac-2784D strain was
isolated from the rhizosphere of couch grass (Elytrigia repens)
growing on oil-contaminated soil near Tyret village, Irkutsk
region, Russia (Belovezhets et al., 2017). It was found that
this strain can oxidize both polyaromatic hydrocarbons (PAHs)
and alkanes (Belovezhets et al., 2017).

To study genomic features and biodegradation potential,
the whole genome was sequenced, assembled, annotated
and submitted to NCBI GenBank (accession no. CP064920,
Petrushin et al., 2021). The annotated R. gingshengii
VKM Ac-2784D genome contained 5775 genes encoding
5716 protein-coding sequences, 53 tRNAs, 3 noncoding RNAs
(ncRNAs), and 3 rRNAs.

The sequence of the 16S rRNA subunit was assembled from
the initial sequencing data using MATAM software (Pericard
et al., 2018). To compare genomic features and define phy-
logenetic relationship of the R. gingshengii VKM Ac-2784D
strain, the phylogenetic tree was built using 16S rRNA se-
quences of strains, described in recent reviews of Rhodococ-
cus systematics (Gtrtler, Seviour, 2010; Sangal et al., 2019).
The phylogenetic tree was built with MEGA X using the
Tamura—Nei model and other settings set to default (Kumar
et al., 2018). For close related species, average nucleotide
identity distance matrix and phylogenetic tree were built using
pyani v. 0.2.11 software, mode “ANIm” (https://github.com/
widdowquinn/pyani) with default settings. These distances
were calculated by the MUMmer algorithm (Deloger et al.,
2009) using whole genomes divided to fragments as described
in (Richter, Rossell6-Mora, 2009).

Genes related to the metabolism of alkanes, biphenyls and
other pollutants were located using BLAST search against
whole genome of the R. gingshengii VKM Ac-2784D strain
with known sequences of functional genes, described in pre-
vious studies. All figures, gene annotations were performed
using UGENE software (Okonechnikov et al., 2012). Meta-
bolic pathway models were analyzed in RAST SEED (Over-
beek et al., 2014) online service.
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Results

Phylogenetic relationship of R. gingshengii VKM Ac-2784D
To identify phylogenetic relationship of the R. gingshengii
VKM Ac-2784D strain, a traditional approach based on the
construction of a phylogenetic tree according to 16S rRNA
sequences was used (Fig. 1). In Figure 1, accession numbers
in NCBI GenBank are given for each strain with its species
name. Several dozens of species belong to Rhodococcus. To
make the picture of the tree clearer, only the species that are
close to R. gingshengii VKM Ac-2784D are shown. Two
closest species are R. gingshengii and R. erythropolis. Both of
them are well-known degraders of oil components (Tancsics
etal., 2015).

The selection of related strains

with oil-degradation activity

Although more than 50 rhodococci are known, we focused
our attention on the species capable of degrading oil compo-
nents, and the whole genome of which was disclosed. After
literature analysis, 30 Rhodococcus genomes were selected
for further study. For these species, the whole-genome and
phylogenetic tree were built on the basis of average nucleo-

Detection of the genes related to degrading oil
in the Rhodococcus gingshengii VKM Ac-2784D genome

tide identity distance matrix (presented as heatmap) (Fig. 2).
This approach permits to consider the whole genomic data
and not only differences in 16S rRNA fragments. Despite the
fact that species of some strains were not determined, it was
suggested that Rhodococcus sp. BH4, like R. gingshengii
VKM Ac-2784D, is referred to R. gingshengii. It should be
noted that R. erythropolis and R. rhodochrous ATCC 17895
species differ considerably from R. gingshengii. Interestingly
enough, one of the first known oil-degrading strains R. jostii
RHAL is very close to Rhodococcus sp. DK17.

Gene clusters of alkanes degradation

It was previously reported that the core gene of alkane degra-
dation, alkB, is usually co-located with genes of rubredoxin
(alkG1, alkG2 or rubAl, rubA2) or rubredoxin reductase
(alkT or rubB) (Whyte et al., 2002). In the present work, it
was shown that R. gingshengii VKM Ac-2784D genome has
two clusters containing genes of alkane-monooxigenase and
rubredoxins (Fig. 3). Also, five separately located genes of
alkane-monooxigenase were found (three in chromosome and
two in plasmid). The R. gingshengii VKM Ac-2784D genome
includes 14 genes of cytochrome P450 (11 in chromosome
and 3 in plasmid) and has no SDIMO encoding genes.
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Fig. 1. Phylogenetic tree of R. gingshengii VKM Ac-2784D and closer species.

The tree was constructed using 16S rRNA sequences of strains. Accession numbers in NCBI GenBank are given for each strain with its species name.
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Fig. 2. Heatmap and the phylogenetic tree of R. gingshengii VKM Ac-2784D and related species possessing oil-degrading activity.

Scale ANIm_percentage_identity shows the similarity percentage of a given pair of the genomes (from 0 to 1).

Central pathways of PAHs destruction

Four central pathways of destruction were revealed for
R. gingshengii VKM Ac-2784D: B-ketoadipate, phenylacetate,
2-hydroxypentadienoate, homogentisate. The structure of
the gene clusters (Fig. 4) is similar to that of the previously
described strains: R. jostii RHA1, R. ruber Chol-4 (Navarro-
Llorens et al., 2005; Yam et al., 2010; Gibu et al., 2019;
Guevara et al., 2019).

Peripheral pathways of PAHs destruction

Generally, the aromatic ring is cleaved by dioxygenase sys-
tems Rieske 2Fe-2S, which are involved in the degradation
of biphenyls, ethylbenzene and naphthalene (gene clusters
including the bph, ethb and nah genes). These systems possess
a wide range of substrate specificity and can be present in
the Rhodococcus genome simultaneously (Shumkova et al.,
2015). The R. gingshengii VKM Ac-2784D genome contains
88 probable oxygenases: 25 dioxygenases and 63 monooxy-
genases.

Several gene clusters in the R. gingshengii VKM Ac-2784D
genome belong to peripheral pathways. Among them are
1,2-dioxygenase, 2,3-dioxygenase, benzoic acid degradation
gene as well as two genes of biphenyl-2,3-diol, which partici-
pate in biphenyl catabolism. The structure of the bphABCDK
gene cluster is shown in Figure 5. Moreover, the genes encod-
ing dioxygenases, responsible for the intradiol and extradiol
aromatic ring-cleavage, were found. At the same time, the
R. gingshengii VKM Ac-2784D genome contains no tmo
gene cluster, which takes part in transformation of toluene
to n-cresol.

Biosurfactants synthesis

For some Rhodococcus species, gene clusters related to the
trehalose-based synthesis of biosurfactants were documented.
The pioneering works dedicated to synthetic approaches to
such surfactants dealt with the pathogenic bacteria Mycobac-
terium tuberculosis (De Smet et al., 2000). Similar approaches
were proposed for Rhodococcus species (Retamal-Morales et
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Fig. 3. The structure of gene cluster encoding alkane-monooxigenase, rubredoxins and rubredoxin reductase in the R. gingshen-

gii VKM Ac-2784D chromosome.

Here and in Figures 4 and 5: arrows show transcription direction.
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Fig. 4. Gene clusters structure of four central pathways in the R. gingshengii VKM Ac-2784D genome: -ketoadipate (a), phenylacetate (b), 2-hydroxy-

pentadienoate (c), homogentisate (d).
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Fig. 5. Structure of gene clusters encoding peripheral pathways of PAHs degradation in the R. gingshengii VKM Ac-2784D genome: benzoic acid de-

gradation.

al., 2018). The R. gingshengii VKM Ac-2784D genome con-
tains genes encoding proteins of the biosurfactants synthesis:
otsA, otsB, treY, treZ.

Discussion

The ability of the R. gingshengii VKM Ac-2784D strain to
degrade oil components, PAHs and some other pollutants is
supported by the results of our previous experimental studies
(Tretyakova et al., 2019a, b; Belovezhets et al., 2020). It was
shown that this strain mainly degraded the alkane fraction of
oil, in particular C,,~C,, alkanes (Belovezhets et al., 2021a).
In addition, PAHs turned out to be also efficient in experiments
with degradation of model oil compounds (Belovezhets et
al., 2021b). Such metabolic activity can be explained by the
synthesis of biosurfactants. The strain under study appeared
to be an effective producer of extracellular and cell-binded
forms of bio-SAAs. The highest amount of the synthesized

280

extracellular biosurfactants was almost 1.5 g/L (substrate
optimization was not carried out) (Belovezhets et al., 2021b).

To determine the mechanisms of PAH and alkane degrada-
tion, the whole genome sequencing and analysis of the gene
clusters related to the corresponding metabolic pathways
were performed.

Nowadays genome sequencing has become a routine
procedure for studying gene properties. Gene annotation
of a major part of genes (related to catabolic potential) is
performed automatically with NCBI GenBank Prokaryotic
Genome Annotation Pipeline (PGAP). These annotations
allow some metabolic gene clusters to be determined at the
stage of preliminary bioinformatic analysis. Further, BLAST
search was employed to find particular functional genes from
previous studies (Navarro-Llorens et al., 2005; Yam et al.,
2010; Guevara et al., 2019). It was revealed that the R. ging-
shengii VKM Ac-2784D genome contains gene clusters 4 out
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of 8 known central pathways for PAHs destruction. Alkanes
degradation enzymes are represented by two gene clusters con-
taining genes of alkane-monooxigenase and rubredoxins and
five separately located alkB genes (three in chromosome and
two in plasmid). The presence of biphenyl 2,3-dioxygenese
genes as well as gene clusters of benzoate and 2-hydroxypen-
tandienoate indicates that R. gingshengii VKM Ac-2784D can
degrade polychlorinated biphenyls.

The detailed data on the studied genes and their presence
in genomes of the strains are given in Supplementary Mate-
rial!. For the R. gingshengii VKM Ac-2784D genome, the
loci names of functional genes, references to the experimental
works and degree of similarity for each gene are indicated. It is
found that 7 out of 29 strains are most similar to R. gingshen-
gii VKM Ac-2784D. These are R. ruber YC-YT1, R. ging-
shengii VER34, R. gingshengii VT6, R. gingshengii djl-6-2,
Rhodococcus sp. PR4, Rhodococcus sp. BH4, R. rhodochrous
ATCC 17895. The names of these strains are marked in gray
in Supplementary Material.

The bioinformatics data are supported by the results of
previous biochemical studies. As a result, it is shown that the
catabolic properties of R. gingshengii VKM Ac-2784D permit
to apply this strain for the destruction of various pollutants.

Conclusion

Nowadays there many genes and pathways related to the de-
gradation of the various pollutants are identified. Genome
analysis allows to uncover the metabolic potential of the
particular microorganism, and obtain the specialized micro-
bial mixtures with wide bioactive degradation spectrum. To
understand the catabolic potential of these bacteria to degrade
oil and its components we study its gene clusters, associated
with such abilities. The structure of gene clusters is the same of
known for strains R. jostii RHA1 and R. ruber Chol-4. Alkanes
destruction genes grouped by two clusters and five separate
genes alkB. The biodegradation activity may be enhanced
by the biosurfactants, which are known to be synthesized by
Rhodococcus. This knowledge can help to create the mixture
of species with wide variation of metabolic pathways, but to
evaluate the effectiveness of such mixtures further experi-
ments are required.
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