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Abstract: The ability to degrade aromatic hydrocarbons, including (i) benzene, toluene, o-xylene,
naphthalene, anthracene, phenanthrene, benzo[a]anthracene, and benzo[a]pyrene; (ii) polar substi-
tuted derivatives of benzene, including phenol and aniline; (iii) N-heterocyclic compounds, including
pyridine; 2-, 3-, and 4-picolines; 2- and 6-lutidine; 2- and 4-hydroxypyridines; (iv) derivatives of
aromatic acids, including coumarin, of 133 Rhodococcus strains from the Regional Specialized Collec-
tion of Alkanotrophic Microorganisms was demonstrated. The minimal inhibitory concentrations of
these aromatic compounds for Rhodococcus varied in a wide range from 0.2 up to 50.0 mM. o-Xylene
and polycyclic aromatic hydrocarbons (PAHs) were the less-toxic and preferred aromatic growth
substrates. Rhodococcus bacteria introduced into the PAH-contaminated model soil resulted in a 43%
removal of PAHs at an initial concentration 1 g/kg within 213 days, which was three times higher
than that in the control soil. As a result of the analysis of biodegradation genes, metabolic pathways
for aromatic hydrocarbons, phenol, and nitrogen-containing aromatic compounds in Rhodococcus,
proceeding through the formation of catechol as a key metabolite with its following ortho-cleavage or
via the hydrogenation of aromatic rings, were verified.

Keywords: Rhodococcus bacteria; biodegradation; mono- and polycyclic aromatic hydrocarbons;
phenol; pyridine; functional genes

1. Introduction

Aromatic compounds, such as mixtures of benzene, toluene, ethylbenzene, and xylene
isomers (BTEX), polycyclic aromatic hydrocarbons (PAHs), phenol, aniline, phthalates,
pyridine, quinoline, coumarin, and their derivatives, represent a large group of dangerous
ecopollutants. These compounds are released into the environment as a result of oil spills;
leaks and wastes from petrochemical and synthetic industries including the production of
fuels, refinery products, explosives, resins, plasticizers, pesticides, herbicides, insecticides,
paints, pharmaceuticals, dyes, cosmetics, textile processing, and leather manufacturing;
leaching from landfills; releases via tail gas from automobile exhausts; transport leaks;
combustion; anthropogenic activities at gas stations, steel-making factories, and the coal
chemical industry [1-12]. Aromatic pollutants exhibit carcinogenic, genotoxic, cytotoxic,
phytotoxic, teratogenic, mutagenic, DNA-damaging, and enzyme-inhibiting effects; trigger
cell aggregation; cause bone marrow diseases; induce reproductive disorders; act as solvents
for cell components or as endocrine-disrupting agents, and vapors can cause eye, nose,
and throat irritation as well as headaches, dizziness, and nausea [4,5,7-9,12,13]. The
development of efficient and available methods for the complete degradation of these
pollutants and remediation of biotopes contaminated with arenes is required [10].

Bioremediation, which exploits the metabolic properties of pollutant-degrading mi-
croorganisms for the elimination of toxic compounds in contaminated sites, is a well-known
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ecologically safe and cost-efficient approach [14-17]. To metabolize aromatic pollutants,
microorganisms use a complex of adaptations including mechanisms of resistance against
chemical toxicants, systems for the cellular transport of pollutants, and specific catalytic
enzymes. On the one hand, arenes are recalcitrant molecules as they have aromatic
rings, which are chemically stable conjugated m—electron systems. On the other hand,
the metabolism of all arenes is unified, resulting in the formation of universal metabolites
such as catechol, protocatechuate, gentisate, homogentisate, or benzaldehyde with further
ortho- or meta-cleavage of aromatic rings [17-20]. Non-specific enzymes determine the
ability of bacteria to simultaneously degrade various aromatic compounds, for example,
PAHs and BTEX, or PAH mixtures [19,21,22]. At the same time, the specific enzymes are
responsible for the initial transformation of aromatic molecules.

Various microorganisms can degrade aromatic compounds. Among them are bacteria
(members of Acinetobacter, Achromobacter, Aeromonas, Agromyces, Alcaligenes, Arthrobacter,
Bacillus, Burkholderia, Comamonas, Delftia, Halomonas, Lactobacillus, Nocardiodes, Ochrobactrum,
Pseudomonas, Pseudonocardia, Rhodococcus, etc.) and fungi (members of Aspergillus,
Cunninghamella, Glomerella, Saccharomyces, etc.). The biodegradation abilities of micro-
bial communities and pure cultures toward toxic arenes are described [1,3,6,11,12,20,23-26].
A promising group of aromatic biodegraders is the extremotolerant bacteria of the genus
Rhodococcus Zopf 1891 (Approved Lists 1980; domain 'Bacteria’, phylum Actinomycetota, class
Actinomycetes, order Mycobacteriales, family Nocardiaceae; https:/ /lpsn.dsmz.de/genus/
rhodococcus, accessed on 2 March 2023). Rhodococcus spp. are isolated from many pol-
luted areas; dominate in hydrocarbon-contaminated ecosystems; are able to metabolize a
wide range of emerging pollutants including petroleum hydrocarbons, polychlorinated
biphenyls, pharma pollutants, pesticides, explosives, flame retardants, plasticizers, de-
foliants, dyes, and microplastics; are resistant to multiple stresses; are able to maintain
high metabolic activities under adverse conditions [15,16,27-30]. Rhodococcus bacteria
can degrade BTEX, PAHs, phenol, phthalates, phthalic esters, pyridine, quinoline, and
complex aromatic compounds [6,24,29-35]. Most studies describe individual Rhodococcus
strains isolated from environmental samples or, more rarely, their associations. However, a
comparative investigation of the ability of various Rhodococcus species to degrade diverse
aromatic compounds has not yet been performed.

In ecobiotechnology, the biological and ecological safeties of bacterial cultures are
important parameters. The use of strains not identified at the species level (Rhodococcus sp.)
for bioremediation causes risks of pathogenic or phytopathogenic strains entering the
environment. To minimize these risks, it is recommended to order strains from well-known
microbial collections [15]. Microbial culture collections registered with the World Data
Centre for Microorganisms (WDCM, http:/ /wdcm.nig.ac.jp, accessed on 2 March 2023) are
powerful sources of properly characterized and biotechnologically promising strains with
high metabolic activities. Cultures deposited there are well described in terms of taxonomy
and pathogenic/phytopathogenic properties with relevant information on strain features
(isolation and growth conditions, utilized substrates, adhesive activities, tolerance, etc.) [36].
One such collection is the Regional Specialized Collection of Alkanotrophic Microorganisms
(acronym IEGM, www.iegmcol.ru, accessed on 2 March 2023, WECC 285), where the largest
fund of pure, identified, and well-described hydrocarbon-oxidizing isolates belonging to
the genus Rhodococcus is maintained [37].

The aim of this study was to estimate the metabolic capabilities of Rhodococcus strains
from the IEGM Collection to degrade a variety of aromatic compounds.

2. Results
2.1. Toxicity of Aromatic Compounds for Rhodococcus

The toxicities of aromatic compounds were estimated using the reference strain R. ruber
IEGM 231, which was previously studied as a degrader of a wide range of hydrocarbons
and as a producer of biotechnologically important metabolites [38]. As shown in Table 1,
the minimal inhibitory concentrations (MICs) of used aromatic compounds broadly varied
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between 0.2 and 50.0 mM. Two groups of aromatic substances were clearly distinguished:
relatively low toxicity (MIC = 25.0-50.0 mM) and high toxicity (MIC = 0.2-0.8 mM). Most
of the tested compounds (0-xylene, all PAHs, o-phthalic acid, salicylic acid, phenol, ani-
line, pyridine, methyl- and hydroxy-substituted derivatives of pyridine, and coumarin)
constituted the first group. The second group contained benzene, toluene, and meta- and
para-isomers of phthalic acid. The toxicities of aromatic compounds from the second group
were 31-250 times higher than those from the first group. Moderate toxicity (MIC = 6.3 mM)
was revealed for only one compound, a two-ring N-heterocycle quinoline (Table 1).

Table 1. Minimal inhibitory concentrations of aromatic compounds for R. ruber IEGM 231.

Aromatic Compound MIC, MM Aromatic Compound MIC, MM
Benzene 0.2 Phenol 25.0
Toluene 0.8 Aniline 25.0
o0-Xylene 25.0 Pyridine 50.0

Naphthalene 50.0 2-Picoline 50.0
Anthracene 50.0 3-Picoline 50.0
Phenanthrene 50.0 4-Picoline 50.0
Benzo[a]anthracene 50.0 2,6-Lutidine 50.0
Benzola]pyrene 50.0 2-Hydroxipyridine 50.0
o-Phthalic acid 50.0 4-Hydroxipyridine 50.0
m-Phthalic acid 0.2 Quinoline 6.3
p-Phthalic acid 0.2 Coumarin 50.0
Salicylic acid 50.0

2.2. Degradation of Monoaromatic Hydrocarbons by Rhodococcus

Strains of the most represented species (R. erythropolis/R. gingshengii, R. fascians,
R. opacus, and R. ruber) were screened for their abilities to use benzene and its less toxic ho-
molog with two methyl groups in the ortho-position, o-xylene. The growth of Rhodococcus
cells in the presence of benzene and o0-xylene was related to the toxicity of these compounds.
Benzene was the more toxic and less preferred substrate, and Rhodococcus cells grew weaker
in its presence compared to o-xylene. The percentage of strains able to utilize benzene
varied from 8% to 35% and was highest among strains of R. ruber (Figure 1). Between 2 and
11 times more strains were able to grow in the presence of o-xylene. Only R. opacus did not
use 0-xylene as a growth substrate, as no R. opacus strains grew in the presence of this arene
(Figure 1 and Table S2).

The analysis of the abilities of all tested strains to utilize monoaromatic hydrocarbons
confirmed that o-xylene was a more preferable substrate for Rhodococcus than benzene. The
66 Rhodococcus strains from the 117 total strains analyzed grew in the presence of o-xylene,
which corresponded to 56% o-xylene-degrading strains. Only 25 strains from a total of
102 grew in the presence of benzene, which corresponded to 25% benzene-degrading
strains (Figure 2a). It was difficult to reveal the substrate preferences of the less repre-
sented Rhodococcus species (R. aetherivorans, R. cerastii, R. corynebacterioides, R. globerulus,
R. jostii, R. pyridinivorans, R. rhodochrous, R. wratislaviensis, and R. yannanensis). However,
the strains of these species were able to grow in the presence of benzene and/or o-xylene,
also preferring o-xylene (Table S2).

The Rhodococcus strains were further tested for their ability to use toluene (a benzene
homolog with one methyl group) as the sole carbon and energy source. This compound
was four times less toxic than benzene and had the intermediate position between benzene
and o-xylene in terms of its preference as a growth substrate. A total of 39% of strains grew
in the presence of toluene (Figure 2a). Among the most represented Rhodococcus species,
R. ruber better utilized toluene: 69% of the tested strains of R. ruber (Figure 2c) and only 17%
of R. erythropolis / R. gingshengii strains (Figure 2b) grew in the presence of this compound.
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Figure 1. Growth of strains of the most represented Rhodococcus species in the presence of benzene
and o-xylene. The numbers in the columns show the number of strains able to use benzene or
o-xylene as growth substrates (shaded columns) or unable to grow in their presence (white columns).
Compromised growth means weak growth (the growth that was not detected in all replicates).
Benzene (102) Toluene (54) Benzene (31)  Toluene (29) Benzene (29)  Toluene (16)

o-Xylene (117)

(a)

o\

o0-Xylene (46) o-Xylene (28)
(b) (c)

Figure 2. Substrate specificities of Rhodococcus strains toward monoaromatic hydrocarbons. Total
numbers of strains tested toward specific hydrocarbons are shown in brackets. Numbers of strains
growing only in the presence of benzene, toluene, or o-xylene are shown in non-overlapping areas of
circles. The numbers of strains able to use two or all three hydrocarbons as the sole carbon and energy
sources are shown in overlapping areas of circles. (a) Rhodococcus spp. (b) R. erythropolis/R. gingshengii
strains. (c) R. ruber strains.

Furthermore, it was found that Rhodococcus bacteria rarely utilized only toluene with-
out the ability to oxidize other monoaromatic hydrocarbons (Figure 2). Only three R. ruber
strains, IEGM 93, IEGM 232, and IEGM 234, oxidized toluene and did not oxidize benzene
and o-xylene. Other Rhodococcus spp. grew in the presence of toluene only if they were
able to grow in the presence of benzene and/or o-xylene (Table S2). The most promising
Rhodococcus strains, namely R. aetherivorans IEGM 1250, R. erythropolis IEGM 1232, R. fascians
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R. wratislaviensis IEGM 1171 growth
R. jostii IEGM 1170 growt

R. fascians growth
R. fascians no growth

IEGM 1233, R. ruber IEGM 1121, and R. ruber IEGM 1156, were selected, which grew well
in the presence of the three tested monoaromatic hydrocarbons (Table S2).

2.3. Degradation of PAHs by Rhodococcus

The 67 Rhodococcus strains were screened for their abilities to oxidize naphthalene,
the simplest polyaromatic hydrocarbon. It was shown that 41 strains (61%) grew in the
presence of naphthalene. Comparing the two most represented species (R. erythropolis /
R. gingshengii and R. ruber), the percentage of naphthalene-degrading strains was similar,
constituting 53 and 63%, respectively. All tested R. opacus (4) and R. rhodochrous (5) strains
were able to utilize naphthalene (Figure 3).

R. corynebacterioides IEGM 931 no growth
R. pyridinivorans IEGM 1227 no growth

R. ruber no growth

R. erythropolis /
R. gingshengii
no growth

15

Figure 3. Degradation of naphthalene by Rhodococcus spp. Numbers show numbers of strains
growing (shaded segments) or not growing (clear segments) in the presence of naphthalene used as
the sole carbon and energy source.

The 20 strains growing in the presence of naphthalene were tested for their abilities
to use other PAHs. As seen from Figure 4, naphthalene-degrading strains utilized heavier
PAHs with between three and five condensed aromatic rings—phenanthrene, anthracene
(PAHs with three rings), benzo[a]anthracene (a PAH with four rings), and benzo[a]pyrene
(a heavy PAH with five rings). However, the relationship between the intensity of growth
and Rhodococcus species or hydrocarbon specificity was not statistically significant.

2.4. Degradation of Substituted Aromatic Hydrocarbons and Aromatic Heterocycles
by Rhodococcus

Several Rhodococcus strains were tested for their abilities to use phenol and pyridine.
As shown in Table 2, these substrates were poorly oxidized by Rhodococcus. Only 16% of the
selected strains grew in the presence of phenol, and phenol-oxidizing strains were equally
represented among Rhodococcus species. However, the percentage of phenol-degrading
R. ruber strains was higher than that of phenol-degrading R. erythropolis/R. qingshengii
strains, constituting 19 and 13%, respectively (Table 2). Considering N-heterocyclic pyridine,
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only two strains out of nine (22%), R. rhodochrous IEGM 757 and R. ruber IEGM 231, were
able to metabolize this compound (Table 2, Table S2).

Z N
' 'Q\\ R. erythropolis IEGM 212
S

R. erythropolis IEGM 266

R, opiapss TEGNES? R ruber IEGM 1121
f/g R. ruber IEGM 1122
R ruber IEGM 1124
R. ruber IEGM 1125
R. ruber IEGM 1126
R. ruber IEGM 1129
_ B R ruber IEGM 1156
123456 1 2 3 4 5 6

Figure 4. Growth of Rhodococcus spp. in the mineral medium RS with 25 mM PAHs: 1—naphthalene,
2—phenanthrene, 3—anthracene, 4—benzo[a]anthracene, 5—benzo[a]pyrene, 6—control for olig-
otrophic growth (RS without growth substrates). Cells are stained with 0.2% INT. The appearance of
red-purple color is evidence of the presence of viable and metabolically active cells.

Table 2. Growth of selected Rhodococcus strains in the presence of phenol and pyridine.

Number of Strains

Species
Total Growing Not Growing
Phenol
R.. erythroyglzs/R. 30 4 2%
qingshengii
R. corynebacterioides 11 0 1
R. fascians 4 0 4
R. jostii 11 0 1
R. opacus 11 0 1
R. pyridinivorans 11 0 1
R. rhodochrous 2 2 0
R. ruber 16 3 13
R. wratislaviensis 1 0 1
Total 57 9 1
Pyridine
R. aetherivorans 1 0 1
R’. erythroyplzs/R. 2 0 ’
qingshengii
R. jostii 12 0 1
R. pyridinivorans 12 0 1
R. rhodochrous 3 1 2
R. ruber 2 1 1
Total 9 2 7

L R. corynebacterioides ITEGM 931, R. jostii IEGM 1170, R. opacus IEGM 1157, and R. pyridinivorans IEGM 1227 were
tested. 2 R. jostii IEGM 1193 and R. pyridinivorans IEGM 1137 were tested.
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R. ruber IEGM 231 was tested for aromatic compounds with a nitrogen atom. Methyl-
and hydroxy-substituted derivatives of pyridine, a two-ring N-heterocycle quinoline, and
the simplest aromatic amine aniline were used as growth substrates. It was shown that
R. ruber IEGM 231 grew in the presence of all pyridine derivatives and aniline. However, it
was not able to use quinoline as the sole carbon and energy source (Figure 5).

T 90066066 R. ruber IEGM 231 cells

No cells

5 6 7 8 9 10 11 12 13 14 15

Figure 5. Growth of R. ruber IEGM 231 in the presence of aniline, substituted pyridine derivatives,
aromatic acids, and coumarin determined with INT staining. Substrates: 1—25.0 mM D-glucose
(biotic control); 2—12.5 mM aniline; 3—25.0 mM 2-picoline; 4—25.0 mM 3-picoline; 5—25.0 mM
4-picoline; 6—25.0 mM 2,6-lutidine; 7—25.0 mM 2-hydroxypiridine; 8—25.0 mM 4-hydroxipyridine;
9—3.2 mM quinoline; 10—25.0 mM o-phthalic acid; 11—0.1 mM m-phthalic acid; 12—0.1 mM
p-phthalic acid; 13—25.0 mM salicylic acid; 14—25.0 mM coumarin; 15—the mineral medium RS
without substrate supplementation (control for oligotrophic growth); no cells—the mineral medium
RS with aromatic compounds without R. ruber IEGM 231 cells (abiotic control).

Additionally, the ability of R. ruber IEGM 231 to use aromatic acids and their deriva-
tives (salicylic acid, phthalic acid isomers, and coumarin as the lactone of o-hydroxycinnamic
acid) as growth substrates was estimated. It was shown that R. ruber IEGM 231 grew in the
presence of coumarin but was not able to use salicylic and phthalic acids (Figure 5).

2.5. Biodegradation of Toxic Aromatic Compounds by Rhodococcus in Model Soil

The bioremediation potential of Rhodococcus bacteria toward aromatic compounds was
estimated in experiments with model soil contaminated with PAHs at a high (1 g/kg) con-
centration. Introducing Rhodococcus resulted in a 43% PAH biodegradation within 213 days,
which was three times more efficient than in contaminated soil without Rhodococcus
(Figure 6). Enhanced biodegradation of PAHs was accompanied by a 2.5-10.0-fold in-
crease in the number of hydrocarbon-oxidizing microorganisms. The highest number
of hydrocarbon degraders, 2 x 108 colony-forming units (CFU)/g soil, was determined
between 35 and 56 days. A significant increase in the bacterial number was also detected in
the control soil; however, this value reached no more than 1 x 108 CFU/ g. The number of
hydrocarbon-oxidizing microorganisms started to decrease after the 56th and 70th days in
bioaugmented and control soil. However, it remained at a high ((1.0 + 0.3) x 108 CFU/ g)
level in soil with introduced Rhodococcus bacteria until the end of the experiment and
reduced to almost the initial level ((3.0 & 0.3) x 107 CFU/ g) in the control soil after the
186th day (Figure 6).

In contrast to the dynamics of bacterial cell numbers, the PAH concentration dynamics
followed a linear trend, thus demonstrating stable hydrocarbon activity in bioaugmented
soil for all 213 days. In the control soil, a slow linear decline in PAH concentration was also
revealed, but it did not change significantly after the 70th day (Figure 6). The removal of
PAHs both in the soil with introduced Rhodococcus cells and control was related to a decrease
in the concentrations of individual, mainly light PAHs—naphthalene and acenaphthene.
These hydrocarbons were evaporated and easily biodegraded because of their relatively
high water solubility compared to other PAHs [34,39].

2.6. Analysis of Rhodococcus Genes Involved in the Biodegradation of Aromatic Compounds

Various oxidoreductases and hydrolases were revealed in sequenced and annotated
genomes of studied Rhodococcus strains. The total numbers of oxidizing enzymes, such as
dioxygenases, monooxygenases, multicopper polyphenol oxidases, dehydrogenases, and
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hydrolases, varied in the ranges of 23-69, 45-97, 1-4, 256-731, and 96-229, respectively. The
highest numbers of putative aromatic-degrading enzymes were detected in the genome of
R. opacus IEGM 249 (Table 3 and Table S3).

1200 -

1000

800
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400

200

0 50 100 150 200
Time, days

Figure 6. Dynamics of PAH concentration (two upper lines) and number of hydrocarbon-oxidizing
microorganisms (two lower graphics) in model soil. Continuous lines correspond to model soil
with introduced Rhodococcus cells, and dotted lines correspond to control soil without introduced
Rhodococcus cells. Symbols: black diamonds—concentration of PAHs in soil with Rhodococcus; grey
diamonds—number of hydrocarbon-oxidizing microorganisms in soil with Rhodococcus; white empty
squares—concentration of PAHs in control; grey squares—number of hydrocarbon-oxidizing mi-
croorganisms in control.

Dioxygenases are key enzymes of aromatic compound metabolism. They incorpo-
rate two oxygen atoms into the central metabolites (catechol, protocatechuate, gentisate,
homogentisate, etc.), thus resulting in ring cleavage [18]. In the genomes of the studied
Rhodococcus strains, dioxygenases for ortho (intradiol) and meta (extradiol) ring cleavage
were found. They included catechol 1,2- and protocatechuate 3,4-dioxygenases for intradiol
oxidation, and catechol 2,3-, gentisate 1,2-, homogentisate 1,2-, and other extradiol dioxyge-
nases for extradiol oxidation. The preferred pathway for catechol cleavage was, apparently,
ortho-oxidation as catechol 1,2-dioxygenases were revealed in all studied genomes. Cat-
echol 2,3-dioxygenases were found only in R. opacus IEGM 249, R. pyridinivorans IEGM
1137, and R. ruber IEGM 231 genomes (Table 3 and Table S3). Other enzymes that could
lead to the multistep formation of key metabolites from complex aromatic compounds
with several rings and various functional groups [18] included phenol monooxygenases,
4-hydroxybenzoate 3-, 3-hydroxybenzoate 6-, and salicylate 1-hydroxylases, and vanillate
3-O demethylases (Table 3).
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Table 3. Numbers of genes coded for putative enzymes of aromatic compound biodegradation by

Rhodococcus spp.
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Number of genes coded for
Dioxygenase (total) 35 30 28 30 69 23 32 41 32 46
Catechol 1,2-dioxygenase 1 1 1 1 4 1 2 3 2 2
Protocatechuate 3,4-dioxygenase 1 1 1 1 1 1 1 1 1 2
Extradiol dioxygenase 2 2 2 2 2 1 2 1 2 6
Catechol 2,3-dioxygenase 0 0 0 0 2 1 0 0 0 1
Gentisate 1,2-dioxygenase 0 0 0 0 3 0 1 2 1 1
Homogentisate 1,2-dioxygenase 1 2 1 2 1 1 2 2 2 1
Benzene 1,2-dioxygenase 0 0 0 0 0 0 0 0 0 1
Anthranilate 1,2-dioxygenase reductase 1 1 1 1 1 0 0 0 0 1
3-Hydroxy anthranilate 3,4-dioxygenase 1 1 1 1 0 0 0 0 0 0
Monooxygenase (total) 66 66 66 66 97 45 63 74 63 72
Phenol monooxygenase 0 0 0 0 0 0 0 0 0 3
Benzoyl-CoA oxygenase/reductase 0 0 0 0 1 0 1 0 1 0
Phenylacetyl-CoA oxygenase/reductase 1 1 1 1 0 0 0 0 0 0
4-Hydroxybenzoate 3-hydroxylase 1 1 1 1 4 2 3 3 3 1
3-Hydroxybenzoate 6-hydroxylase 0 0 0 0 0 0 0 0 0 1
Salicylate 1-hydroxylase 0 0 1 1 0 0 1 0 1 0
Multicopper polyphenol oxidase 1 1 1 1 1 1 1 1 1 4
Dehydrogenase (total) 387 367 350 348 731 256 352 429 348 288
Aldehyde dehydrogenase 13 13 11 12 41 6 15 20 15 5
Succinate-semialdehyde dehydrogenase 1 1 1 1 5 1 1 0 1 1
Hydrolase 125 116 116 116 229 96 115 133 115 123
Phenol hydrolase 0 0 0 0 1 1 0 0 0 0
Amidase 2 2 2 2 2 0 0 0 0 3
Formamidase 1 1 1 1 1 1 1 1 1 0
Fumarylacetoacetate hydrolase family 1 1 0 1 6 0 2 2 2 0
Hydroxymuconic semialdehyde hydrolase 3 2 2 2 0 1 2 2 2 1
Vanillate 3-O demethylase 4 2 2 4 20 4 7 8 7 5
Maleate isomerase 0 0 1 0 2 0 0 0 0 0

Among specific genes coded for the enzymes oxidizing benzene and its homologs,
one gene annotated as a benzene 1,2-dioxygenase was found in the genome of R. ruber
IEGM 231. A benzoyl-CoA oxygenase/reductase gene providing dearomatization [18]
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was revealed in genomes of R. opacus IEGM 249, R. rhodochrous IEGM 107, and IEGM
1360. Another enzyme for dearomatization was phenylacetyl-CoA oxygenase/reductase
found in sequenced R. erythropolis/R. gqingshengii strains. Phenol monooxygenases [3]
found in R. ruber IEGM 231 and phenol hydrolases found in R. opacus IEGM 249 and
R. pyridinivorans IEGM 1137 could participate in the degradation of phenol. Among
enzymes probably participating in the biodegradation of aromatic compounds with ni-
trogen atoms (aniline, pyridine, and its derivatives), genes coded for anthranilate 1,2-
and 3-hydroxy anthranilate 3,4-dioxygenases, maleamate isomerases, amidases including
formamidases, maleamate amidohydrolases, aldehyde dehydrogenases, and succinate-
semialdehyde dehydrogenases [9,18,20,23] but not aniline, 2-aminophenol 1,6-, indole
3-acetate dioxygenases, 6-hydroxynicotinate 3-monooxygenases and 2-aminobenzoyl-CoA
monooxygenases/reductases [18,40] were revealed (Table 3 and Table S3). This spectrum
of putative enzymes suggests the biodegradation of pyridine via hydrogenation followed
by cleavage of the C2-C3 double bond [9]. Among the genes of coumarin biodegradation,
those coded for fumarylacetoacetate and hydroxymuconic semialdehyde hydrolases, flavin-
binding hydroxylases, and extradiol dioxygenases but not 3-(3-hydroxy-phenyl)propionate
hydroxylases [25] were detected in Rhodococcus genomes. No gene evidently responsible for
the biodegradation of phthalates, such as phthalate, terephthalate and isophthalate dioxyge-
nases, 3,4-dihydroxy-3,4-dihydrophthalate and 4,5-dihydro-4,5-dihydroxyphthalate dehy-
drogenases, and 4,5-dihydroxyphthalate and 3,4-dihydroxyphthalate decarboxylases [41],
were revealed in the sequenced genomes. Only the R. opacus strain IEGM 249 had one
gene of phthalate 3,4-dioxygenase but no genes coded for other enzymes of phthalate
biodegradation (Table 3 and Table S3).

3. Discussion

Based on the metabolic abilities of 133 Rhodococcus strains from the Regional Spe-
cialized Collection of Alkanotrophic Microorganisms, common regularities of aromatic
compound biodegradation by Rhodococcus bacteria were revealed and discussed in terms of
the toxicity and putative functional genes. According to the preference for Rhodococcus cells,
the studied aromatic substrates can be arranged (from more to less preferrable) as PAHs
(61% of strains used naphthalene, and all tested naphthalene-degrading strains grew in the
presence of PAHs with between three and five aromatic rings) > o-xylene (56% of strains
used) > toluene (39% of strains used) > benzene (25% of strains used) > pyridine (22% of
strains used) > phenol (16% of strains used). This preference row reflected the toxicity of
aromatic hydrocarbons (Table 1), which increased from PAHs to benzene. Interestingly, all
PAHs used, regardless of the number of aromatic rings, molecular weight, and even water
solubility [33], were equally preferred for Rhodococcus cells (Figure 4). A similar effect was
found earlier for Rhodococcus, and it depended on the strain specificities and cell adhesive
activities toward PAH crystals [34]. However, the polar-substituted derivatives of benzene,
pyridine, and phenol did not fully correspond to the revealed dependence. These less-toxic
compounds were degraded more poorly compared to highly toxic benzene and toluene,
which could be explained by the specific enzymatic mechanisms of their degradation.

It was expected that this study would reveal a certain species specificity of the
metabolic profiles (spectra of oxidized aromatic compounds) of the studied Rhodococcus
strains. However, no strict correlation between species and the ability of Rhodococcus
strains to metabolize specific aromatic substrates was detected. Strains able to grow in the
presence of benzene, toluene, 0-xylene, naphthalene, pyridine, or phenol and not using
these compounds were found among different Rhodococcus species. Similarly, strains of
R. erythropolis/R. gingshegii, R. opacus, R. rhodochrous, and R. ruber species grew in the pres-
ence of PAHs (Figure 4). Nevertheless, some species specificities were revealed: (i) R. opacus
did not use o-xylene, and (ii) R. ruber somewhat better-metabolized aromatic compounds,
especially in comparison with the most represented R. erythropolis/R. gingshegii. The latter
was confirmed by the highest percentage of R. ruber strains growing in the presence of
benzene and the 1.5 and 4.0 higher percentage of strains oxidizing phenol and toluene in
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comparison with R. erythropolis/R. qingshengii. Moreover, the ability of R. ruber to oxidize
pyridine (pyridine-degrading strains were not found among R. erythropolis/R. qingshegii
strains) and the ability of the reference strain R. ruber IEGM 231 to oxidize most of the tested
aromatic pollutants indicate a high biodegradation potential of this Rhodococcus species. The
metabolic potential of R. rhodochrous was close to that of R. ruber as all tested R. rhodochrous
strains grew in the presence of PAHs and phenol, and R. rhodochrous IEGM 757 was able
to use pyridine. Possible explanations for the inability of R. opacus to use o-xylene, a rela-
tively less toxic compound, are the absence of specific oxidizing enzymes, the low affinity
of benzene/toluene-degrading enzymes to o-xylene, or the lack of specific transporting
systems. In fact, R. opacus poorly metabolized monoaromatic hydrocarbons. Even con-
sidering benzene and toluene, only three strains of this species grew in the presence of
these compounds (Table 52). Genes annotated for benzene/toluene monooxygenases or
dioxygenases were not found in the genome of R. opacus IEGM 249 (Table S3), which did
not utilize monoaromatic hydrocarbons (Table S2). It should be noted, however, that ben-
zene/toluene mono- and dioxygenases were not detected in the most studied Rhodococcus
genomes (Table 53). Nevertheless, R. opacus was recognized as a promising degrader of
toxic organic pollutants as the highest numbers of oxidoreductases were revealed in the
genome of R. opacus IEGM 249 (Table 3).

No dependence was found between the abilities of Rhodococcus strains to oxidize
aromatic compounds, the spectra of oxidized aromatic substances, and the source of
strain isolation. The following strains were selected as the most promising degraders:
R. aetherivorans IEGM 1250 and R. erythropolis IEGM 1232 (used all three monoaromatic
hydrocarbons—benzene, toluene, and o-xylene); R. ruber IEGM 1121 and IEGM 1156
(used benzene, toluene, o-xylene, PAHs, and weakly grew in the presence of phenol);
R. erythropolis IEGM 190, IEGM 201, and IEGM 265 (used phenol); R. rhodochrous IEGM
1161 (used phenol and also naphthalene); R. erythropolis IEGM 788 and R. rhodochrous
IEGM 1162 (used xylene, naphthalene, and phenol); R. ruber IEGM 1122 (used benzene,
toluene, o-xylene, naphthalene, and phenol); R. rhodochrous IEGM 757 (used pyridine);
R. ruber IEGM 231 (a well-characterized strain with high metabolic potential, able to use
benzene, toluene, PAHs, pyridine and its derivatives, aniline, and coumarin). The R. fascians
strain IEGM 1233 degraded all the studied monoaromatic hydrocarbons; however, as it
represented a phytopathogenic species [42], we did not consider it to be an appropriate
biotechnology agent.

It was hypothesized that microorganisms from anthropogenically disturbed and con-
taminated ecosystems had developed diverse metabolic capacities and multiple resistance
to stress factors [27,28]. Among the selected 14 most active biodegraders, 7 strains were
isolated from pristine environments, and the other 7 were isolated from disturbed sites,
either polluted or located near pollution sources (Table S1). In fact, the impact of the
isolation source on the biodegradation abilities of Rhodococcus was difficult to identify.
For example, when strains were isolated within the city, analysis suggested some level of
chemical contamination, even if no pollutants were defined and the sites were assumed to
be pristine.

Special attention in this study was paid to the analysis of putative biodegradation
genes. For this, 10 sequenced genomes of Rhodococcus strains from the IEGM Collec-
tion were annotated and searched for relevant functional genes. The obtained results
proposed enzymatic mechanisms of aromatic compound biodegradation and predicted
metabolic activities of particular Rhodococcus species. Catechol dioxygenases, key enzymes
of arene biodegradation pathways, were found in all of the studied genomes of IEGM
strains. This confirmed the metabolic ability of Rhodococcus to degrade molecules with
aromatic structures as well as the preferred pathway for further catechol degradation
through ortho-cleavage (Table 3). Considering the genes of the initial steps of aromatic
biodegradation, they could be assumed as follows. One benzene 1,2-dioxygenase and
three phenol monooxygenases were revealed in the R. ruber IEGM 231 genome, and phenol
hydrolases (one gene in each strain) were revealed in the genomes of R. opacus IEGM 249
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and R. pyridinivorans IEGM 1137 (Table 3). These enzymes can provide primary oxida-
tion of BTEX substrates (benzene, toluene, and o-xylene) and phenol, respectively. The
highest number of specific enzymes in Rhodococcus genomes was revealed for the degra-
dation of pyridine, its derivatives, and coumarin. The ability of R. ruber IEGM 231 to
grow in the presence of 2- and 4-hydroxypyridines verified that rhodococci metabolized
pyridine completely as these compounds were described as frequent end products in
pyridine biodegradation [24]. In four Rhodococcus genomes, a gene coded for salicylate
1-hydroxylase, presumably responsible for salicylic acid assimilation, was revealed. This
gene was not found in the R. ruber IEGM 231 genome (Table 3), which is a possible reason
for the inability of this strain to metabolize salicylate (Figure 5). Interestingly, salicylate
5-hydroxylases were not found in the sequenced genomes (Table S3). Salicylic acid, along
with phthalic acids, is known as an intermediate in PAH biodegradation [43,44]. The
revealed genes indicated that the utilization of PAHs by Rhodococcus cells is performed,
apparently, via catechol, but not the gentisate pathway [18].

It was surprising that no genes recognized as naphthalene or other PAH dioxyge-
nases were detected in Rhodococcus genomes. Naphthalene dioxygenases were previously
described for Rhodococcus spp. in relation to their structural, functional, and thermosta-
bility features [43,45-47]. The explanation could be that dioxygenases belong to a diverse
class of Rieske non-heme iron oxygenases with a broad substrate specificity. They in-
clude, among others, phthalate, biphenyl, benzoate, toluene dioxygenases, and some
monooxygenases [45,48]. Genes encoding dioxygenases can be annotated as extradiol
dioxygenases, unspecific dioxygenases, or unspecific oxidases/oxidoreductases. The low
(29-33%) similarity of naphthalene dioxygenase and, in contrast, high (77-81%) similarity
of nitrobenzene dioxygenase subunits NarAa and NarAb from Rhodococcus sp. strain
NCIMB12038 with the corresponding subunits from Pseudomonas [45] demonstrated a high
diversity of naphthalene enzymes and possible misleading annotations. More detailed
analysis of dioxygenase genes using multiple alignments and experimental confirmation of
gene functions are required. Moreover, naphthalene-degrading operons can be located on
plasmids, the absence of which may explain the inability of some Rhodococcus strains to
grow in the presence of this compound.

The variety of oxidizing enzymes with a broad substrate specificity found in Rhodococcus
genomes determines the versatile and widely varying catabolic abilities of the studied
strains. Hydrolases seemed to be no less important enzymes for the biodegradation of
aromatic compounds by Rhodococcus bacteria than dioxygenases. Numerous genes coded
for hydrolases (from 96 up to 229) were found in all studied Rhodococcus genomes (Table 3).
They can participate in the degradation of PAH molecules [30]. Among hydrolases, for-
mamidases and other amidases were detected. These enzymes, along with maleamate
amidohydrolase found in the genome of R. ruber IEGM 231 (Table S3), can participate in
the biodegradation of pyridine and its derivatives [9,18]. In addition to dioxygenases and
hydrolases, putative aromatic biodegradation enzymes also included monooxygenases,
especially cytochrome P450 oxidases, and multicopper polyphenol oxidases, or laccases.
The latter can cause the oxidation of PAHs, phenolics, and other toxic pollutants [49,50],
thereby allowing the growth of Rhodococcus in the presence of polyaromatics and phenol,
even if specific enzymes are not annotated. Multicopper polyphenol oxidases were found
in all the studied genomes of Rhodococcus spp., mainly in one copy, while four genes were
detected in R. ruber IEGM 231 (Table 3).

Some contradictory data were obtained for the biodegradation of phthalic acids aniline
and quinoline. The reference strain R. ruber IEGM 231 did not grow in the presence of ph-
thalic acid isomers, which was in agreement with the genome annotation: no genes coded
for phthalic acid biodegradation enzymes were found in the genome of this strain or in the
genomes of other Rhodococcus strains. Only one phthalate 3,4-dioxygenase gene was recog-
nized in the genome of R. opacus IEGM 249 (Table S3). However, it is known that Rhodococcus
bacteria can degrade phthalates and their esters, and phthalate 3,4-dioxygenases coded
by the pht genes participate in these metabolic processes [31,32,41]. Phthalate operons are
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located on plasmids [32,41], and the lack of plasmids can explain the inability of the IEGM
231 strain to metabolize phthalic acids. Another substrate, which was not used by R. ruber
IEGM 231, was quinoline. In the genome of this strain, as well as in other Rhodococcus
genomes, genes coding for nitrite and nitrate reductases were revealed (Table S3). These
enzymes could perform the degradation of quinoline via the 8-hydroxycoumarin path-
way [20,23]. The inability of IEGM 231 to use quinoline can be due to the lack of other key
enzymes or transporting proteins, but apparently not to quinoline toxicity, which was lower
than benzene and toluene were. In contrast, R. ruber IEGM 231 grew in the presence of ani-
line, but no specific genes coded for the enzymes of the first steps of aniline biodegradation,
such as aniline, 2-aminophenol 1,6-, indole 3-acetate dioxygenases, 6-hydroxynicotinate
3-monooxygenases, and 2-aminobenzoyl-CoA monooxygenases/reductases, were found in
the genome of this strain. Enzymes with a broad substrate specificity (dioxygenases, for ex-
ample) or enzymes of putative pyridine oxidation pathways (anthranilate 1,2-dioxygenase,
amidases, or maleamate amidohydrolase) can participate in the degradation of aniline by
R. ruber IEGM 231.

The metabolic properties of Rhodococcus strains from the IEGM Collection toward
aromatic compounds were tested against heavy (1 g/kg) PAH contamination in a model
soil. The obtained results showed the suitability of introducing Rhodococcus to remove
aromatic hydrocarbons from soil. The percentage of removed hydrocarbons was three times
higher in soil with introduced Rhodococcus bacteria compared to control soil and consti-
tuted 43% PAH removal over 213 days (Figure 6). To improve biodegradation, Rhodococcus
cells were immobilized onto a sawdust-based carrier [51]. Immobilized cells maintained
high PAH-oxidizing activity throughout the experiment. This was seen from the constant
linear decline in PAH concentration, even after the total number of hydrocarbon-oxidizing
microorganisms was decreased. The growth of PAH degraders within the first 35 days
was seemingly related to easily biodegradable aromatic components, such as light PAHs or
PAHs not sorbed on solid particles (Figure 6). After the depletion of these components, the
abundance of hydrocarbon-oxidizing bacteria decreased, and the process of PAH biodegra-
dation stopped in the control but continued in soil with introduced Rhodococcus cells. To
further demonstrate the metabolic capabilities of Rhodococcus bacteria toward aromatic
substances, their high oxidizing activities toward complex aromatic compounds, such
as (RS)-2-(4-(2-methylpropyl)phenyl)propanoic and [2-(2,6-dichloroanilino)phenyl]acetic
acids, should be mentioned (Table 4). These complex aromatic acids were acting substances
in non-steroidal anti-inflammatory drugs, and Rhodococcus strains from the IEGM Collection
degraded 100% of these compounds at high concentrations within 6 days (Table 4).

Table 4. Biodegradation of complex aromatic compounds by Rhodococcus strains.

A Complex Aromatic Compound,

Biodegradation Efficiency Reference

Strain

(RS)-2-(4-(2-Methylpropyl)phenyl)propanoic acid
R. cerastii IEGM 1278  (ibuprofen), 100% degradation of 100 mg/L in the [52]
presence of 0.1% (v/v) n-hexadecane within 6 days

[2-(2,6-Dichloroanilino)phenyl]acetic acid (diclofenac),
R. ruber IEGM 346 100% degradation of 0.05 mg/L in the presence of 0.5% [53]
(w/w) D-glucose within 6 days

4. Materials and Methods
4.1. Bacterial Strains and Culture Conditions

The 133 pure identified cultures of Rhodococcus spp. from the Regional Specialized Col-
lection of Alkanotrophic Microorganisms of the Institute of Ecology and Genetics of Microor-
ganisms, Perm, Russia IEGM; www.iegmcol.ru; WFCC 285; UNU/CKP 73559 /480868)
belonging to R. aetherivorans (1 strain), R. erythropolis (41 strains), R. gingshengii (7 strains),
R. cerastii (1 strain), R. corynebacterioides (2 strains), R. fascians (12 strains), R. globerulus
(2 strains), R. jostii (3 strains), R. opacus (17 strains), R. pyridinivorans (2 strains), R. rhodochrous
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(11 strains), R. ruber (32 strains), R. wratislaviensis (1 strain), and R. yunnanensis (1 strain)
were used in this study. Strains were isolated from various pristine and contaminated
sources (Table S1). Currently, R. gingshengii is a synonym of R. erythropolis (https:/ /lpsn.
dsmz.de/species/rhodococcus-qingshengii, accessed on 2 March 2023) [54]; therefore, the
results obtained for strains of these two species are presented in this work as those obtained
for the R. erythropolis/R. qingshengii group.

Rhodococcus cells were recovered from lyophilized cultures and then grown in Erlen-
meyer flasks containing 100 mL of Luria—Bertani broth (LB) (Sigma-Aldrich, Burlington,
VT, USA) on an orbital shaker (160 rpm) at 28 °C for 28-30 h. Cells were washed twice
and resuspended in 0.5% NaCl to ODggg nm = 1.0 (1 x 108 CFU/mL). The use of standardly
prepared cell suspensions provided the same initial conditions in all experiments.

4.2. Tested Aromatic Compounds

The metabolic abilities of Rhodococcus strains were estimated toward 23 aromatic compounds,
including 3 monocyclic aromatic hydrocarbons, 5 PAHs, 1 hydroxy substituted ben-
zene, 1 aromatic amine, 8 N-heterocyclic aromatic compounds, 4 aromatic acids, and
1 aromatic lactone. These compounds are listed in Table 5. All substances were dissolved
in water or in polar solvents, such as dimethylsulfoxide (DMSO), acetone, or 70% ethanol
(Table 5) at a concentration of 600 mM. Sometimes, the solutions were heated in a water
bath at 70 °C for better dissolution (Table 5). The aromatic compounds and organic sol-
vents had >97% purity and were purchased from Sigma-Aldrich. Pre-sterilized glass- and
plasticware were used for the preparation of aromatic compound solutions, and water
solutions of pyridine and its derivatives were sterilized by filtering through nitrocellulose
filters with 0.22 pm pores (Merck Millipore, Burlington, VT, USA).

Table 5. Aromatic compounds used as growth substrates for Rhodococcus cells and conditions for
their dissolution.

Group of Aromatic

Compounds Compound Solvent Heating at Dissolution
Monocyclic aromatic Benzene DMSO No
h d};ocarbons Toluene DMSO No
Y 0-Xylene DMSO No
Naphthalene Acetone No
Anthracene Acetone 70 °C
PAHs Phenanthrene Acetone No
Benzo[a]anthracene Acetone 70 °C
Benzo[a]pyrene Acetone 70°C
Aromatic compounds with Phenol Water No
hydroxy groups
Aromatic amines Aniline DMSO No
Pyridine Water No
2-Picoline Water No
3-Picoline Water No
N-heterocyclic aromatic 4-Picoline Water No
compounds 2,6-Lutidine Water No
2-Hydroxipyridine Water No
4-Hydroxipyridine Water No
Quinoline 70% ethanol No
o-Phthalic acid Acetone No
A  acid m-Phthalic acid Acetone No
romatic acids p-Phthalic acid Acetone 70 °C
Salicylic acid Acetone 70°C
Aromatic lactones Coumarin Acetone No
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4.3. Toxicity Tests

Minimal inhibitory concentrations (MICs) of the used aromatic compounds were
determined for the reference strain R. ruber IEGM 231. In polystyrene 96-well microplates
(Medpolymer, St Petersburg, Russia), 150 uL of sterile LB was mixed with 30 uL working
solutions of aromatic compounds to obtain a starting concentration of 100 mM. Then, a
series of two-fold dilutions in the range of concentrations between 0.05 and 100.00 mM were
prepared. Microplates were stored at room temperature for 24 h to allow the evaporation
of solvents. Measures of 10 pL of a standard R. ruber IEGM 231 cell suspension were added
to microplates to obtain a final concentration of 1 x 107 CFU/mL. Inoculated microplates
were incubated in a Titramax 1000 incubator (Heidolph Instruments, Schwabach, Germany)
at 600 min~! and 28 °C for 72 h. The viability of cells was estimated using staining with
iodonitrotetrazolium violet (INT) purchased from Sigma-Aldrich. For this, measures of
45 uL of 0.2% (w/w) INT solution in water were added to microplates. The appearance of
a red-violet color after 2 h of staining was evidence of the presence of viable respirating
cells [55]. LB with R. ruber IEGM 231 cells without aromatic substrates was the biotic control.
LB with cells and solvents without dissolved aromatic compounds were used to estimate
the influence of solvents on the growth of Rhodococcus. LBs with aromatic compounds
without R. ruber IEGM 231 cells were used as abiotic controls.

4.4. Growth Experiments

To estimate the abilities of Rhodococcus strains to use benzene, toluene, o-xylene,
naphthalene, pyridine, and phenol as growth substrates, bacterial cells were grown on
mineral agar K containing (g/L): KH,PO;—1.0, K;HPO4—1.0, NaCl—1.0, KNO3;—1.0,
MgS0,;—0.2, FeCl3—0.02, CaCl,—0.02, and agar—15.0 (http:/ /www.iegmcol.ru/medium/
med08.htmL, accessed on 2 March 2023). The 200 pL diluted Rhodococcus cell suspensions
with a concentration of 1-10” CFU/mL were used for the inoculation of Petri dishes with
agar K. Suspensions were evenly distributed on the agar surface with a spatula to obtain a
bacterial lawn when growing. Liquid substrates (monoaromatic hydrocarbons, pyridine,
and phenol) at a volume of 200 uL were added to the slot with a diameter of 1 cm made in
the center of the Petri dishes with agar K. A measure of 200 mg of naphthalene was placed
under each lid of the inoculated Petri dishes, and the dishes were inverted. All inoculated
Petri dishes were incubated at 28 °C for 5 days.

To estimate the abilities of Rhodococcus strains to use anthracene, phenanthrene,
benzo[a]anthracene, benzo[a]pyrene, salicylic acid, phthalic acid isomers, 2-,3-,4-picolines,
2,6-lutidine, 2-,4-hydroxypyridines, quinoline, and coumarin, bacterial cells were inoc-
ulated into a mineral medium “Rhodococcus-surfactant” (RS) in 96-well polystyrene mi-
croplates. Naphthalene was also used in these experiments as a reference PAH. Solutions
of tested compounds prepared as described in Section 4.2 were added to 100 pL of the
RS medium to produce final concentrations two times lower than those of MIC. The
RS medium contained (g/L): KoHPO;—2.0, KH,PO;,—2.0, KNO3—1.0, (NH4),SO4—2.0,
NaCl—1.0, MgSO,—0.2, CaCl,—0.02, and a trace element solution—1 mL/L (www.iegm.
ru/iegmcol/medium/med11.html, accessed on 2 March 2023). Then, 10 uL measures of a
standard Rhodococcus cell suspension were added, and microplates were incubated in the
Titramax 1000 incubator at 300 min~—! at 28 °C for 48 h.

The used salts and D-glucose had >97% purity and were purchased from Sigma-
Aldrich, and the agar was ultrapure BD Difco™, purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Uninoculated mineral medium supplemented with the studied
aromatic compounds was used as an abiotic control; LB agar or the medium RS with
25 mM D-glucose inoculated with Rhodococcus bacteria was the biotic control; mineral
medium without aromatic substrates inoculated with Rhodococcus bacteria was the control
for oligotrophic growth. The usage of ultrapure Difco agar guaranteed that no residual
growth was detected as a result of the consumption of trace concentrations of organic
molecules by Rhodococcus [26,27,35]. Only the results of growth experiments with the
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confirmed growth of Rhodococcus cells in the biotic control and the absence of oligotrophic
growth are shown and discussed in this work.

4.5. Model Soil Experiments

The model soil consisted of 50% sand, 30% clay, and 20% clean garden soil. All compo-
nents of the soil mixture were first dried at 80 °C and then screened using a 1 mm mesh.
The soil was inoculated with acetone-dissolved PAHs. Individual PAHs were present in the
following concentrations (g/kg dry soil): naphthalene—0.2, acenaphthene (>97% purity,
Sigma-Aldrich)—0.2, anthracene—0.2, phenanthrene—0.2, benzo[a]anthracene—0.1, and
benzo[a]pyrene—O0.1. Biodegradation of the PAH mixture was performed in flat trays con-
taining 600 g of soil. The R. erythropolis IEGM 708 and R. ruber IEGM 327 strains [56] were
used in this experiment in equal amounts. To stabilize the metabolic activity of Rhodococcus
cells for an extended period, they were immobilized onto pine sawdust hydrophobized
using 5% Rhodococcus surfactant, as described previously [51]. The catalytic activity of im-
mobilized cells was measured as 98 £ 12 mg of degraded naphthalene/(L-h). The obtained
biocatalyst was introduced into the contaminated soil at a 1:6 ratio (w/w); the amount of
the inoculum was 4 x 108 cells/g of soil. The soil was mixed and moistened regularly to
maintain 20% humidity. The experiment was performed at room temperature for 213 days.
Contaminated soil without Rhodococcus cells introduced was used as a control.

Residual hydrocarbons were determined by gas chromatography with mass spectrom-
etry after extraction with chloroform (GC-MS grade). An Agilent 6890 N chromatograph
equipped with an Agilent MSD 5973 N quadrupole detector (Agilent Technologies, Santa-
Clara, CA, USA) was used. A volume of 1 uL of each extract was introduced into an
injection port held at 250 °C. The initial oven temperature was 40 °C for 5 min followed by
a heating rate of 12 °C/min up to 300 °C, and held at this temperature for 10 min. Separa-
tion was achieved using a 30 m HP-5MS column with an internal diameter of 0.25 mm and
film thickness of 0.25 M (Agilent Technologies, Santa-Clara, CA, USA) maintained at a con-
stant flow of 1 mL/min of helium. The number of hydrocarbon-oxidizing microorganisms
was counted as the number of colony-forming units grown on agar K with naphthalene.

4.6. Bioinformatical and Statistical Analysis

Draft genome sequences of R. erythropolis IEGM 267 (DDB]/ENA /GenBank accession
no. MRBQ01000001-MRBQ01000231), IEGM 746 (JAJNDF010000001-JAJNDF010000078),
IEGM 1189 (JAPWIG010000001-JAPWIG010000056), IEGM 1359 (JAJNCLO010000001- JA-
JNCL010000048), R. opacus IEGM 249 (JAPWIS010000001-JAPWIS010000138), R. pyridinivo-
rans IEGM 1137 (JAPWII010000001-JAPWII010000087), R. rhodochrous IEGM 107
(JAJNCP010000001-JAJNCP010000118), IEGM 757 (JAJNCO010000001-JAJNCO010000163),
IEGM 1360 (JAJNCNO010000001-JAJNCN010000105), and R. ruber IEGM 231 (CCSD01000001-
CCSD01000115) were used to search for functional genes coded for enzymes participating
in biodegradation of aromatic compounds. The annotation of coding sequences in the
genomes was performed using the RAST 2.0 annotation scheme RASTtk [57].

All experiments were performed in 3-8 replicates. Statistical analysis including the
determination of the data type distribution and calculation of means + standard deviations
was performed using Statistica (data analysis software system) version 13, TIBCO Software
Inc. (2018). Differences were considered statistically significant at p < 0.05.

5. Conclusions

The results presented in this work were obtained in the course of long-term and
comprehensive studies of the abilities of Rhodococcus bacteria to metabolize aromatic com-
pounds. They are part of a larger study of the biological and functional properties of this
group of bacteria performed using the bioresources of the Regional Specialized Collection
of Alkanotrophic Microorganisms. Rhodococcus strains deposited in the collection were
isolated from various pristine and anthropogenically disturbed ecosystems, identified and
well characterized. Moreover, the collection is constantly updated with freshly isolated
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cultures. In this work, the metabolic properties of the 133 collection strains belonging
to various species of the genus Rhodococcus were determined. We assume that the ob-
tained results were representative of the whole genus. No strict correlations were revealed
between the abilities of Rhodococcus isolates to oxidize aromatic compounds, spectra of
oxidized aromatic substances, and species. However, R. rhodochrous and R. ruber somewhat
better oxidized various aromatic compounds, and R. opacus poorly metabolized monoaro-
matic hydrocarbons and did not use o0-xylene. No dependence was revealed between the
metabolic abilities of the studied strains toward aromatic compounds and the source of
strain isolation. The toxicity of aromatic substances was not the only factor determining
their bio-oxidation. The diversity of genes coded for degrading enzymes with a broad
substrate specificity (mono- and dioxygenases, laccases, and hydrolases) was considered to
be the basis for the versatile and widely varying catabolic abilities of Rhodococcus bacteria.
At the same time, the analysis of functional annotations of 10 Rhodococcus genomes revealed
that there is still no sufficient information on the enzyme mechanisms of aromatic com-
pound degradation by Rhodococcus. Individual Rhodococcus strains may have no specific
genes and be unable to metabolize some aromatics, even if these activities have previously
been shown for other members of the genus. In this study, metabolic pathways for mono-
and polyaromatic hydrocarbons, phenol, and nitrogen-containing aromatic compounds
in Rhodococcus, proceeding through the formation of catechol as a key metabolite with
its following ortho-cleavage or via the hydrogenation of aromatic rings, were verified.
However, further experimental verification of particular gene functions is required.

Information on the IEGM Collection Rhodococcus strains can be used on an operational
basis to construct biopreparations for emergency spills of ecopollutants, including aromatic
pollutants, alone or simultaneously presented in the biotope with other xenobiotics. The
developed biopreparations can be used in the bioremediation of soils contaminated with
aromatics and requested by companies working in the area of ecobiotechnology. In this
work, some promising biodegraders were selected, which metabolized a high diversity of
aromatic pollutants and degraded the most recalcitrant substances. In model experiments,
the high efficiency of the introduction of immobilized Rhodococcus cells for the remediation
of contaminated soil was shown, which led to the 43% removal of PAHs for 213 days at an
initial PAH concentration of 1 g/kg.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules28052393/s1, Table S1: Rhodococcus strains (http://
www.iegmcol.ru, accessed on 2 March 2023); Table 52: Growth of Rhodococcus strains in the presence of
aromatic compounds; Table S3: Numbers of genes coded for putative enzymes of aromatic compound
biodegradation by Rhodococcus spp. (a large set of genes is presented).

Author Contributions: Conceptualization, L.I. and A K.; methodology, A K., M.K. and LI.; software,
A K,; validation, M.K. and T.P; formal analysis, A.K., M.K. and T.P; investigation, A.K. and T.P;
resources, LI. and M.K,; data curation, M.K,, C.J.C. and LI.; writing—original draft preparation, A.K.;
writing—review and editing, M.K.,, LI. and C.J.C.; visualization, A.K.; supervision, L.I. and C.J.C;
project administration, LI. and C.J.C.; funding acquisition, L.I. and M.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Foundation for Basic Research (project no. 20-
44-596001), the Ministry of Science and Higher Education of the Russian Federation (state task
AAAA-A20-120081990069-3 and grant agreement 075-15-2021-1051), and the Perm Krai Government
(project no. MIG C-26/827).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the Supplementary
Materials or can be obtained on request from the corresponding author.


https://www.mdpi.com/article/10.3390/molecules28052393/s1
https://www.mdpi.com/article/10.3390/molecules28052393/s1
http://www.iegmcol.ru
http://www.iegmcol.ru

Molecules 2023, 28, 2393 18 of 20

Acknowledgments: The work was carried out using the equipment of the Core Facilities Centers
“Regional Specialized Collection of Alkanotrophic Microorganisms” and “Research of Materials and
Matter” at the Perm Federal Research Center of the Ural Branch of the Russian Academy of Sciences
(PFRC UB RAS).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Guo, H;; Yao, J.; Chen, H.; Wang, J.; Masakorala, K.; Jin, Y.; Richnowd, H.H.; Blake, R.E. Substrate interactions during biodegrada-
tion of benzene/alkylbenzene mixtures by Rhodococcus sp. ustb-1. Int. Biodeterior. Biodegrad. 2012, 75, 124-130. [CrossRef]

2. You, Y,; Shim, J.; Cho, C.-H.; Ryu, M.-H.; Shea, PJ.; Kamala-Kannan, S.; Chae, ].-C.; Oh, B.-T. Biodegradation of BTEX mixture by
Pseudomonas putida YNS1 isolated from oil-contaminated soil. J. Basic Microbiol. 2013, 53, 469-475. [CrossRef]

3. Li, H.; Meng, F; Duan, W.; Lin, Y.; Zheng, Y. Biodegradation of phenol in saline or hypersaline environments by bacteria: A
review. Exotoxicol. Environ. Saf. 2019, 184, 109658. [CrossRef] [PubMed]

4. Hlisnikova, H.; Petrovitova, L; Kolena, B.; Sidlovska, M.; Sirotkin, A. Effects and mechanisms of phthalates” action on reproductive
processes and reproductive health: A literature review. Int. J. Environ. Res. Public Health 2020, 17, 6811. [CrossRef] [PubMed]

5. Mohammed, M.; Mekala, L.P; Chintalapati, S.; Chintalapati, V.R. New insights into aniline toxicity: Aniline exposure triggers
envelope stress and extracellular polymeric substance formation in Rubrivivax benzoatilyticus JA2. ]. Hazard. Mater. 2020, 385,
121571. [CrossRef] [PubMed]

6. Feng, S.; Gong, L.; Zhang, Y.; Tong, Y.; Zhang, H.; Zhu, D.; Huang, X.; Yang, H. Bioaugmentation potential evaluation of a
bacterial consortium composed of isolated Pseudomonas and Rhodococcus for degrading benzene, toluene and styrene in sludge
and sewage. Bioresour. Technol. 2021, 320, 124329. [CrossRef]

7. Gormez, O.; Akay, S.; Gézmen, B.; Kayan, B.; Kalderis, D. Degradation of emerging contaminant coumarin based on anodic
oxidation, electro-Fenton and subcritical water oxidation processes. Environ. Res. 2022, 208, 112736. [CrossRef] [PubMed]

8. Tao, N,; Zhang, W.; Si, L.; Zhang, R.; Wang, D.; Guo, C. Effects of aniline on growth, oxidative and DNA damage of rice
(Oryza sativa L.) seedlings. Environ. Technol. Innov. 2022, 28, 102583. [CrossRef]

9.  Zheng, P;Li, Y,; Chi, Q.; Cheng, Y,; Jiang, X.; Chen, D.; Mu, Y.; Shen, J. Structural characteristics and microbial function of biofilm
in membrane-aerated biofilm reactor for the biodegradation of volatile pyridine. . Hazard. Mater. 2022, 437, 129370. [CrossRef]

10. Zhihan, Z.; Bofeng, Z.; Dong, W.; Qi, Z.; Cong, T.; Nanwen, Z.; Guobiao, L. A Yb3* /Erd* co-doped Bij 95Ybg g4 Erp 91 V2Os efficient
upconversion glass-ceramic photocatalyst for antibiotic degradation driven by UV-Vis-NIR broad spectrum light. Appl. Surf. Sci.
2022, 583, 152565. [CrossRef]

11.  Ali, M,; Song, X.; Wang, Q.; Zhang, Z.; Che, ].; Chen, X.; Tang, Z.; Liu, X. Mechanisms of biostimulant-enhanced biodegradation
of PAHs and BTEX mixed contaminants in soil by native microbial consortium. Environ. Pollut. 2023, 318, 120831. [CrossRef]
[PubMed]

12. Balasubramaniyan, B.; Usha Mary, T.M.; Swaminathan, M. Microbial degradation of quinoline by immobilized Bacillus subtilis.
Biocatal. Agric. Biotechnol. 2023, 47, 102604. [CrossRef]

13. Bird, M.G.; Greim, H.; Kaden, D.A.; Rice, ].M.; Snyder, R. BENZENE 2009—Health effects and mechanisms of bone marrow
toxicity: Implications for t-AML and the mode of action framework. Chem. Biol. Interact. 2010, 184, 3-6. [CrossRef] [PubMed]

14. Azubuike, C.C.; Chikere, C.B.; Okpokwasili, G.C. Bioremediation techniques-classification based on site of application: Principles,
advantages, limitations and prospects. World J. Microbiol. Biotechnol. 2016, 32, 180. [CrossRef]

15.  Krivoruchko, A.V; Kuyukina, M.S,; Ivshina, L.B. Advanced Rhodococcus biocatalysts for environmental biotechnologies. Catalysts
2019, 9, 236. [CrossRef]

16. Kuyukina, M.S.; Ivshina, I.B. Bioremediation of contaminated environments using Rhodococcus. In Biology of Rhodococcus,
2nd ed.; Alvarez, HM., Ed.; Microbiology Monographs; Springer Nature Switzerland AG: Cham, Switzerland, 2019; Volume 16,
pp. 231-270. [CrossRef]

17.  Mohapatra, B.; Dhamale, T.; Saha, B.K.; Phale, P.S. Microbial degradation of aromatic pollutants: Metabolic routes, pathway
diversity, and strategies for bioremediation. In Microbial Biodegradation and Bioremediation: Techniques and Case Studies for
Environmental Pollution, 2nd ed.; Das, S., Dash, H.R., Eds.; Elsevier: Amsterdam, The Netherlands, 2022; pp. 365-394. [CrossRef]

18. Pérez-Pantoja, D.; Donoso, R.; Agullo, L.; Cérdova, M.; Seeger, M.; Pieper, D.H.; Gonzalez, B. Genomic analysis of the potential
for aromatic compounds biodegradation in Burkholderiales. Environ. Microbiol. 2012, 14, 1091-1117. [CrossRef]

19. Lee, Y, Lee, Y,; Jeon, C.O. Biodegradation of naphthalene, BTEX, and aliphatic hydrocarbons by Paraburkholderia aromaticivorans
BNG5 isolated from petroleum-contaminated soil. Sci. Rep. 2019, 9, 860. [CrossRef]

20. Zhao, Q.; Hu, Q.; Qiu, Z.; Yu, C. Biodegradation characteristics and mechanism of quinoline by Ochrobactrum sp. strain C2. Water
Sci. Technol. 2022, 86, 1284-1298. [CrossRef] [PubMed]

21. Jiang, Y.; Qi, H.; Zhang, X.M. Co-biodegradation of anthracene and naphthalene by the bacterium Acinetobacter johnsonii. .
Environ. Sci. Health A Tox Hazard. Subst. Environ. Eng. 2018, 53, 448-456. [CrossRef]

22. Parab, V.; Phadke, M. Co-biodegradation studies of naphthalene and phenanthrene using bacterial consortium. J. Environ. Sci.

Health A Tox Hazard. Subst. Environ. Eng. 2020, 55, 912-924. [CrossRef]


http://doi.org/10.1016/j.ibiod.2012.04.023
http://doi.org/10.1002/jobm.201200067
http://doi.org/10.1016/j.ecoenv.2019.109658
http://www.ncbi.nlm.nih.gov/pubmed/31520955
http://doi.org/10.3390/ijerph17186811
http://www.ncbi.nlm.nih.gov/pubmed/32961939
http://doi.org/10.1016/j.jhazmat.2019.121571
http://www.ncbi.nlm.nih.gov/pubmed/31753663
http://doi.org/10.1016/j.biortech.2020.124329
http://doi.org/10.1016/j.envres.2022.112736
http://www.ncbi.nlm.nih.gov/pubmed/35041815
http://doi.org/10.1016/j.eti.2022.102583
http://doi.org/10.1016/j.jhazmat.2022.129370
http://doi.org/10.1016/j.apsusc.2022.152565
http://doi.org/10.1016/j.envpol.2022.120831
http://www.ncbi.nlm.nih.gov/pubmed/36509345
http://doi.org/10.1016/j.bcab.2023.102604
http://doi.org/10.1016/j.cbi.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/20004184
http://doi.org/10.1007/s11274-016-2137-x
http://doi.org/10.3390/catal9030236
http://doi.org/10.1007/978-3-030-11461-9_9
http://doi.org/10.1016/B978-0-323-85455-9.00006-0
http://doi.org/10.1111/j.1462-2920.2011.02613.x
http://doi.org/10.1038/s41598-018-36165-x
http://doi.org/10.2166/wst.2022.249
http://www.ncbi.nlm.nih.gov/pubmed/36358061
http://doi.org/10.1080/10934529.2017.1409579
http://doi.org/10.1080/10934529.2020.1754054

Molecules 2023, 28, 2393 19 of 20

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Luo, Y;; Yue, X.; Wei, P; Zhou, A.; Kong, X.; Alimzhanova, S. A state-of-the-art review of quinoline degradation and technical
bottlenecks. Sci. Total Environ. 2020, 747, 141136. [CrossRef]

Zhu, G,; Xing, E; Tao, J.; Chen, S; Li, K; Cao, L.; Yan, N.; Zhang, Y.; Rittmann, B.E. Synergy of strains that accelerate biodegradation
of pyridine and quinoline. J. Environ. Manag. 2021, 285, 112119. [CrossRef]

Huang, S.; Wang, M.; Mao, D.; Rasool, A.; Jia, C.; Yang, P.; Han, L.; Yan, M. Isolation, identification and characterization of growth
parameters of Pseudomonas putida HSM-C2 with coumarin-degrading bacteria. Molecules 2022, 27, 6007. [CrossRef]

Jiang, Y.; Zhang, F; Xu, S.; Yang, P.; Wang, X.; Zhang, X.; Hong, Q.; Qiu, J.; Chu, C.; He, J. Biodegradation of quinoline by a newly
isolated salt-tolerating bacterium Rhodococcus gordoniae strain JH145. Microorganisms 2022, 10, 797. [CrossRef]

Patek, M.; Grulich, M.; Nesvera, J. Stress response in Rhodococcus strains. Biotechnol. Adv. 2021, 53, 107698. [CrossRef]

Ivshina, I.B.; Kuyukina, M.S.; Krivoruchko, A.V.; Tyumina, E.A. Responses to ecopollutants and pathogenization risks of
saprotrophic Rhodococcus species. Pathogens 2021, 10, 974. [CrossRef]

Ivshina, I.; Bazhutin, G.; Tyumina, E. Rhodococcus strains as a good biotool for neutralizing pharmaceutical pollutants and
obtaining therapeutically valuable products: Through the past into the future. Front. Microbiol. 2022, 13, 967127. [CrossRef]
[PubMed]

Nazari, M.T.; Simon, V.; Machado, B.S.; Crestani, L.; Marchezi, G.; Concolato, G.; Ferrari, V.; Colla, L.M.; Piccin, J.S. Rhodococcus: A
promising genus of actinomycetes for the bioremediation of organic and inorganic contaminants. J. Environ. Manag. 2022, 323,
116220. [CrossRef] [PubMed]

He, Z.; Niu, C.; Lu, Z. Individual or synchronous biodegradation of di-n-butyl phthalate and phenol by Rhodococcus ruber strain
DP-2. J. Hazard. Mater. 2014, 273, 104-109. [CrossRef]

Choi, K.Y;; Kang, B.S.; Nam, M.H.; Sul, W.J.; Kim, E. Functional identification of OphR, an IcIR family transcriptional regulator
involved in the regulation of the phthalate catabolic operon in Rhodococcus sp. strain DK17. Indian J. Microbiol. 2015, 55, 313-318.
[CrossRef] [PubMed]

Wang, E; Dong, W.; Wang, H.; Zhao, Y.; Zhao, Z.; Huang, J.; Zhou, T.; Wu, Z; Li, W. Enhanced bioremediation of sediment
contaminated with polycyclic aromatic hydrocarbons by combined stimulation with sodium acetate/phthalic acid. Chemosphere
2022, 291, 132770. [CrossRef] [PubMed]

Ivshina, I.B.; Krivoruchko, A.V.; Kuyukina, M.S.; Peshkur, T.A.; Cunningham, C.J. Adhesion of Rhodococcus bacteria to solid
hydrocarbons and enhanced biodegradation of these compounds. Sci. Rep. 2022, 12, 21559. [CrossRef]

Shahabivand, S.; Mortazavi, S.S.; Mahdavinia, G.R.; Darvishi, F. Phenol biodegradation by immobilized Rhodococcus gingshengii
isolated from coking effluent on Na-alginate and magnetic chitosan-alginate nanocomposite. J. Environ. Manag. 2022, 307, 114586.
[CrossRef] [PubMed]

Ivshina, I.B.; Kuyukina, M.S.; Krivoruchko, A.V. Hydrocarbon-oxidizing bacteria and their potential in eco-biotechnology and
bioremediation. In Microbial Resources: From Functional Existence in Nature to Industrial Applications, 1st ed.; Kurtboke, I, Ed.;
Academic Press Elsevier: Cambridge, MA, USA, 2017; pp. 121-148. [CrossRef]

Declerck, S.W.A.; van der Heijden, M.G.A; Varese, G.C.; Turkovskaya, O.V.; Evtushenko, L.I; Ivshina, I.B.; Desmeth, P. PERN: An
EU-Russia initiative for rhizosphere microbial resources. Trends Biotechnol. 2015, 33, 377-380. [CrossRef] [PubMed]

Ivshina, I.B.; Kuyukina, M.S.; Krivoruchko, A.V.; Barbe, V.; Fischer, C. Draft genome sequence of propane- and butane-oxidizing
actinobacterium Rhodococcus ruber IEGM 231. Genome Announc. 2014, 2, €01297-14. [CrossRef]

Othman, H.B; Pick, ER; Hlaili, A.S.; Leboulanger, C. Effects of polycyclic aromatic hydrocarbons on marine and freshwater
microalgae—A review. J. Hazard. Mater. 2023, 441, 129869. [CrossRef]

Huang, J.; Ling, J.; Kuang, C.; Chen, J.; Xu, Y., Li, Y. Microbial biodegradation of aniline at low concentrations by
Pigmentiphaga daeguensis isolated from textile dyeing sludge. Int. Biodeterior. Biodegrad. 2018, 129, 117-122. [CrossRef]

Hu, R.; Zhao, H.; Xu, X.; Wang, Z.; Yu, K,; Shu, L.; Yan, Q.; Wu, B.; Mo, C.; He, Z; et al. Bacteria-driven phthalic acid ester
biodegradation: Current status and emerging opportunities. Environ. Int. 2021, 154, 106560. [CrossRef]

Stes, E.; Francis, E.; Pertry, I.; Dolzblasz, A.; Depuydt, S.; Vereecke, D. The leafy gall syndrome induced by Rhodococcus fascians.
FEMS Microbiol. Lett. 2013, 342, 187-194. [CrossRef]

Tomaés-Gallardo, L.; Gémez-Alvarez, H.; Santero, E.; Floriano, B. Combination of degradation pathways for naphthalene
utilization in Rhodococcus sp. strain TFB. Microb. Biotechnol. 2014, 7, 100-113. [CrossRef]

Wang, C.; Chen, Y.; Zhou, H.; Li, X.; Tan, Z. Adaptation mechanisms of Rhodococcus sp. CNS16 under different temperature
gradients: Physiological and transcriptome. Chemosphere 2020, 238, 124571. [CrossRef] [PubMed]

Gakhar, L.; Malik, Z.A.; Allen, C.C.; Lipscomb, D.A_; Larkin, M.].; Ramaswamy, S. Structure and increased thermostability of
Rhodococcus sp. naphthalene 1,2-dioxygenase. J. Bacteriol. 2005, 187, 7222-7231. [CrossRef]

Baratto, M.C.; Lipscomb, D.A.; Larkin, M.].; Basosi, R.; Allen, C.C.R.; Pogni, R. Spectroscopic characterisation of the naphthalene
dioxygenase from Rhodococcus sp. strain NCIMB12038. Int. J. Mol. Sci. 2019, 20, 3402. [CrossRef] [PubMed]

Anokhina, T.O.; Esikova, T.Z.; Gafarov, A.B.; Polivtseva, V.N.; Baskunov, B.P; Solyanikova, L.P. Alternative naphthalene metabolic
pathway includes formation of ortho-phthalic acid and cinnamic acid derivatives in the Rhodococcus opacus strain 3D. Biochemistry
2020, 85, 355-368. [CrossRef] [PubMed]

Gibson, D.T.; Parales, R.E. Aromatic hydrocarbon dioxygenases in environmental biotechnology. Curr. Opin. Biotechnol. 2000, 11,
236-243. [CrossRef] [PubMed]


http://doi.org/10.1016/j.scitotenv.2020.141136
http://doi.org/10.1016/j.jenvman.2021.112119
http://doi.org/10.3390/molecules27186007
http://doi.org/10.3390/microorganisms10040797
http://doi.org/10.1016/j.biotechadv.2021.107698
http://doi.org/10.3390/pathogens10080974
http://doi.org/10.3389/fmicb.2022.967127
http://www.ncbi.nlm.nih.gov/pubmed/36246215
http://doi.org/10.1016/j.jenvman.2022.116220
http://www.ncbi.nlm.nih.gov/pubmed/36116255
http://doi.org/10.1016/j.jhazmat.2014.03.033
http://doi.org/10.1007/s12088-015-0529-5
http://www.ncbi.nlm.nih.gov/pubmed/26063941
http://doi.org/10.1016/j.chemosphere.2021.132770
http://www.ncbi.nlm.nih.gov/pubmed/34736942
http://doi.org/10.1038/s41598-022-26173-3
http://doi.org/10.1016/j.jenvman.2022.114586
http://www.ncbi.nlm.nih.gov/pubmed/35085972
http://doi.org/10.1016/B978-0-12-804765-1.00006-0
http://doi.org/10.1016/j.tibtech.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/26088915
http://doi.org/10.1128/genomeA.01297-14
http://doi.org/10.1016/j.jhazmat.2022.129869
http://doi.org/10.1016/j.ibiod.2018.01.013
http://doi.org/10.1016/j.envint.2021.106560
http://doi.org/10.1111/1574-6968.12119
http://doi.org/10.1111/1751-7915.12096
http://doi.org/10.1016/j.chemosphere.2019.124571
http://www.ncbi.nlm.nih.gov/pubmed/31472351
http://doi.org/10.1128/JB.187.21.7222-7231.2005
http://doi.org/10.3390/ijms20143402
http://www.ncbi.nlm.nih.gov/pubmed/31373299
http://doi.org/10.1134/S0006297920030116
http://www.ncbi.nlm.nih.gov/pubmed/32564740
http://doi.org/10.1016/S0958-1669(00)00090-2
http://www.ncbi.nlm.nih.gov/pubmed/10851146

Molecules 2023, 28, 2393 20 of 20

49.

50.

51.

52.

53.

54.

55.

56.

57.

Mate, D.M.; Alcalde, M. Laccase: A multi-purpose biocatalyst at the forefront of biotechnology. Microb. Biotechnol. 2017, 10,
1457-1467. [CrossRef]

Lopes, ].M.; Marques-da-Silva, D.; Videira, P.Q.; Lago, R.L. Comparison of laccases and hemeproteins systems in bioremediation
of organic pollutants. Curr. Protein Pept. Sci. 2022, 23, 402—423. [CrossRef]

Ivshina, I.B.; Kuyukina, M.S.; Krivoruchko, A.V.; Plekhov, O.A.; Naimark, O.B.; Podorozhko, E.A.; Lozinsky, V.I. Biosurfactant-
enhanced immobilization of hydrocarbon-oxidizing Rhodococcus ruber on sawdust. Appl. Microbiol. Biotechnol. 2013, 97, 5315-5327.
[CrossRef]

Ivshina, I.B.; Tyumina, E.A.; Bazhutin, G.A.; Vikhareva, E.V. Response of Rhodococcus cerastii IEGM 1278 to toxic effects of
ibuprofen. PLoS ONE 2021, 16, e0260032. [CrossRef]

Ivshina, I.B.; Tyumina, E.A.; Kuzmina, M.V.; Vikhareva, E.V. Features of diclofenac biodegradation by Rhodococcus ruber IEGM
346. Sci. Rep. 2019, 9, 9159. [CrossRef] [PubMed]

Lee, S.D.; Kim, 1.S. Rhodococcus spelaei sp. nov., isolated from a cave, and proposals that Rhodococcus biphenylivorans is a
later synonym of Rhodococcus pyridinivorans, Rhodococcus qingshengii and Rhodococcus baikonurensis are later synonyms of
Rhodococcus erythropolis, and Rhodococcus percolatus and Rhodococcus imtechensis are later synonyms of Rhodococcus opacus. Int. J.
Syst. Evol. Microbiol. 2021, 71, 4890. [CrossRef]

Wrenn, B.A.; Venosa, A.D. Selective enumeration of aromatic and aliphatic hydrocarbon degrading bacteria by a most-probable-
number procedure. Can. J. Microbiol. 1996, 42, 252-258. [CrossRef] [PubMed]

Ivshina, I.B.; Kuyukina, M.S.; Ritchkova, M.L; Philp, J.C.; Cunningham, C.J.; Christofi, N. Oleophilic biofertilizer based on a
Rhodococcus surfactant complex for the bioremediation of crude oil-contaminated soil. In Proceedings of the 1st International
Congress on Petroleum Contaminated Soils, Sediments and Water, London, UK, 14-17 August 2001.

Aziz, RK,; Bartels, D.; Best, A.A; DeJongh, M.; Disz, T.; Edwards, R.A.; Formsma, K.; Gerdes, S.; Glass, E.M.; Kubal, M.; et al. The
RAST Server: Rapid Annotations using Subsystems Technology. BMC Genom. 2008, 9, 75. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1111/1751-7915.12422
http://doi.org/10.2174/1389203723666220704090416
http://doi.org/10.1007/s00253-013-4869-y
http://doi.org/10.1371/journal.pone.0260032
http://doi.org/10.1038/s41598-019-45732-9
http://www.ncbi.nlm.nih.gov/pubmed/31235798
http://doi.org/10.1099/ijsem.0.004890
http://doi.org/10.1139/m96-037
http://www.ncbi.nlm.nih.gov/pubmed/8868232
http://doi.org/10.1186/1471-2164-9-75
http://www.ncbi.nlm.nih.gov/pubmed/18261238

	Introduction 
	Results 
	Toxicity of Aromatic Compounds for Rhodococcus 
	Degradation of Monoaromatic Hydrocarbons by Rhodococcus 
	Degradation of PAHs by Rhodococcus 
	Degradation of Substituted Aromatic Hydrocarbons and Aromatic Heterocycles by Rhodococcus 
	Biodegradation of Toxic Aromatic Compounds by Rhodococcus in Model Soil 
	Analysis of Rhodococcus Genes Involved in the Biodegradation of Aromatic Compounds 

	Discussion 
	Materials and Methods 
	Bacterial Strains and Culture Conditions 
	Tested Aromatic Compounds 
	Toxicity Tests 
	Growth Experiments 
	Model Soil Experiments 
	Bioinformatical and Statistical Analysis 

	Conclusions 
	References

