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Abstract

This study investigated the degradation of diesel fuel (DF) by an aerobic halo-
tolerant strain, Dietzia sp. NDT10 (VKM Ac-2994D), under high salinity condi-
tions. Dietzia sp. strain NDT10 has been isolated from diesel-contaminated rhi-
zosphere soil of Dactylis glomerata L. on the territory of industrial production
and processing of potassium salts (Solikamsk, Perm Krai, Russia). The 16S rRNA
gene sequence analysis showed that the strain NDT10 is phylogenetically close
(99.89 % similarity) to the type strains of two species, Dietzia maris DSM 436727
and Dietzia kunjamensis subsp. The ability of the strain NDT10 to degrade diesel
fuel without salt and in the presence of up to 125 g NaCl/L was found. When
adding 30, 50, and 70 g NaCl/L to the culture medium, the diesel fuel degrada-
tion ability of strain NDT10 was markedly increased, especially in the case of
long-chain hydrocarbons (Cy5-Cy) compared with short-chain hydrocarbons
(Co-Cq4). An improvement in the degradative activity of Dietzia sp. NDT10 cor-
related with an increase in cell surface hydrophobicity in the presence of NaCl
in the medium. Using the NDT10 strain as an example, a positive effect of diesel
fuel components on the salt tolerance of bacteria was established. The results
obtained can be used to develop biotechnological strategies for the clean-up of
contaminated sites with DF and other petroleum products.

Keywords: diesel fuel, Dietzia, biodegradation, cell surface hydrophobicity,
halotolerance.

Introduction

At present, petroleum products are the most common and dangerous environ-
mental pollutants. Using microorganisms to biodegrade organic pollutants is an
effective biotechnological application for environmental bioremediation (Chan-
dra, Sharma, Singh, and Sharma, 2013; Abatenh, Gizaw, Tsegaye, and Wassie,
2017; Xu et al., 2018; Tarfeen et al., 2022). The microbial degradation studies are
essential to develop the remediation techniques of ecosystems contaminated with
petroleum products. However, the effectiveness of this method is limited by ex-
treme environmental conditions, particularly in cases of high salinity (Marge-
sin and Schinner, 2001; Abed, Al-Kharusi, and Al-Hinai, 2015; Edbeib, Wahab,
and Huyop, 2016; Khalid et al., 2021). Some members of the genus Dietzia are
capable of degrading oil, petroleum products, aliphatic and aromatic hydrocar-
bons (Bedtker, Hvidsten, and Torsvik, 2009; Wang et al., 2011; Chen et al., 2017;
Mikolasch et al., 2024), and also withstand a wide range of temperatures, pH and
salinity, which allows them to be recommended for bioremediation of contam-
inated habitats (Gharibzahedi, Razavi and Mousavi, 2014; Nazina et al., 2015).
Thousands of compounds, mainly saturated hydrocarbons, the number of carbon
atoms per molecule ranges from 8-12 to 25-27, have been found in diesel fuel
(DF). It is noted that petroleum products containing hydrocarbons with fewer
carbon atoms, such as gasoline, can be degraded by microorganisms more eas-
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ily and faster than heavy DF fractions (Marchal, Penet,
Solano-Serena, and Vandecasteele, 2003; Auffret et al.,
2009). However, the influence of high salinities on the
degradation of DF by the members of the Dietzia genus
has been insufficiently studied (Brzeszcz and Kaszycki,
2018), especially in the case of the degradation of indi-
vidual hydrocarbon fractions of DE.

It should be noted that the initial stage of the pro-
cess of hydrocarbon degradation is bacterial adhesion,
which is determined by the properties of the cell sur-
face, primarily the degree of its hydrophobicity, there-
fore the hydrophobicity of the cell surface determines
the efficiency of biodegradation of hydrocarbons and
petroleum products by bacteria (Bastiaens et al., 2000).
It is known that the hydrophobicity of the cell surface
of bacteria is actively influenced by physicochemical
environmental factors (Bos, van der Mei, and Busscher,
1999). In the literature there are studies of the effect of
salinity on the hydrophobicity of the cell surface of bac-
teria of the genera: Erythrobacter (Longang, Buck, and
Kirkwood, 2016), Exiguobacterium (Cao et al., 2020),
Halomonas (Hart and Vreeland, 1988), Rhodococcus (de
Carvalho, 2012; Rubtsova, Kuyukina and Ivshina, 2012;
Longang, Buck and Kirkwood, 2016). However, the spe-
cific effects of salinity on the cell surface hydrophobicity
of bacteria of the genus Dietzia have not been studied.

The aim of this work was to evaluate the potential
of the Dietzia sp. NDT10 to the biodegradation of diesel
fuel under high salinity conditions. For this purpose, the
effect of NaCl content in the medium on cell growth, cell
surface hydrophobicity and the degree of degradation of
diesel fuel, as well as individual hydrocarbon fractions of
DF, were assessed.

Materials and methods

Bacterial strain. The strain Dietzia sp. NDT10 was
isolated from a sample of the rhizosphere of cocksfoot
plants (Dactylis glomerata L.) growing on podzolic soil
contaminated with diesel fuel (DF) with technogenic
sodium-calcium chloride salinization. The soil sample
was collected at 3 m from the halite waste dump (Solika-
msk, Russia). The sampling site coordinates are latitude
59°38'00.1", longitude 056°45'13.2". The concentration
of diesel fuel in the soil was 5.7 %, pH — 7.6, water-solu-
ble salts — 1.3 %, Ca** — 2824 mg/kg, Na* — 399 mg/kg,
and K* — 85 mg/kg. The agrochemical analysis of soil
was carried out using standard methods (Mineev, 2001),
pH — by potentiometric method, the concentrations of
Ca?*, Na*, K* were measured in water extracts from the
soil using a device AA-6300 (Shimadzu, Japan).

Media and cultivation conditions. The bacteria
were cultivated in a mineral Raymond medium (MRM)
with the following composition (g/L): NH4sNO; — 2.0;
MgSO4X 7H20 — 02, KzHPO4 — 20, NazHPO4 — 30,

MnSOy4 x 2H,0 solution — 2 ml/Land 1 % FeSO4x 7H,O
solution — 1 ml/L of the medium (Raymond, 1961). To
prepare a nutrient Raymond medium (NRM), 5 g/L
tryptone (VWR Life Science Amresco, USA) and 2.5 g/L
yeast extract (Biospringer, France) were added to an
MRM as growth substrates. To obtain a solid cultiva-
tion medium agar (Helicon, Russia) was added to a final
concentration of 15 g/L. Cultivation was carried out in a
thermostat at 28 °C.

The growth characteristics of the strain were de-
termined when grown in a liquid NRM without the ad-
dition of salt and with NaCl content in the cultivation
medium: 30, 50, 70, 100 g/L. The growth of bacteria on
DF was evaluated during cultivation in the liquid MRM
without NaCl and with NaCl content of 30, 50, 70, 100,
125 g/L. DF was added to the medium to a final concen-
tration of 1 g/L. The inoculum was a bacterial culture
grown at 28°C on NRM agar with 30 g/L NaCl within
5 days. The collected bacterial biomass was resuspend-
ed in the MRM containing 30 g/L NaCl. The resulting
suspension of bacterial cells (ODggo 1.0) was added to
100 ml of medium in an amount of 1% v/v.

Cultivation was performed on a rotatory thermo-
shaker (Environmental Shaker-Incubator ES 20/60,
Biosan, Latvia) at 28 °C and 140 rpm. The growth of the
strain was assessed by determining the optical density
of cultures at 600 nm (ODggp) on a UV-Visible BioSpec-
mini spectrophotometer (Shimadzu, Japan) in a cuvette
with an optical path length of 1 cm. The specific growth
rate (u, h™!) was calculated according to a conventional
method using the following formula:

y = (LnCx - LnCy) / (£, - t1),

where Cx — culture concentration at the highest growth
point, Cyp — culture concentration at the initial point,
and t; and t, — time at the beginning and the end of
the exponential growth phase of the culture (Netrusov,
2005).

Characteristics of the DF sample. The diesel fuel
used was EKTO Diesel Class 3, type II (DT-A-K5) (Lu-
koil-Permneftnorgsinez, Perm, Russia), with a density of
0.833 g/cm? at 15 °C, a kinematic viscosity of 1.46 mm?/s
at 40°C, a cloud point 40°C, cetane number 51 units, a
mass fraction of polycyclic aromatic hydrocarbons < 1 %.

Amplification of alkB genes. Alk-BFB (5-GGT
ACG GSC AYT TCT ACR TCG A-3’) and Alk-BRB
(5-CGG RTT CGC GTG RTG RT-3’) primers were
used to amplify the alkB gene encoding alkane-1-mo-
nooxygenase (Tourova et al., 2008). The DNA of Rho-
dococcus wratislaviensis strain KT112-7, the genome of
which contains alkB (GenBank CP072193), was used as
a positive control. Amplification was carried out on a
C1000 Touch™ Thermal Cycler (Bio-Rad Laboratories,
USA) according to the following conditions (Tourova et
al., 2008).
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The nucleotide sequence of the alkB gene was de-
termined using the Big Dye Terminator Cycle Sequenc-
ing Kit v. 3.1 (Applied Biosystems, USA) on a Genetic
Analyzer 3500XL (Applied Biosystems, USA) as recom-
mended by the manufacturer. The nucleotide sequence
data were analyzed using Sequence Scanner v2.0 and
MEGA vl1 software (http://www.megasoftware.net).
The search of homologous sequences was done using the
GenBank database (http://www.ncbi.nlm.nih.gov).

Utilization of diesel fuel by the strain Dietzia sp.
NDT10. Cells of the strain were cultured in 150 ml coni-
cal flasks with ground glass stoppers in 10 ml of MCP
with DF (1 g/1). The ratio of the volume of the cultivation
medium and the air gas phase was 1: 15, which excluded
the limitation of the process of hydrocarbon oxidation
by oxygen (Ivanova et al., 2014).

Determination of the content of DF hydrocarbons
in the medium was carried out after 14 days of culti-
vation of bacteria, in chloroform extracts on an Agi-
lent 7890B gas chromatograph (Agilent, USA) with an
Agilent 7010B triple quadrupole mass spectrometer
(Agilent, USA) and with a RESTEK RTx-5MS quartz
column (Restek, USA). Helium was used as the carrier
gas, the flow rate was 1 ml/min, evaporator temperature
was 260°C. The initial oven temperature was 130°C
for 3 min, and the final temperature was 280°C, with
an increasing rate of 10°C/min. Chromatograms were
analyzed using the MassHunter v10 program (Agilent,
USA). Calculation of hydrocarbon concentrations was
carried out based on the peak areas in comparison with
the peak areas of control samples. To identify and calcu-
late the concentrations of hydrocarbon fractions, chlo-
roform solutions of n-alkanes (Co—C,o: nonane, decane,
undecane, dodecane, tridecane, tetradecane, pentadec-
ane, hexadecane, heptadecane, octadecane, nonadecane
and eicosane) were used. The calculation of the DF hy-
drocarbon content after 14 days of cultivation of the Di-
etzia sp. NDT10 in MRM was carried out relative to ster-
ile controls incubated for 14 days (hereinafter referred
to as “sterile control samples”) according to the method
(Ivanova et al., 2014).

Cell surface hydrophobicity was measured using
the MATH test (Rosenberg, 1984; Maneerat and Dikit,
2007). After cultivation for 14 days, bacterial cells were
separated from the culture medium by centrifugation at
12000 g for 30 min at 4°C and were washed twice with
a solution containing K;HPO, at a concentration of
8.7 g/L and NaCl — 0, 30, 50, 70, 100, 125 g/L (pH 7.0).
Then the cells were resuspended in this solution to the
ODggo of 0.5. The content of NaCl in the solution used
for washing and resuspension of the cells corresponded
to the concentration of sodium chloride in the medium
where the bacteria were grown. Then, 0.5 ml of hexane
was added to 3 ml of the cell suspension, and the result-
ing mixture was vortexed for 3 min. After 10 min, the

aqueous phase was taken and its ODgop was measured
on a UV-Visible BioSpec-mini spectrophotometer (Shi-
madzu, Japan). The hydrophobicity of the cell surface
(H, %) was calculated as follows:

H, % = (Ag-A) /Ao x 100 %,

where A is the ODg of the cell suspension before add-
ing hexane equal to 0.5 and A is the ODgq of the cell
suspension after vortexing and settling for 3 min with
hexane.

Statistical analysis. Statistical data processing was
performed using the Statistica 6.0 (http://statsoft.ru).
Standard methods of parametric statistics were used to
describe the results of the study: the mean and standard
deviation were calculated. To assess the significance of
differences, Student’s ¢-test was used with the calculation
of a 95% confidence interval.

Results and discussion

The strain NDT10 (VKM Ac-2994D) on an agarized
NRM forms round shiny smooth opaque convex orange
colonies 2-3 mm in diameter, with regular borders, uni-
form structure and soft consistency. Comparison of the
16S rRNA gene fragment nucleotide sequence (915 bp)
of the NDT10 and the type strains of the genus Dietzia
showed that the NDT10 strain is phylogenetically close
(99.89 % similarity) to the type strains of two species, Di-
etzia maris DSM 43672" and Dietzia kunjamensis subsp.
kunjamensis DSM 44907". The 16S rRNA gene nucleo-
tide sequence of the NDT10 strain was deposited in the
GenBank database at number ON527781.

It was shown that the strain NDT10 is capable of
growing in liquid MSR on diesel fuel as the sole source
of carbon and energy. The amplification of alkane-1-mo-
nooxygenase gene (alkB), a key enzyme for the aerobic
degradation of n-alkanes (the main components of DF),
using primers Alk-BFB and Alk-BRB (Tourova et al.,
2008) led to the production of a PCR product of the ex-
pected size (about 500 bp). However, sequencing and
analysis of the alkB gene revealed matrix heterogeneity,
which is characterized by the content of several homolo-
gous DNA nucleotide sequences in the sample. It may
indicate the presence of more than one copy of the alkB
gene in the genome of the strain NDT10. The genomes
of some strains of the genus Dietzia have several copies
of the alkB gene (https://img.jgi.doe.gov/).

Since the strain NDT10 was isolated from soil with
high salinity, we investigated its capability of the growth
in a medium with high mineralization. Dietzia sp. strain
NDT10 grew in NRM both without NaCl and at salt
concentrations up to 70 g/L (Fig. 1). At the same time,
the duration of the lag phase and the maximal optical
density of the culture were similar when growing on a
medium without the addition of NaCl and with a con-
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Fig. 1. The growth of Dietzia sp. strain NDT10 in NRM at different NaCl concentrations (g/L):
1 — without NaCl; 2 — 30; 3 — 50; 4 — 70; 5 — 100. The experiment was performed in triplicate.

tent of 30 g NaCl/L and 50 g NaCl/L. Based on the data
obtained, it can be argued that the strain NDT10 is a
halotolerant organism (Kushner, 1978). An increase in
the salt concentration in the medium to 70 g NaCl/L led
to an increase in the duration of the lag phase (up to
100 h) and a decrease in the maximal ODgg to 0.96 (Ta-
ble 1). With an increase of the salt content in the NRM
to 100 g NaCl/L, the growth of the strain NDT10 was
not detected.

The strain NDT10 was able to grow in the MRM
with DF at NaCl concentrations up to 125 g/L (Fig. 2).
The most efficient growth of the strain NDT10 was ob-
served in diesel fuel without sodium chloride and in the
presence of 30, 50 and 70 g NaCl/L. The lag phase was
70-83 h, followed by a significant increase in biomass.
The maximal ODgg value (equal to 0.93) was observed
after 7 days and 14 days of cultivation with 30 g NaCl/L
and without the addition of sodium chloride, respective-
ly (Fig. 2, Table 1).

With an increase of sodium chloride concentra-
tion in the medium at the initial stages of cultivation,
slow growth of the culture was observed (ODggo value
did not exceed 0.2). An active increase in biomass was
noted only after 7 days and 18 days when the content in
the medium was 100 and 125 g NaCl/L, respectively. The
maximal ODgg, equal to 0.7, was observed during culti-
vation in a medium containing 100 g/L sodium chloride.
At a content of 125 g NaCl/L in the medium, the maxi-
mum ODggo was 0.45 (Fig. 2, Table 1).

Interestingly, the strain Dietzia sp. NDT10 in a
nutrient medium (NRM) was able to grow at sodium
chloride concentrations not higher than 70 g/L (Fig. 1,

Table 1). While the strain NDT10 can effectively grow
at higher concentrations of NaCl (up to 125 g/L) in a
mineral medium (MCP) with DF as a substrate (Fig. 2,
Table 1). The growth characteristics of the strain did not
decrease to the concentration of NaCl up to 50 g/L in
NRM, when cultivation on MSR with DF the growth did
not decrease up to 70 g NaCl/L (Table 1).

It is known that microorganisms are able to grow
at higher concentrations of NaCl in the presence of sub-
stances with an osmoprotective effect in the cultivation
medium — betaine, ectoine, glutamate, etc. (Sleator and
Hill 2001; Plakunov, Zhurina and Belyaev, 2008; Hu et
al., 2020). In this work, it was noted for the first time that
aliphatic hydrocarbons can have a positive effect on the
growth of bacteria under high salinity conditions.

When cultivating Dietzia sp. NDT10 on the medi-
um with the addition of 30, 50, and 70 g NaCl/L, there is
an increase in the DF degradation, in comparison with
the variant of the experiment without the addition of
NaCl to the medium, by 1.2, 1.3, and 1.4 times, respec-
tively (Fig. 3). A decrease in the degradation of diesel
fuel by 4.7 times in comparison with the variant of the
experiment without the introduction of NaCl was noted
at the content of NaCl in the amount of 125 g/L.

In experimental variants with a positive effect of in-
creased salinity on the DF degradation the decomposi-
tion of long-chain hydrocarbons (C;5-Cy) by the strain
NDTI10 increased greater than that of short-chain hy-
drocarbons (Co—Ci4) (Table 2). For example, in the ex-
periment with the addition of 70 g NaCl/L, in which the
greatest decrease in the concentration of hydrocarbons
was noted, the content of short-chain hydrocarbons
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Fig. 2. The growth of Dietzia sp. strain NDT10 in MRM enriched with diesel fuel (1 g/L) at different NaCl concentra-
tions (g/L): 1 — without NaCl; 2 — 30; 3 — 50; 4 — 70; 5 — 100; 6 — 125. The experiment was performed in triplicate.
Table 1. The growth of Dietzia sp. strain NDT10 in NRM and MRM with DF at different concentrations of NaCl
NaCl concentrations in the medium, g/L
Growth parameters
0 30 50 70 100 125
The growth of the strain in NRM
Specific growth rate, h-' 0.010+0.002 0.010+0.003 0.007 +0.002 0.004 +0.001 — n. d.
Maximum ODsggo 1.88 2.1 1.88 0.96 — n. d.
Lag phase, h 72 72 72 100 — n.d.
The growth of the strain in MRM with DF
Specific growth rate, h™' 0.007 +£0.002 0.008 +0.001 0.008 +0.003 0.010+0.002 0.005 +0.002 0.003+0.001
Maximum ODsggo 0.93 0.93 0.84 0.86 0.70 0.45
Lag phase, h 83 70 70 96 168 432

— the growth was not observed; n. d. — no data.

(Co—Ci4) decreased by 1.2-1.4 times, and that of long-
chain hydrocarbons (C;5-Cy) — by 3.9-10.9 times in
comparison with the variant of the experiment without
adding NaCl.

Currently, there are very few data on the features
of degradation of DF by bacteria of the genus Dietzia at
high mineralization of the medium, while a positive ef-
fect of NaCl on DF degradation by representatives of this
genus has not been previously revealed. The ability of the
strain Dietzia maris NWWC4 to degrade diesel fuel hy-
drocarbons (C;9-C,;) under conditions of low tempera-
ture (10°C) and high salinity (5% NaCl) was found. At
the same time, the loss of DF hydrocarbons with salinity
after 18 days was 21 %, without salinity — 37 % (Chang,

Akbari, David, and Ghoshal, 2018). The bacterial asso-
ciation consisting of strains of Dietzia, Cellulomonas,
Bacillus and Halomonas species carried out DF degra-
dation at the environment high salinity. The biodegra-
dation of diesel fuel after 53 days was 64 % without salt
in the cultivation medium; when the medium contained
high salt concentrations (10 % and 17.5% NaCl), there
was no significant decrease in the diesel fuel degradation
(62% and 58%, respectively) (Riis, Kleinsteuber, and
Babel, 2003). For comparison, in our experiments, the
DF hydrocarbons degradation by the strain NDT10 af-
ter 14 days in a medium without NaCl was 52 %, at a
concentration of 30 g NaCl/L — 63 %, 50 g/L — 67 %,
70 g/L — 72 %, 100 g/L — 56 %, 125 g/L — 11 % (Fig. 3).
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Fig. 3. The degradation of diesel fuel by Dietzia sp. strain NDT10 after 14 days of cultivation with
various concentrations of NaCl. Error bars correspond to standard deviations. (*) Indicates that
the difference between the experimental variants with and without the addition of NaCl is signifi-

cant at the 5% confidence level.

Table 2. Content (% of concentration in sterile control samples) of DF hydrocarbons after 14 days of cultivation of the strain

Dietzia sp. NDT10 in MRM

NaCl concentrations The number of carbon atoms in hydrocarbons

in the medium, g/L 9 10 1 12 13 14
0 12.2+0.9 147+3.4 20.5+1.2 38.9+2.8 66.1+4.3 64.9+4.7
30 4.4+1.1 12.8+3.0 19.2+1.6 36.3+3.8 65.3+5.9 63.0£54
50 7.7+1.5 5.9+3.1 19.7+2.1 23.1+3.1 63.3+5.7 63.8+5.6
70 9.1+£1.8 126+23 17.8+1.9 27.9+23 493+29 47.3+2.1
100 15.8+6.4 26.3+4.6 26.8+5.9 43.4+9.9 51.0+£9.6 53.8+7.1
125 51.2+5.8 48.0+4.0 69.7+5.4 99.8+8.3 1059+12.3 100.4+15.2

NaCl concentrations The number of carbon atoms in hydrocarbons

in the medium, g/L 15 16 17 18 19 20
0 73.2+8.4 70.9+2.1 75.2+6.8 66.6+7.8 70.6 £5.1 103.7+15.4
30 141 +4.7 9.8+2.3 8.8+3.0 25.5+5.5 46.1+5.9 38.6+4.0
50 8.0+1.6 8.6+1.7 11.9+1.2 323+1.2 41.7+6.9 21.5+2.6
70 6.7+1.8 8.1+2.6 8.4+3.2 17134 13.4+3.1 15.2+4.1
100 543+4.6 51.9+4.8 54.7+12.7 62.6£3.2 64.1+4.6 824+73
125 101.0+12.1 100.5+11.4 100.8+10.2 101.9+10.2 101.2+8.2 106.6+10.3

An increase in the petroleum products degradation un-
der the influence of NaCl by the bacteria Dietzia maris
INMI 101 was noted (Zvyagintseva et al., 2001). The bio-
degradation of turbine oil by this strain was observed
at NaCl concentrations from 0.5 to 7 %, reaching maxi-
mum values (the amount of emitted CO,) at a salinity
of 5%.

A study of saturated hydrocarbons (C;,-Ci6) deg-
radation by Rhodococcus erythropolis showed a positive
effect of NaCl at concentrations up to 5% on the biodeg-
radation of long-chain alkanes (C;,-Cj6), while these
NaCl concentrations did not affect the degradation of

short-chain alkanes (Cs—C;;) (de Carvalho, 2012). Pre-
sumably, this positive effect of NaCl on alkanes degrada-
tion was associated with an increase in the cell surface
hydrophobicity (de Carvalho, 2012), since an increase
in medium salinity increased the concentration of lipids
with long-chain fatty acids in bacteria, which cause high
cell hydrophobicity (de Carvalho, Fatal, Alves, and da
Fonseca, 2007). A similar effect was also observed in the
study of the strain NDT10, but at higher concentrations
(up to 70 g NaCl/L).

It was found that with an increase in the concentra-
tion of NaCl, both in the medium with trypton and yeast
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Fig. 4. Effect of NaCl concentrations on cell surface hydrophobicity (H, %) of Dietzia sp. strain
NDT10 after 14 days of cultivation in MRM enriched with diesel fuel (1), in NRM (2). Error bars
correspond to standard deviations. (*) Indicates that the difference between the experimental
variants with and without the addition of NaCl is significant at the 5 % confidence level.

extract (NRM) and in the MRM with DF, the cell surface
hydrophobicity of Dietzia sp. NDT10 increased (Fig. 4).
Thus, the cell surface hydrophobicity of the strain during
cultivation in the medium with DF was by 1.1-1.7 times
higher than during cultivation in the NRM. At the same
time, the highest values of the cell surface hydrophobici-
ty of the strain were found when cultivated on a medium
with the addition of diesel fuel and at concentrations of
70, 100, and 125 g NaCl/L.

Hypersaline ecosystems are widely distributed
around the world and include both natural and man-
made habitats, such as soda and salt lakes, limans, saline
soils (Oren, 2002). To be able to live at high salt con-
centrations, halophilic and halotolerant bacteria use
diverse strategies of adaptation. To maintain turgor and
preserve cell viability, most of the salt-tolerant and mod-
erately halophilic bacteria accumulate osmoprotectants
in the cytoplasm. These low-molecular-weight substanc-
es are amino acids, carbohydrates or their derivatives,
sugars, and polyols, that have osmotic activity and are
non-toxic to the cells in high concentrations (Shivan and
Mugeraya, 2011; Oren, 2013; Banciu and Sorokin, 2013).

Cell surface hydrophobicity is known to affect bac-
terial membrane permeability. The hydrophilic cell sur-
face promotes the entry of water-soluble substances and
prevents the penetration of hydrophobic (water-insolu-
ble) compounds into the cells, whereas the hydrophobic
cell surface has the opposite properties (de Carvalho,
2012; de Carvalho, Marques, Hachicho, and Heipieper,
2014). Therefore, the decrease or increase in cell surface
hydrophobicity can change the uptake of substances into
bacterial cells. This mechanism is likely to be an adap-
tation to various environmental factors by bacteria, in
particular, to salt conditions.

For example, increasing salinity levels in the growth
medium has caused a reduction in the cell surface hy-
drophobicity of Halomonas elongata (Hart and Vreeland,

1988), Erythrobacter sp. (Longang, Buck, and Kirkwood,
2016), Exiguobacterium sp. (Cao et al., 2020). It has
been suggested that the hydrophilic cell surface facili-
tates the entry of water into bacterial cells under saline
conditions (Hart and Vreeland 1988; Cao et al., 2020).
An increase in the cell surface hydrophobicity during
salinization has been found in bacteria from the genus
Rhodococcus (de Carvalho, 2012; Rubtsova, Kuyukina,
and Ivshina, 2012; Longang, Buck, and Kirkwood, 2016)
and in soil actinomycetes (Zahir et al., 2016). The cell
surface hydrophobicity of halotolerant strains of the
genus Rhodococcus has been increased with increasing
concentration of NaCl in the culture medium, while in
non-resistant strains it decreased or did not change de-
pending on the conditions (Rubtsova, Kuyukina, and
Ivshina, 2012). In many halotolerant fungi, salt toler-
ance could be mainly associated with hydrophobization
of the cell wall. This reduces the loss of osmoprotectants
as a result of diffusion into the medium and increases
their concentration in cells (Gori, Mortensen, Arneborg,
and Jespersen, 2005; Kogej et al., 2007). Therefore, the
mechanisms that underlie the halotolerance of bacteria
could be similarly related to an increase in the cell sur-
face hydrophobicity under saline conditions. Likewise,
an increase in the cell surface hydrophobicity can en-
hance microbial salt tolerance by reducing the influx of
sodium ions into the cell (Banciu and Sorokin, 2013).
The degree of cell surface hydrophobicity is known
to play an important role in adhesion and microbial
uptake on hydrocarbons, so many actinobacteria have
increased their cell surface hydrophobicity in a similar
manner (Bredholt, Bruheim, Potocky, and Eimhjellen,
2002; de Carvalho et al., 2007; Hvidsten, Mjes, Bodtker,
and Barth, 2015). Dietzia sp. strain DQ12-45-1b grown
on hexatriacontane (Css) had a greater cell surface hy-
drophobicity rate compared to a medium with the ad-
dition of hexadecane (Cis) or tetracosane (C,4) (Wang
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et al., 2013). Changing the bacterial cell hydrophobicity
may lead to alterations in biodegradation of hydrocar-
bons under saline conditions. The positive impact of
the salinity in concentrations of NaCl up to 5% in the
growth media in the degradation of alkanes (C;,-Ci) by
Rhodococcus erythropolis has been revealed, presumably
by increasing the hydrophobic surface of bacterial cells
(de Carvalho, 2012). Herewith, the same level of NaCl
had no effect on the degradation of short-chain alkanes
(Cs-C11) with greater solubility in water compared to
long-chain alkanes (C;,-Cj6). On the contrary, under
high salinity, Exiguobacterium sp. N4-1P has decreased
the hydrophobic cell surface, that led to a reduction in
microbial degradation of long-chain alkanes and an
enhancement of naphthalene degradation (Cao et al.,
2020). Therefore, the hydrophobicity of the cell surface
can affect both the halotolerance of bacteria and their
ability to degrade hydrocarbons.

The highest hydrophobicity of the cell surface of
Dietzia sp. NDT10 observed during bacterial growth in
the MRM containing both DF and NaCl (Fig. 4). As a
result, the ability to grow bacteria in the presence of DF
was observed at higher concentrations of NaCl (125 g/L)
compared to the Raymond’s medium with the addition
of tryptone and yeast extract (at 70 g NaCl/L) (Figs 1, 2).
At 30, 50, and 70 g NaCl/L in the medium microbial
degradation of DF was also increased (Fig. 3).

Conclusion

The strain Dietzia sp. NDT10 was capable of growth in a
medium with DF up to 125 NaCl g/L with biodegrada-
tion of Co—Cy hydrocarbon fractions at a salinity range
of 0-100 g NaCl/L and the destruction of Co-Cy; hydro-
carbons fractions at a concentration of 125 g NaCl/L.
We observed an increase in cell surface hydrophobicity
of the studied bacteria with an increase of the concen-
tration of NaCl in the medium, that resulted in better
DF degradation at 30, 50 and 70 g NaCl/L. In addition,
the strain NDT10 showed a high activity against long-
chain hydrocarbons (C;5-Cy) in contrast to short-chain
ones (Cy—Ci4) in the presence of NaCl in the medium.
Our results and further studies of hydrocarbon biodeg-
radation by halotolerant bacteria can be implemented
to develop the approaches to control biotransformation
through an increase of cell surface hydrophobicity after
the exposure to NaCl, and bioremediation of contami-
nated environment under saline conditions.

References

Abatenh, E., Gizaw, B., Tsegaye, Z., and Wassie, M. 2017. Ap-
plication of microorganisms in bioremediation-review.
Journal of Environmental Microbiology 1(1):2-9. https://
doi.org/10.17352/0jeb.000007

Abed, R.M. M., Al-Kharusi, S., and Al-Hinai, M. 2015. Effect
of biostimulation, temperature and salinity on respira-

tion activities and bacterial community composition in
an oil polluted desert soil. International Biodeterioration
and Biodegradation 98:43-52. https://doi.org/10.1016/j.
ibiod.2014.11.018

Auffret, M., Labbe, D., Thouand, G., Greer, C. W., and Fayolle-
Guichard, F. 2009. Degradation of a mixture of hydro-
carbons, gasoline, and diesel oil additives by Rhodococ-
cus aetherivorans and Rhodococcus wratislaviensis. Ap-
plied and Environmental Microbiology 75(24):7774-7782.
https://doi.org/10.1128/AEM.01117-09

Banciu, H. L. and Sorokin, D.Y. 2013. Adaptation in haloalka-
liphiles and natronophilic bacteria; pp. 121-178 in Seck-
bach, J., Oren, A, and Stan-Lotter, H. (eds), Polyextremo-
philes: life under multiple forms of stress (cellular origin,
life in extreme habitats and astrobiology). Springer, Dor-
drecht. https://doi.org/10.1007/978-94-007-6488-0_5

Bastiaens, L., Springael, D., Wattiau, P., Harms, H., de
Wachter, R., Verachtert, H., and Diels, L. 2000. Isolation
of adherent polycyclic aromatic hydrocarbon (PAH)-de-
grading bacteria using PAH-sorbing carriers. Applied and
Environmental Microbiology 66(5):1834-1843. https://doi.
org/10.1128/AEM.66.5.1834-1843.2000

Bedtker, G, Hvidsten, I.V., and Torsvik, B.T. 2009. Hydrocar-
bon degradation by Dietzia sp. A14101 isolated from an
oil reservoir model column. Antonie Van Leeuwenhoek
96:459-469. https://doi.org/10.1007/510482-009-9359-y

Bos, R., van der Mei, H.C., and Busscher, H.]J. 1999. Physi-
co-chemistry of initial microbial adhesive interac-
tions-its mechanisms and methods for study. FEMS
Microbiology ~ Reviews  23(2):179-230.  https://doi.
org/10.1111/j.1574-6976.1999.tb00396.x

Bredholt, H., Bruheim, P., Potocky, M., and Eimhjellen, K.
2002. Hydrophobicity development, alkane oxidation,
and crude-oil emulsification in a Rhodococcus species.
Canadian journal of Microbiology 48(2):295-304. https://
doi.org/10.1139/w02-024

Brzeszcz, J. and Kaszycki, P. 2018. Aerobic bacteria degrad-
ing both n-alkanes and aromatic hydrocarbons: an un-
dervalued strategy for metabolic diversity and flexibility.
Biodegradation 29(4):359-407. https://doi.org/10.1007/
$10532-018-9837-x

Cao, Y., Zhang, B., Zhu, Z., Song, X., Cai, Q., Chen, B., and Ye, X.
2020. Microbial eco-physiological strategies for salinity-
mediated crude oil biodegradation. Science of the Total
Environment 727:138723. https://doi.org/10.1016/j.scito-
tenv.2020.138723

Chen, W,, Li, J., Xun, S., Min, J., and Hu, X. 2017. High efficiency
degradation of alkanes and crude oil by a salt-tolerant
bacterium Dietzia species CN-3. International Biodete-
rioration and Biodegradation 118:110-118. https://doi.
org/10.1016/j.ibiod.2017.01.029

Chandra, S., Sharma, R., Singh, K., and Sharma, A. 2013. Ap-
plication of bioremediation technology in the environ-
ment contaminated with petroleum hydrocarbon. An-
nals of Microbiology 63:417-431. https://doi.org/10.1007/
$13213-012-0543-3

Chang, W., Akbari, A., David, C.A., and Ghoshal, S. 2018.
Selective biostimulation of cold- and salt-tolerant hy-
drocarbon-degrading Dietzia maris in petroleum-con-
taminated sub-Arctic soils with high salinity. Chemical
Technology and Biotechnology 93(1):294-304. https://doi.
org/10.1002/jctb.5385

de Carvalho, C.C.C.R. 2012. Adaptation of Rhodococcus
erythropolis cells for growth and bioremediation under
extreme conditions. Research in Microbiology 163(2):125-
136. https://doi.org/10.1016/j.resmic.2011.11.003

de Carvalho, C.C.C.R,, Fatal, V., Alves, S.S., and da Fonse-
ca, M. M. R. 2007. Adaptation of Rhodococcus erythropolis


https://doi.org/10.17352/ojeb.000007
https://doi.org/10.17352/ojeb.000007
https://doi.org/10.1016/j.ibiod.2014.11.018
https://doi.org/10.1016/j.ibiod.2014.11.018
https://doi.org/10.1128/AEM.01117-09
https://doi.org/10.1007/978-94-007-6488-0_5
https://doi.org/10.1128/AEM.66.5.1834-1843.2000
https://doi.org/10.1128/AEM.66.5.1834-1843.2000
https://doi.org/10.1007/s10482-009-9359-y
https://doi.org/10.1111/j.1574-6976.1999.tb00396.x
https://doi.org/10.1111/j.1574-6976.1999.tb00396.x
https://doi.org/10.1139/w02-024
https://doi.org/10.1139/w02-024
https://doi.org/10.1007/s10532-018-9837-x
https://doi.org/10.1007/s10532-018-9837-x
https://doi.org/10.1016/j.scitotenv.2020.138723
https://doi.org/10.1016/j.scitotenv.2020.138723
https://doi.org/10.1016/j.ibiod.2017.01.029
https://doi.org/10.1016/j.ibiod.2017.01.029
https://doi.org/10.1007/s13213-012-0543-3
https://doi.org/10.1007/s13213-012-0543-3
https://doi.org/10.1002/jctb.5385
https://doi.org/10.1002/jctb.5385
https://doi.org/10.1016/j.resmic.2011.11.003

BIOLOGICAL COMMUNICATIONS, vol. 69, issue 2, April-June, 2024 | https://doi.org/10.21638/spbu03.2024.201 67

cells to high concentrations of toluene. Applied Micro-
biology and Biotechnology 76:1423-1430. https://doi.
org/10.1007/s00253-007-1103-9

de Carvalho, C.C.C.R., Marques, M. P. C., Hachicho, N., and
Heipieper, H.J.2014. Rapid adaptation of Rhodococcus
erythropolis cells to salt stress by synthesizing polyun-
saturated fatty acids. Applied Microbiology and Biotech-
nology 98:5599-5606. https://doi.org/10.1007/s00253-
014-5549-2

Edbeib, M. F., Wahab, R. A., and Huyop, F. 2016. Halophiles: bi-
ology, adaptation, and their role in decontamination of
hypersaline environments. World Journal of Microbiology
and Biotechnology 32(8):135. https://doi.org/10.1007/
$11274-016-2081-9

Gharibzahedi, S. M. T., Razavi, S. H., and Mousavi, S. M. 2014.
Characterization of bacteria of the genus Dietzia: an up-
dated review. Annals of Microbiology 64:1-11. https://doi.
org/10.1007/s13213-013-0603-3

Gori, K., Mortensen, H.D., Arneborg, N., and Jespersen, L.
2005. Expression of the GPD1 and GPP2 orthologues
and glycerol retention during growth of Debaryomyces
hansenii at high NaCl concentrations. Yeast 22(15):1213-
1222. https://doi.org/10.1002/yea.1306

Hart, D.J.and Vreeland, R. H. 1988. Changes in the hydrophobic-
hydrophilic cell surface character of Halomonas elongata
in response to NaCl. Journal of Bacteriology 170(1):132-
135. https://doi.org/10.1128/jb.170.1.132-135.1988

Hu, X., Li, D., Qiao, Y., Song, Q., Guan, Z., Qiu, K., Cao, J.,
and Huang, L. 2020. Salt tolerance mechanism of a
hydrocarbon-degrading strain: salt tolerance medi-
ated by accumulated betaine in cells. journal of Haz-
ardous Materials 392:122326. https://doi.org/10.1016/j.
jhazmat.2020.122326

Hvidsten, I., Mjgs, S. A., Badtker, G., and Barth, T. 2015. Fat-
ty acids in bacterium Dietzia sp: grown on simple and
complex hydrocarbons determined as FAME by GC-MS.
Chemistry and Physics of Lipids 190:15-26. https://doi.
org/10.1016/j.chemphyslip.2015.06.002

Ivanova, A. E., Sukhacheva, M. V., Kanat'eva, A. Yu., Kravchen-
ko, I.K., and Kurganov, A. A. 2014. Hydrocarbon-oxidiz-
ing potential and the genes for n-alkane biodegradation
in a new acidophilic microbial association from sulfur
blocks. Microbiology (Moscow) 83(6):764-772. https://doi.
org/10.1134/50026261714060095

Kushner, D.J. 1978. Life in high salt and solute concentra-
tions: Halophilic bacteria; pp.317-368 in Kushner, D.]J.
(ed.), Microbial Life in Extreme Environments. Academic
Press, London.

Khalid, F.E., Lim, Z.S., Sabri, S., Gomez-Fuentes, C., Zulkhar-
nain, A., and Ahmad, S. A. 2021. Bioremediation of diesel
contaminated marine water by bacteria: a review and
bibliometric analysis. Journal of Marine Science and En-
gineering 9(2):155. https://doi.org/10.3390/jmse9020155

Kogej, T., Stein, M., Volkmann, M., Gorbushina, A. A., Galin-
ski, E.A., and Gunde-Cimerman, N. 2007. Osmotic ad-
aptation of the halophilic fungus Hortaea werneckii: role
of osmolytes and melanization. Microbiology 153:4261-
4273. https://doi.org/10.1099/mic.0.2007/010751-0

Longang, A., Buck, C., and Kirkwood, K. M. 2016. Halotolerance
and effect of salt on hydrophobicity in hydrocarbon-de-
grading bacteria. Environmental Technology 37(9):1133-
1140. https://doi.org/10.1080/09593330.2015.1102333

Maneerat, S. and Dikit, P. 2007. Characterization of cell-as-
sociated bioemulsifier from Myroides sp. SM1, a marine
bacterium. Songklanakarin Journal of Science and Technol-
ogy 29(3):769-779.

Marchal, R., Penet, S. Solano-Serena, F., and Vande-
casteele, J. P. 2003. Gasoline and diesel oil biodegrada-

tion. Oil and Gas Science and Technology 58(4):441-448.
https://doi.org/10.2516/0gst:2003027

Margesin, R. and Schinner, F. 2001. Biodegradation and bio-
remediation of hydrocarbons in extreme environments.
Applied Microbiology and Biotechnology 56:650-663.
https://doi.org/10.1007/s002530100701

Mikolasch, A., Omirbekova, A., Schumann, P., Reinhard, A.,
Sheikhany, H., Berzhanova, R., Mukasheva, T., and Schau-
er, F. 2024. Enrichment of aliphatic, alicyclic and aro-
matic acids by oil-degrading bacteria isolated from the
rhizosphere of plants growing in oil-contaminated soil
from Kazakhstan. Applied Microbiology and Biotechnology
108:189. https://doi.org/10.1007/s00253-024-13010-y

Mineev, V. G. 2001. Praktikum po agrokhimii. 689 p. Lomono-
sov Moscow University Press, Moscow. (In Russian)

Nazina, T.N., Shumkova, E.S., Sokolova, D. Sh., Babich, T.L.,
Zhurina, M. V., Xue, Y.-F., Osipov, G.A., Poltaraus, A.B.,
and Tourova, T.P. 2015. Identification of hydrocarbon-
oxidizing Dietzia bacteria from petroleum reservoirs
based on phenotypic properties and analysis of the 16S
rRNA and gyrBgenes. Microbiology (Moscow) 84(3):377-
388. https://doi.org/10.7868/50026365615030143

Netrusov, A.l. 2005. Praktikum po mikrobiologii. 608 p. Aka-
demiia Publ., Moscow. (In Russian)

Oren, A. 2002. Halophilic microorganisms and their environ-
ments. 575 p. Kluwer Academic, Boston. https://doi.
org/10.1007/0-306-48053-0

Oren, A. 2013. Life at high salt concentrations; pp. 263-282
in Dworkin, M., Falkow, S., Rosenberg, E., Schleifer, K.-H.,
and Stackebrandet, E. (eds), The Prokaryotes. A handbook
on the biology of bacteria: ecophysiology and biochem-
istry. Springer, New York. https://doi.org/10.1007/978-3-
642-30123-0_57

Plakunov, V.K., Zhurina, M.V., and Belyaeyv, S.S. 2008. Re-
sistance of the oil-oxidizing microorganism Dietzia
sp. to hyperosmotic shock in reconstituted biofilms.
Microbiology ~ 77(5):515-522.  https://doi.org/10.1134/
S0026261708050019

Raymond, R.L. 1961. Microbial oxidation of n-paraffinic hy-
drocarbons. Development in Industrial Microbiology
2(1):23-32.

Riis, V., Kleinsteuber, S., and Babel, W. 2003. Influence of high
salinities on the degradation of diesel fuel by bacterial
consortia. Canadian Journal of Microbiology 49(11):713-
721. https://doi.org/10.1139/W03-083

Rosenberg, M. 1984. Bacterial adherence to hydrocarbons: a
useful technique for studying cell surface hydrophobic-
ity. FEMS Microbiology Letters 22(3):289-295. https://doi.
org/10.1111/j.1574-6968.1984.tb00743.x

Rubtsova, E.V., Kuyukina, M.S., and Ivshina, I.B. 2012. Ef-
fect of cultivation conditions on the adhesive activity
of Rhodococcus cells towards n-hexadecane. Applied Mi-
crobiology and Biotechnology 48(5):452-459. https://doi.
org/10.1134/50003683812050110

Shivan, P. and Mugeraya, G. 2011. Halophilic bacteria and
their compatible solutes — osmoregulation and poten-
tial applications. Current Science 100(10):1516-1521.

Sleator, R.D. and Hill, C. 2001. Bacterial osmoadaptation:
the role of osmolytes in bacterial stress and virulence.
FEMS Microbiology Reviews 26(1):49-71. https://doi.
org/10.1111/j.1574-6976.2002.tb00598.x

Tarfeen, N., Nisa, K.U., Hamid, B., Bashir, Z., Yatoo, A.M.,
Dar, M. A.,, Mohiddin, F.A., Amin, Z.,, Ahmad, R. A., and
Sayyed, R.Z. 2022. Microbial remediation: a promising
tool for reclamation of contaminated sites with special
emphasis on heavy metal and pesticide pollution: a
review. Processes 10(7):1358. https://doi.org/10.3390/
pr10071358


https://doi.org/10.1007/s00253-007-1103-9
https://doi.org/10.1007/s00253-007-1103-9
https://doi.org/10.1007/s00253-014-5549-2
https://doi.org/10.1007/s00253-014-5549-2
https://doi.org/10.1007/s11274-016-2081-9
https://doi.org/10.1007/s11274-016-2081-9
https://doi.org/10.1007/s13213-013-0603-3
https://doi.org/10.1007/s13213-013-0603-3
https://doi.org/10.1002/yea.1306
https://doi.org/10.1128/jb.170.1.132-135.1988
https://doi.org/10.1016/j.jhazmat.2020.122326
https://doi.org/10.1016/j.jhazmat.2020.122326
https://doi.org/10.1016/j.chemphyslip.2015.06.002
https://doi.org/10.1016/j.chemphyslip.2015.06.002
https://doi.org/10.1134/S0026261714060095
https://doi.org/10.1134/S0026261714060095
https://doi.org/10.3390/jmse9020155
https://doi.org/10.1099/mic.0.2007/010751-0
https://doi.org/10.1080/09593330.2015.1102333
https://doi.org/10.2516/ogst:2003027
https://doi.org/10.1007/s002530100701
https://doi.org/10.1007/s00253-024-13010-y
https://doi.org/10.7868/S0026365615030143
https://doi.org/10.1007/0-306-48053-0
https://doi.org/10.1007/0-306-48053-0
https://doi.org/10.1007/978-3-642-30123-0_57
https://doi.org/10.1007/978-3-642-30123-0_57
https://doi.org/10.1134/S0026261708050019
https://doi.org/10.1134/S0026261708050019
https://doi.org/10.1139/W03-083
https://doi.org/10.1111/j.1574-6968.1984.tb00743.x
https://doi.org/10.1111/j.1574-6968.1984.tb00743.x
https://doi.org/10.1134/S0003683812050110
https://doi.org/10.1134/S0003683812050110
https://doi.org/10.1111/j.1574-6976.2002.tb00598.x
https://doi.org/10.1111/j.1574-6976.2002.tb00598.x
https://doi.org/10.3390/pr10071358
https://doi.org/10.3390/pr10071358

68 BIOLOGICAL COMMUNICATIONS, vol. 69, issue 2, April-June, 2024 | https://doi.org/10.21638/spbu03.2024.201

Tourova, T. P., Nazina, T. N., Mikhailova, E. M., Rodionova, T. A.,
Ekimov, A.N., Mashukova, A.V., and Poltaraus, A.B.
2008. AlkB homologs in thermophilic bacteria of the ge-
nus Geobacillus. Molecular Biology 42(2):217-226. https://
doi.org/10.1134/50026893308020076

Wang, X.B., Chi, C.Q., Nie, Y., Tang, Y.Q., Tan, Y., Wu, G., and
Wu, X. L. 2011. Degradation of petroleum hydrocarbons
(C6-C40) and crude oil by a novel Dietzia strain. Bio-
resource Technology 102(17):7755-7761. https://doi.
org/10.1016/j.biortech.2011.06.009

Wang, X-B., Nie, Y., Tang, Y-Q., Wu, G., and Wu, X-L. 2013.
n-Alkane chain length alters Dietzia sp. strain DQ12-45-
1b biosurfactant production and cell surface activity.
Applied and Environmental Microbiology 79(1):400-402.
https://doi.org/10.1128/AEM. 02497-12

Xu, X., Liu, W., Tian, S., Wang, W., Qi, Q., Jiang, P., Gao, X,
Li, F., Li, H., and Yu, H. 2018. Petroleum hydrocarbon-
degrading bacteria for the remediation of oil pollution
under aerobic conditions: a perspective analysis. Fron-
tiers in Microbiology 9:2885. https://doi.org/10.3389/
fmicb.2018.02885

Zahir, H., Hamadi, F., Mallouki, B., Imziln, B., and Latrache, H.
2016. Effect of salinity on the adhesive power actinomy-
cetes in soil. Journal of Materials and Environmental Sci-
ence 7(9):3327-3333.

Zvyagintseva, I.S., Poglazova, M. N., Gotoeva, M. T., and Be-
lyaev,S.S.2001.Effectonthe medium salinity on oil degra-
dationby nocardioform bacteria. Microbiology 70(6):652-
656. https://doi.org/10.1023/A:1013179513922


https://doi.org/10.1134/S0026893308020076
https://doi.org/10.1134/S0026893308020076
https://doi.org/10.1016/j.biortech.2011.06.009
https://doi.org/10.1016/j.biortech.2011.06.009
https://doi.org/10.1128/AEM.02497-12
https://doi.org/10.3389/fmicb.2018.02885
https://doi.org/10.3389/fmicb.2018.02885
https://doi.org/10.1023/A:1013179513922

