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Abstract. Oil pollution is one of the most serious current en-
vironmental problems. In this study, four strategies of biore-
mediation of oil-polluted soil were tested in the laboratory
over a period of 84 days: (A) aeration and moistening; (B)
amendment with 1% biochar (w/w) in combination with
A; amendment with 1% biochar with immobilized Pseu-
domonas aeruginosa (C) or Acinetobacter radioresistens (D)
in combination with A. All strategies used resulted in a de-
crease of the hydrocarbon content, while biochar addition
(B, C, D strategies) led to acceleration of decomposition in
the beginning. Microbial biomass and respiration rate in-
creased significantly at the start of bioremediation. It was
demonstrated that moistening and aeration were the main
factors influencing microbial biomass, while implementation
of biochar and introduction of microbes were the main fac-
tors influencing microbial respiration. All four remediation
strategies altered bacterial community structure and phyto-
toxicity. The Illumina MiSeq method revealed 391 unique
operational taxonomic units (OTUs) belonging to 40 bacte-
rial phyla and a domination of Proteobacteria in all investi-
gated soil samples. The lowest alpha diversity was observed
in the samples with introduced bacteria on the first day of
remediation. Metric multidimensional scaling demonstrated
that in the beginning and at the end, microbial community
structures were more similar than those on the 28th day of
remediation. Strategies A and B decreased phytotoxicity of
remediated soil between 2.5 and 3.1 times as compared with
untreated soil. C and D strategies led to additional decrease
of phytotoxicity between 2.1 and 3.2 times.

1 Introduction

Soil pollution with petroleum is one of the most serious prob-
lems nowadays. Despite the fact that many methods of reme-
diation of petroleum pollution have been proposed, devel-
opment of effective and environmentally friendly methods
of hydrocarbon removal from soil ecosystems is still highly
required. As such a method, many authors propose biore-
mediation, which is easily implemented into practice, cost-
effective, and environmentally relevant (Agnello et al., 2015;
Kauppi et al., 2011; Suja et al., 2014; Wu et al., 2016). The
soil microbiota provides several ecosystem services, such as
organic compounds’ decomposition, including the degrada-
tion of organic toxicants (Beesley et al., 2011). Currently,
two strategies of bioremediation are actively used — biostim-
ulation and bioaugmentation (Kauppi et al., 2011; Wu et al.,
2016). The first strategy includes activities that stimulate the
indigenous microflora of oil-polluted site; the second one in-
troduces active microbial decomposers into the remediated
site. Many authors report high efficiency of biostimulation
and low additional benefit from bioaugmentation (Kauppi et
al., 2011; Taccari et al., 2012; Tahhan et al., 2011). Some
authors report that the best treatment method of oil-polluted
soils is a combination of biostimulation and bioaugmentation
(Wu et al., 2016).

Biochar, a product of thermic degradation of organic mat-
ter under anaerobic conditions (pyrolysis), is often used for
soil quality improvement (Beesley et al., 2011; Kuppusamy
et al., 2016; Lehmann et al., 2011; Liu et al., 2016; Tang et
al., 2013). Biochar has several positive effects on soil: it leads
to carbon sequestration and, consequently, decreased CO,
emission rates, increases soil porosity and water-holding ca-
pacity, and improves soil pH (Awad et al., 2012; KuSmierz et
al., 2016; Lehmann and Joseph, 2009). Because of its high
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surface area and porosity, biochar can be a good substrate
for colonization and active functioning of soil-indigenous
microflora (Quilliam et al., 2013). Therefore, besides abi-
otic factors, biochar addition may change the structure of
the microbial community, enzyme activity, decomposition
of carbon substrates, and cycling of other elements in soils
(Kuzyakov et al., 2009; Lehmann et al., 2011; Rutigliano
et al., 2014; Tang et al., 2013; Wang et al., 2015). Biochar
can absorb organic and inorganic compounds on its surface.
According to several authors, this is an advantage as sorp-
tion decreases liability and availability of toxicants in soils
(Beesley et al., 2010; Lu et al., 2015), leading to a decrease
of phytotoxicity (Butnan et al., 2015). Thus, the absorption
ability of biochar is used for bioremediation of soils polluted
by petroleum hydrocarbons such as alkanes, polycyclic aro-
matic hydrocarbons, and asphaltenes (Beesley et al., 2011;
Qin et al., 2013). The effect of biochar on oil-polluted soils
is different and dependent e.g., on doses and time of use,
type of biochar (initial substrates and method of preparation),
and soil quality (Domene et al., 2015; Jones et al., 2012;
Lehmann et al., 2011).

Biochar can be introduced into the soil, not only as a soil
conditioner, but also as a carrier of microbial inoculates. Sev-
eral authors agree that the influence of biochar on immobi-
lized microbes is different and depends on the biochar it-
self as well as on the microorganisms; therefore, the decision
concerning its use as a carrier should be made individually in
each particular case. In the literature, results about immobi-
lization effects of biochar on rhizosphere and symbiotic mi-
crobes that promote plant growth are presented (Lehmann et
al., 2011). Poor data concerning the use of biochar for immo-
bilization of hydrocarbon degrading microbes can be found
in literature (Qin et al., 2013). However, biochar with immo-
bilized hydrocarbon degraders can potentially be an efficient
tool of oil-polluted soil remediation.

The objective of this study was to estimate the efficiency
of biochar as a biostimulating tool as well as a carrier for
hydrocarbon-degrading bacteria for the remediation of oil-
polluted soil in a laboratory experiment. Two bacterial strains
isolated previously from oil-polluted soils on the basis of
their high degrading potential were used for biochar inoc-
ulation. Hydrocarbon content, phytotoxicity, microbial res-
piration and biomass, as well as bacterial community struc-
ture were used as parameters for efficiency estimation of the
bioremediation methods used.

2 Material and methods
2.1 Contaminated soil and biochar

Oil-contaminated soil was sampled in the area of a 1-year-old
oil spill situated close to Niznekamsk (Tatarstan Republic,
Russia). Prior to sampling, plants were removed and soil was
sampled to a depth of 10 cm. Five replicates were sampled,
and one representative sample was prepared. The sample was
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air-dried, sieved (2 mm mesh size), and stored at 4 °C in the
dark for further use. The soil showed the following character-
istics: 40.5 % sand, 54.1 % silt, and 5.4 % clay (as revealed by
laser diffraction according to ISO 13320:2009 and ISO/TS
17892-4:2004); pH — 6.5 (as revealed by ISO 10390:2005
method); organic carbon content — 9.1 % (as revealed by ISO
14235:1998 method); total nitrogen content — 0.15 % (as re-
vealed by ISO 11261:1995 method); hydrocarbon content as
revealed by infrared spectroscopy — 4.7 % (of this, 15.5 %
saturated hydrocarbon, 23.4 % aromatics, 58.4 % resins, and
2.7 % asphaltenes).

Biochar used in the study was obtained by slow pyroly-
sis of birch wastes at 450 °C. Immediately after preparation
and cooling, biochar was sampled from the pyrolysis cham-
ber under sterile conditions. Biochar characteristics are pre-
sented in Table S1 in the Supplement.

2.2 Immobilization of microbes on biochar

Two strains of microorganisms able to actively degrade hy-
drocarbons and previously isolated from oil-polluted soils
sampled in the Tatarstan Republic (Russia) were used
— Pseudomonas aeruginosa and Acinetobacter radiore-
sistens. Before immobilization on biochar, the strains were
cultivated for 7 days at 28°C and with a rotation of
130rpm on liquid medium with the following composi-
tion: (NH4)2S04 (1.0gL™1), MgSO4 (0.2gL~"), KH,PO4
(3.0gL™"), Na;HPO4 (4.5 gL™1); 2% of oil (v/v) was used
as a sole carbon source. For immobilization, biochar was
plunged into the bacterial culture, stored for 1 day, and then
used for further bioremediation. The final concentration of
bacterial cells on biochar was equal to 5-9 x 108 CFU. All
the manipulations with biochar before remediation were con-
ducted under sterile conditions.

For screening of the biochar surface as well as the immo-
bilized bacteria, the universal analytical complex of scanning
autoemission microscopy, Merlin (Carl Zeiss, Germany),
was used. Before scanning, biochar samples were dewatered
in 1 % glutaraldehyde solution and an ascending alcohol se-
ries.

2.3 Experimental design

The oil-polluted soil sample was treated using four differ-
ent methods for 84 days. For each treatment method, three
incubation containers with 1kg of soil were prepared. Soil
samples were brought up to 60 % water-holding capacity.
We used the following four treatment methods: (A) soil
with no biochar, (B) soil amended with biochar 1 % (w/w),
(C) soil amended with biochar 1 % (w/w), which was previ-
ously inoculated with Pseudomonas aeruginosa, and (D) soil
amended with biochar 1 % (w/w), which was previously in-
oculated with Acinetobacter radioresistens. Once a week,
each remediation trial was mixed for aeration, and water con-
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Table 1. Treatments of oil-polluted soil used in the study.

Treatment and method of remediation

Mixing and moistening figure
Amendment with biochar 1 % (w/w)

Amendment with biochar 1 % (w/w), which was previously inoculated with Pseudomonas aeruginosa —
Amendment with biochar 1 % (w/w), which was previously inoculated with Acinetobacter radioresistens — —

|+ + | @

Il +++]0

+1++|0
|

tent was restored by weighing. (E) A variant without any
treatment was used as a control (Table 1).

The remediated soil samples were taken on days 1, 7, 14,
28,42, 56, 70, and 84 of the study. On each sampling day, 30
samples (5 variants of treatments (A—E) x 3 containers for
each treatment x 2 samples from each container) were ex-
amined; each sample was obtained by mixing together three
soil cores. Soil microbial biomass carbon and respiration as
well as phytotoxicity were estimated in fresh soil samples
immediately after sampling. Hydrocarbon content was mea-
sured in air-dried soil. DNA for further analysis of bacterial
diversity was extracted from fresh soil and stored at —20 °C.

2.4 Chemical and biological analyses

Hydrocarbon content was estimated using infrared spectrom-
etry with an AN-2 analyzer (LLC Neftehimavtomatika-SPb,
Russia). Basal respiration activity of soil was determined on
the basis of CO, emission from soil during 24 h, according
to ISO 16072 (2002). Soil microbial biomass carbon was de-
termined by fumigation of the samples with C,H;OH-free
CHCIl;3 and extraction with 0.5 M K»SO4. The extracted C
content was determined by bichromate oxidation in accor-
dance with ISO 14240-2 (1998). Phytotoxicity was estimated
using oat plants (Avena sativa) via the contact method ac-
cording to ISO 11269-1 (2012) and ISO 11269-2 (2012).
Germination index (GI) was calculated as described by Zuc-
coni et al. (1981) and used as a phytotoxicity parameter. GI
(%) combined measurement of relative seed germination and
relative root elongation.

2.5 Quantitative < CR and next generation sequencing

DNA was extracted using the FastDNA® SPIN Kit for Soil
(Bio101, Qbiogene, Germany), according to the instructions
provided, and purified using QIAquick PCR Purification Kit
(Quiagen, Germany). After a quality check on agarose gel,
16S rDNA genes were amplified by real-time polymerase
chain reaction (PCR) in triplicate on a BioRad CFX-96 cy-
cler (BioRad, Munich, Germany). The 25 uL reaction mix-
ture contained 5UpL~! SynTaq polymerase, 10 x buffer
with SYBR Green, 10 mM dNTPs each, 10 uM primer (16S
984f and 1378r) each, and 1 uL of DNA template. The am-
plification protocol was as follows: initial denaturation at
95 °C for 5 min, followed by 39 three-step cycles at 62-60 °C
for 455, 95°C for 15s, and 72°C for 30s. The standard
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curves for bacteria were generated using serial DNA dilu-
tions of DNA of Bacillus pumilus. The concentration of tem-
plate DNA and amplicons was quantified on the Qubit flu-
orimeter (Invitrogen, USA) using Quant-iT"" dsDNA High-
Sensitivity Assay Kit (Thermo Fisher, USA).

Preparation of the libraries was performed in accordance
with the 16S Metagenomic Sequencing Library Preparation
Protocol recommended for Ilumina MiSeq. The first round
of amplification of V3-V4 region of 16sRNA gene was per-
formed on DNA Engine Tetrad® 2 cycler (BioRad, Germany)
with specific primers A (TCGTCGGCAGCGTCAGAT-
GTGTATAAGAGACAGCCTACGGGNGGCWGCAG)
and B (GTCTCGTGGGCTCGGAGATGTGTATAAGA-
GACAGGACTACHVGGGTATCTAATCC), using the
following protocol: initial denaturation for 3 min at 95 °C,
27 cycles of 30s at 95°C, 30s at 55°C, and 30s at 72°C;
and final extension for 5min at 72 °C. Further purification
of amplicons was performed with the Agencourt AMPure
XP purification kit (Beckman Coulter, USA). The second
round of amplification was performed for double indexing
of samples using the same cycle parameters with primers
presented in Table S2.

The library obtained was validated on Bioanalyzer 2100
using the Agilent DNA 1000 Kit (Agilent, USA) and quan-
tified on the Qubit Fluorometer (Invitrogen, USA) using
the Quant-iT" " dsDNA High-Sensitivity Assay Kit (Thermo
Fisher, USA). Purified amplicons were pooled at equal con-
centration. Further preparation of samples and sequencing
were performed using the MiSeq Reagent Kit v2 (300 cy-
cles) on the MiSeq device (Illumina, USA) according to the
manufacturer’s protocol.

After the sequencing process, previously added adapter se-
quence was removed, and then samples were determined us-
ing index sequence by means of Illumina BaseSpace soft-
ware (www.basespace.illumina.com). QIIME platform (Ca-
poraso et al., 2010) was used for further analysis of the
sequence data. After the quality filtering step (Q <20),
chimeras were removed using the usearch61 algorithm. Op-
erational taxonomic units (OTUs) clustering against the
Greengenes database (August 2013 release) was done using
the implemented USEARCH pipeline (Edgar, 2010) with a
97 % sequence identity threshold. Only OTUs being repre-
sented by at least five reads were kept. Taxonomic classifi-
cation was performed using the implemented RDP classifier
with PyNAST (Wang et al., 2007).

Biogeosciences, 13, 5739-5752, 2016
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2.6 Statistical analysis

Sampling and chemical analyses were carried out in tripli-
cate, biological analyses in five replicates in order to de-
crease the experimental errors and to increase the experi-
mental reproducibility. All results were expressed on an air-
dried soil basis. The data from the experiment were statis-
tically processed on a computer using Origin 8.5 (Origin-
Lab, Northampton, USA). The confidence of data generated
in the present investigations has been analyzed by standard
statistical methods to determine the mean values and stan-
dard errors (SEs). The means were compared using Fisher’s
least significant difference at « = 0.05. The values in figures
and tables were expressed as mean +SE of the corresponding
replicates.

Alpha and beta diversities of bacterial communities were
estimated using the Vegan package of the R software (R Core
Development Team, 2015). Alpha diversity was expressed
using several indices: Shannon—Weaver (H index) and Simp-
son (D index) indices were calculated according to Shan-
non and Weaver (1963) and Simpson (1949), respectively;
the simple index (I index) was calculated as the number of
OTUs revealed by Illumina sequencing. To visualize the dif-
ferences in microbial communities, metric multidimensional
scaling (MDS) plots were created, where matrices of band
abundance were assembled, and similarity matrices were cal-
culated according to the Bray—Curtis coefficient (Faith et al.,
1987).

3 Results and discussion

Two bacterial strains — P. aeruginosa and A. radioresistens
— were immobilized on biochar. These strains were previ-
ously isolated from oil-polluted sites and used in this study
because of their high efficiency in hydrocarbon decomposi-
tion (Rocha et al., 2013; Tang et al., 2010; Wu et al., 2016).
Figure 1 shows the images confirming inoculation of biochar
by the two strains.

Initial biochar as well as biochar with immobilized mi-
crobes was introduced to the soil at an amount of 1 %. A com-
parable quantity of biochar for soil conditioning was used
in both lab-scale and field-scale experiments in other studies
(Qin et al., 2013; Rutigliano et al., 2014; Smith et al., 2010);
some authors used quantities of 5 to 10 % biochar (Bhaduri
et al., 2016; Xu et al., 2016).

In the process of bioremediation that lasted for 84 days,
hydrocarbon content decreased in all the variants, except the
control, as presented in Fig. 2. The maximal decrease rate
was observed during the first 14 days, but this rate was dif-
ferent for different variants. Thus, on day 14, decrease of hy-
drocarbon content was estimated to be 13, 42, 49, and 53 %
of the initial content (47 g kg_l) in the variants A, B, C, and
D, respectively. However, at the end of the experiment, the
decrease of amounts of hydrocarbon in the four variants did
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not differ significantly; these were 56, 59, 66, and 66 % of
the initial content, respectively (p <0.05).

In variant A, which was moistened and aerated, hydro-
carbon decomposition reached a plateau on day 42, when
the content was 23 gkg™!. Petroleum hydrocarbons may not
fully be used by microbes since they contain a lot of re-
calcitrant compounds (Alexander, 1995; Atlas, 1995). Many
authors agree that intensive decomposition of petroleum
hydrocarbons occurs in the first 15-50 days; after this,
the biodegradation rate decreases (Al-Mutairi et al., 2008;
Beskoski et al., 2011; Jgrgensen et al., 2000; Liu et al., 2009;
Marin et al., 2005). Hydrocarbon decrease rates in our study
are in line with those presented by other researchers. For ex-
ample, Jgrgensen et al. (2000) observed a 58—-66 % decrease
of hydrocarbon content during 35 days with an initial oil con-
centration of 2.4 gkg~!, and Beskoski et al. (2011) found a
60 % decrease in 150 days with an initial concentration of
5.2gkg™!. The decrease of hydrocarbon content in variant
A was due to the soil-indigenous microflora that becomes
more active because of optimal environmental conditions in
the study. Indeed, aeration and moistening were widely de-
scribed as effective remediation tools (Gumerova et al., 2013;
Jgrgensen et al., 2000; Selivanovskaya et al., 2012; Suja et
al., 2014).

As mentioned above, in variants B, C, and D, hydrocar-
bon content decreased more rapidly than in A and reached
a plateau on day 14. Therefore, at the beginning of the re-
mediation phase (up to day 42), significant differences in
hydrocarbon contents between variant A and the other vari-
ants were observed. The additional accelerative effect of
biochar on hydrocarbon decomposition is most likely con-
nected with the fact that labile components of biochar are
good sources of organic matter and inorganic nutrients for
microbes (Lehmann et al., 2011). These components can
be co-substrates that initiate hydrocarbon metabolism. Addi-
tionally, biochar can adsorb toxic compounds, such as poly-
cyclic aromatic hydrocarbons, and therefore decrease soil
toxicity (Beesley et al., 2010; Qin et al., 2013; Rutigliano et
al., 2014). Our results are in agreement with a study by Qin et
al. (2013) who demonstrated that biochar stimulated hydro-
carbon decomposition in oil-polluted soil. The authors ob-
served that in addition to stimulating degradation of bioavail-
able compounds, such as alkanes and aromatics, biochar may
improve decomposition of recalcitrant compounds, such as
polar oil fractions (Qin et al., 2013). From a practical point
of view, the acceleration effect of biochar on hydrocarbon
content decrease may be used in cases when time is a signif-
icant factor, e.g., when oil spills occur in regions with cold
climates and soil remediation needs to be performed within
a limited period of time.

Immobilization of microbes on biochar (C and D vari-
ants) resulted in slightly different hydrocarbon decomposi-
tion rates for 28 days compared with variant B. We ob-
served no further significant differences between the three
variants (p <0.05). Bioaugmentation as a method of biore-
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Figure 1. Scanning electron microscope images of initial biochar (a—d), biochar with immobilized cells of P. aeruginosa (e, f), and biochar

with immobilized cells of A. radioresistens (g, h).

mediation that includes introduction of microbes with spe-
cific abilities is widely discussed in the scientific literature
and compared with biostimulation. Previous studies reported
both positive effects of bioaugmentation as well as no effects
(Kauppi et al., 2011; Liu et al., 2009; Tahhan et al., 2011).
Wau et al. (2016) showed that the introduction of Acinetobac-
ter sp. is useful in the early stages of remediation, whereas
biostimulation is a more effective tool. Suja et al. (2014)

www.biogeosciences.net/13/5739/2016/

demonstrated that for high decomposition activity of bac-
terial consortia containing Pseudomonas sp., Acinetobacter
sp., and Rhodococcus sp. isolated from oil-polluted soil, ef-
fectiveness was higher in combination with biostimulation.
Nikolopoulou et al. (2013) found that indigenous microbial
degraders in combination with lipophilic nutrients are effec-
tive for rapid clean-ups of oil spills. Authors who did not ob-
serve positive effects of bioaugmentation explain this by the
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Figure 2. Changes of hydrocarbon content in remediated soil (A
— soil that was moistened and aerated, B — soil that was moistened,
aerated, and amended with 1 % biochar, C — soil that was moistened,
aerated, and amended with 1 % biochar with P. aeroginosa, D — soil
that was moistened, aerated, and amended with 1 % biochar with
A. radioresistens, E — soil without treatment).
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Figure 3. Changes of microbial biomass carbon levels in remedi-
ated soil (A, B, C, D, E —as in Fig. 2).

low survival rates and changes of the destructive ability of
introduced microbes. These microbes are preliminarily cul-
tivated on cultural media in favorable conditions and subject
to stress when introduced into the environment (Tahhan et
al., 2011). From this point of view, the use of biochar is a
carrier that, as described in our study, may help to overcome
this problem.

Since hydrocarbon degradation is driven by microorgan-
isms, integral indexes of the microbial community state may
be useful to assess the efficiency of the remediation pro-
cess. Apart from this, oil components and metabolites pro-
duced during bioremediation may influence the functioning
and structure of microbial communities. Negative impacts on
the microbial community may cause alteration of nutrient cy-
cles and degradation of soil quality and vegetation growth.
Soil microbial respiration, biomass, and other parameters can
provide valuable information about the presence and activ-
ity of microorganisms in remediated soil (Tang et al., 2011,
2012; Tejada et al., 2008).
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Results of estimation of microbial biomass carbon during
bioremediation are presented in Fig. 3. Microbial biomass
is an important component of soil organic matter; it is very
labile and sensitive to environmental changes (Demisie et
al., 2014; Labud et al., 2007). In the non-treated variant E,
microbial biomass carbon level was consistently low (0.10-
0.18mg g~!). Comparable data were presented by other re-
searchers for soil contaminated with 5-10 % of oil (Labud et
al., 2007) and 5 % of gasoline (Tejada et al., 2008).

Aeration and moistening (variant A) led to an approxi-
mately 8-fold increase of microbial biomass carbon on day
7. This may be explained by an improvement of the condi-
tions for indigenous microbes. Similarly, other authors have
observed increased microbial biomass levels during remedi-
ation of soil-polluted with 5-10 % oil (Marin et al., 2005).
From day 7, microbial biomass carbon level decreased in
variant A, but was still higher than in variant E during the
duration of the experiment.

The level of microbial biomass carbon in variant B was
similar to that in variant A. In the literature, a wide spectrum
of responses of soil microbial biomass carbon to biochar is
presented. For example, Demisie et al. (2014) did not observe
any effects on microbial biomass of biochar addition in doses
of 1 and 2 %. Xu et al. (2016) reported no effects of biochar
added to soil in doses lower than 8 %. Chan et al. (2008),
Durenkamp et al. (2010), and Kuppusamy et al. (2016) did
not observe any effect either, stating that biochar may even
inhibit microbes because of its ability to alter soil pH and
electric conductivity, to liberate toxicants, including heavy
metals and polyaromatic hydrocarbons, and to provide ex-
cess of nutrients. In contrast, other authors reported a stim-
ulating effect of biochar on soil microbial biomass, stating
that biochar provides a good habitat for beneficial microbes
(Kuppusamy et al., 2016) by adsorbing soluble organic car-
bon, which is a substrate for the microflora (Beesley et al.,
2011).

Levels of microbial biomass carbon in variants C and D
did not differ significantly from those in variants A and B
(p <0.05). In all four variants, the values were higher than
in the control. Apart from that, trends of microbial biomass
carbon dynamics were similar in variants A to D, suggest-
ing that neither biochar addition nor the introduction of de-
graders strains immobilized on biochar have higher effects
than aeration and moistening.

The intensity of CO; production is one of the most impor-
tant and most widely used microbial indexes of soil quality,
reflecting metabolic activity of microbes and their responses
to pollution or other stressful factors as well as to stimula-
tion (Domene et al., 2015; Ros et al., 2010; Tejada et al.,
2008). CO; emissions from soil during bioremediation are
presented in Fig. 4. Minimal respiration activity of soil mi-
crobes was found in the untreated control (0.14-0.26 mg C-
CO; g7 '24h™1). Aeration and moistening in variant A led
to a 1.7-fold increase of microbial respiration. For three vari-
ants, B, C, and D, increase of microbial respiration was ob-
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Figure 4. Changes of microbial respiration in remediated soil (A,
B, C, D, E - as in Fig. 2).

served at the beginning of remediation, while the respiration
peaks in variants C and D with introduced microbes were
more significant. Thus, on day 7, microbial respiration in
variant B was 2.6 times higher and in variants C and D, 3.6
times higher than in the control. Further, respiration activity
in the three variants decreased, and on day 28, no differences
between these three and variant A were observed.

Previous studies have described a short-term increase of
microbial respiration after biochar addition (Domene et al.,
2015; Lehmann et al., 2011; Rutigliano et al., 2014; Smith et
al., 2010; Xu et al., 2016). For example, Smith et al. (2010)
demonstrated that microbial respiration increased for 6 days
after the addition of biochar obtained by pyrolysis at 500 °C.
Rutigliano et al. (2014) showed an increase in substrate-
induced respiration as well as specific substrate activity (to
succinic, citric, ascorbic, gluconic, ketoglutaric, and fumaric
acids) for 3 months after biochar addition at doses of 30 and
60tha~!. The authors explain the temporary increase of res-
piration by direct use of biochar components as a substrate
(e.g., volatile organic compounds produced in the process of
pyrolysis and located in biochar pores) or by creating soil
conditions more favorable for microbial activity (Domene et
al., 2015; Lehmann and Joseph, 2009; Rutigliano et al., 2014;
Smith et al., 2010). In studies that found negative effects of
biochar on soil respiration, the authors explain this by sorp-
tion of soil organic compounds on the biochar surface and
consequent decrease of availability of these compounds. An-
other reason of respiration decrease while maintaining mi-
crobial biomass levels may be the high availability of nutri-
ents on the biochar (Lehmann et al., 2011).

The additional increase of microbial respiration in variants
C and D observed in our experiment may be explained by
the introduction of microbes that were specifically isolated
to decompose hydrocarbons. Indeed, in these two variants,
we observed slightly higher hydrocarbon degradation rates
(Fig. 2). Another reason might be the state of microbes in-
troduced. In comparison with indigenous soil microflora that
overcomes the lag phase for metabolic activation after the
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beginning of remediation, immobilized microbes are active
and start to function immediately after introduction. Besides,
increase of microbial respiration could be caused by massive
death of the introduced bacteria, and decomposition of the
dead biomass by soil-indigenous microflora.

Changes of metabolic activity of soil microbes may be a
result of an altered microbial community structure, and in
the process of bioremediation of oil pollution, bacteria play
a more important role (Atlas, 1995; Galitskaya et al., 2015a;
Qin et al., 2013). That is why, in the next stage of investiga-
tion, we estimated the structure of bacterial communities in
remediating variants. For analysis, soil was sampled on days
1, 28, and 84, for the following reasons: days 1 and 84 repre-
sent the beginning and the end of remediation, and on day 28,
significant differences in hydrocarbon content between vari-
ants B-D and A were observed (p <0.05); apart from this,
on day 28, main fluctuations of microbial biomass carbon
and respiration ended, indicating the change from an actively
functioning microbial community to stabilization.

After sequence filtering and rarefying, there were 156 760
high-quality sequences in total from all 12 samples. The av-
erage read length was 455 bp. Sequence number per sam-
ple ranged from 12726 to 13 224. The histogram represent-
ing dominating phyla in the remediated variants is shown
in Fig. 5. Day 1 in variant A represents the bacterial com-
munity in the contaminated soil without any kind of treat-
ment. We found 7 x 10° bacterial 16S rDNA copy numbers
and 290 OTUs in this variant, and Proteobacteria (mainly
gamma and alpha), Actinobacteria, Bacteroidetes, Gemma-
timonadetes, and Acidobacteria were the dominating phyla,
with 88.86 % abundance in total. On the OTU level, Pseudox-
anthomonas sp., Gemm-5 strain, Ectothiorhodospiraceae,
Xylanomicrobium, and Marinicellaceae, with 28.27 % in to-
tal, dominated. Close relatives of bacteria belonging to the
same taxa were previously found in oil-contaminated sites
(Abed et al., 2015; Patel et al., 2012), soils (D’haeseleer et
al., 2013; Schumann and Stackebrandt, 2014) and sediments
with high salt content (Koo et al., 2015).

Aeration and moistening of the contaminated soil (sam-
ples A28 and A84) did not lead to changes in bacterial alpha
diversity as revealed by simple I, Shannon—-Weaver H, and
Simpson D indexes presented in Table 2. However, it slightly
increased bacterial copy numbers and altered OTU composi-
tion. Thus, the abundance of Bacteroidetes and Acidobacte-
ria increased, while the abundance of Actinobacteria, Gem-
matimonadetes, and Proteobacteria decreased. Pseudoxan-
thomonas sp., Gemm-5 strain, Marinicellaceae, and Xyla-
nomicrobium decreased in abundance, while Ectothiorho-
dospiraceae remained abundant. Apart from this, several new
OTUs became dominant: Bacteroidales, BD7-3 strain, Xan-
thomonadaceae, LD19 strain, TM7-1 strain, EW055 strain,
and Optitus sp. The last three ones, with 24.99 and 15.54 %
in total on day 28 and 84, respectively, were described as
facultative anaerobic oil-contaminated soil and sediment in-
habitants able to degrade hydrocarbons, whereas the LD19
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Figure 5. Relative abundance of different phyla in bioremediated soil samples (A, B, C, D — names of the variant, as in Fig. 2; 1, 28, 84 —

days of sampling).

Table 2. Alpha biodiversity indexes and 16S rDNA copy number in bioremediated soil samples.

Variant name (letter) and day of sampling (number)

Parameter

Al A28 A84 Bl B28 B84 cl C28 C84 DI D28 D84
Iindex 290 270 263 278 230 244 190 151 192 253 281 259
H index 4251 4009 4250 4277 3809 4013 1533 3061 3534 2958 3840  3.937
D index 0966 0957 0974 0965 0958 0964 0419 0916 0947 0770 0947  0.958
Number of copies  7x10°  3x10® 2x10% 1x10° 3x10° 3x10° 7x10° 7x10°® 5x10® 3x10® 2x10® 2x100

strain from the order Methylacidiphilales order is a soil-
living methanotroph. Possibly, active consumption of oxygen
from hydrocarbon decomposers together with non-sufficient
aeration caused by pore occlusion in oil-contaminated soil
led to the development of anaerobic hotspots within remedi-
ated soil.

In comparison with variant A, the addition of biochar to
contaminated soil (samples B1, B28, B84) did not lead to al-
teration of bacterial counts as revealed by 16S rDNA copy
number estimation, but caused a slight decrease in bacte-
rial alpha diversity (simple I, Shannon—Weaver H, and Simp-
son D indexes) (Table 2). In the literature, controversial data
about biochar influence on soil microbial community com-
position have been published; however, in all the cases de-
scribed, the changes observed were not significant (Kho-
dadad et al., 2011; O’Neill et al., 2009; Rutigliano et al.,
2014). This suggests that the effect of biochar is individual
in each case and depends on biochar characteristics as well
as on initial soil physical and chemical parameters and the
original microbial community structure. In our case, biochar
addition resulted in an increase of Actinobacteria (day 1) and
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Proteobacteria (days 28 and 84), which is in line with data
presented by other authors. Thus, Proteobacteria, especially
alpha and gamma, were predominant in oil-polluted soils be-
cause many proteobacterial species are capable of degrad-
ing hydrocarbons. The relative abundance of Actinobacteria
usually increases after oil pollution because species belong-
ing to this phylum are known as degraders of recalcitrant or-
ganic compounds (Khodadad et al., 2011; Qin et al., 2013;
Shahi et al., 2016; Xu et al., 2016). Biochar amendment re-
sulted in the decrease of relative abundance of several bacte-
rial phyla — Gemmatimonadetes (day 1), Chloroflexi and TM7
(day 28), and Bacteroidetes (days 28 and 84). This could be
explained by alteration of soil porosity and moisture content
caused by biochar. Gemmatimonadetes usually prefer drier
conditions, and Chloroflexi are usually effective biodestruc-
tors; in our study, their abundance may decrease with sub-
strate exhaustion. TM7 prefer acidic soils with partly anaer-
obic conditions. The relative abundance of all the taxa men-
tioned increased and decreased after biochar addition in dif-
ferent studies (Khodadad et al., 2011; Xu et al., 2016). In
terms of dominating OTUs, biochar, immediately after addi-
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tion, led to an increase of Nocardioides strain and Xylanimi-
crobium sp., whereas abundance of the other OTUs decreased
or remained stable. OTU abundance was very low on days
28 and 84. Nocardioides strains are able to degrade alka-
nes as well as polycyclic aromatic compounds (Hamamura
and Arp, 2000; Harayama et al., 1999; Vazquez-Duhalt and
Quintero-Ramirez, 2004); thus their development might play
an important role for intensification of oil degradation after
using biochar. Their abundance decreased on day 28, pos-
sibly because they finished decomposing the substrate they
preferred. Another reason could be the alteration of abiotic
factors, growth of other strains in the altered conditions, and
competitive exclusion. Several strains were only abundant on
day 28: Olivibacter sp., Parvibaculum sp., two Pseudomon-
adaceae strains, two Sphingopyxis strains, Achromobacter
sp., and one Chromatiaceae strain (Table 3). The bacterial
community on day 28 reflects the end of active hydrocar-
bon decomposition in biochar-amended soil. All the bacte-
rial taxa that were abundant at this time were previously de-
scribed as efficient degraders of hydrocarbons (Abed et al.,
2015; Agnello et al., 2015; Cappello et al., 2016; Dashti et
al., 2015; Galitskaya et al., 2015b; Kauppi et al., 2011; Shahi
et al., 2016). Therefore, we conclude that the higher decom-
position rate in variant B is due to the stimulation of de-
graders by biochar. This may be caused by optimization of
oxygen supply or by providing bioavailable compounds that
are contained in biochar and may be used for the growth of
degrader populations. On day 84, the relative abundance of
OTUs close to those able to degrade hydrocarbons or inhabit
oil-polluted soils decreased significantly. In addition, many
dominating OTUs were altered. Overall, the list of dominat-
ing OTUs was quite similar in A1/B1 and A84/B84 sample
pairs, but different in the A28/B28 pair. This corresponds to
the hydrocarbon content and microbial parameter dynamics:
significant differences after biochar addition were observed
during the first month of bioremediation (p < 0.05).

Immobilization of hydrocarbon degrader strains —
P. aeroginosa and A. radioresistens — on biochar signifi-
cantly altered the microbial community of soil after biochar
addition (p <0.05). As expected, these strains were highly
dominant — with 76.08 and 47.16 % in C1 and D1 samples,
respectively. The second abundant OTU in both samples
was Pseudoxanthomonas sp., which dominated Al and B1
samples (Table 3). In comparison with the Al sample, after
addition of biochar with immobilized microbes, bacterial
copy numbers raised about 10 and 4 times in C1 and D1
samples, respectively. Strong domination of only one strain
led to a significant decrease of alpha biodiversity in both
C1 and D1 samples, while this effect was more pronounced
in the first one (Table 2). The number of strains in the CI
sample was 1.92 times lower, and the Shannon—Weaver
index was 2.77 lower than in the A1 sample.

The dynamics of bacterial communities in C and D vari-
ants showed several common trends. Thus, neither P. putida
nor A. radioresistens added to soil on biochar dominated in
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the corresponding bacterial communities on days 28 and 84.
Proteobacteria (including dominating strains) was the dom-
inating phyla in both soils after addition of biochar with
immobilized microbes at all sampling times. Actinobacteria
was second abundant on day 1 in both C1 and DI, but its
amount decreased over time. In contrast, abundance of Bac-
teroidetes and TM7 phyla increased over time in both vari-
ants. In comparison with variants A and B, in both variants C
and D, two new dominating OTUs were observed: one OTU
representing the family Porphyromonadaceae and one repre-
senting Alcanivorax sp (in C2, D2, and D3 samples). Mem-
bers of the family Porphyromonadaceae are usually anaero-
bic sugar-fermenting bacteria. As in the case of variant A,
anaerobic species may grow in bioremediated aerated soil
because of the high oxygen demand of other microbes. Al-
canivorax sp. was described previously as a species that in-
habits oil-polluted soil and as a degrader of aliphatic hydro-
carbons. Its abundance increases during biostimulation.

However, dynamics of bacterial community composition
in variants C and D were not similar. Differences between
these communities as well as between those in variants A
and B are presented in the MDS plot in Fig. 6.

As shown in the plot, dots representing bacterial com-
munities may be grouped according to sampling days. This
means that contaminated soil properties and initial microbial
composition play a major role in community dynamics dur-
ing bioremediation, while biochar addition as well as the in-
troduction of microbes on biochar are less important. Dots
representing bacterial communities on day 28 are situated
further away from each other than those sampled on days
1 and 84, suggesting that biochar and introduced microbes
altered the initial microbial community structure mainly dur-
ing the first month of bioremediation. This corresponds to
the differences in hydrocarbon content and microbial param-
eters that were higher in the first month. Variant C differed
from the other variants on all sampling dates; this may be
explained by the higher concentration of P. putida cells that
was introduced. Interestingly, variant C was different from
the others on days 28 and 84, despite the fact that counts
of introduced bacteria decreased. This may be because in-
troduced bacteria significantly altered the abundance of the
other species.

Hydrocarbon-polluted soil is toxic for plants, possibly due
to direct inhibiting effects of hydrocarbons or their metabo-
lites as well as to changed soil conditions (Al-Mutairi et al.,
2008; Morelli et al., 2005; Tahhan and Abu-Ateih, 2009).
Apart from this, oil pollution may lead to changes of the
microbial community structure, favoring the dominance of
phytotoxin-producing species (Labud et al., 2007; Steliga et
al., 2012). In the literature, phytotoxicity estimation is often
recommended to control the efficiency of remediation mea-
sures as well as to access biochar quality (Labud et al., 2007;
Morelli et al., 2005; Steliga et al., 2012). Fig. 7 shows the
results of phytotoxicity estimation in the remediated soil ex-
pressed as GI.
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Table 3. Relative abundance of the dominating OTUs in bioremediated soil samples.

Relative abundance, % (letters — names of the variants, numbers — days of sampling)

Name of the OTU Al A28 A84 Bl B28 B84 Cl C28 C84 D1 D28 D84
p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; f__Nocardioidaceae; g_ Nocardioides; s__ 1.57 042 0.12 343 0.06 0.05 0.94 0.00 0.00 1.25 0.09 0.07
p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; f___Promicromonosporaceae; g__Xylanimicrobium; Other 3.68 0.15 0.03 6.28 0.12 0.03 1.74 0.10 0.01 2.62 0.15 0.02
p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__; g ;s__ 0.24 243 415 0.19 0.13  0.72 0.03 0.04 745 0.39 3.65 1.44
p__Bacteroidetes; c__Bacteroidia; o__Bacteroidales; f__Porphyromonadaceae; g__;s__ 0.79 1.74  1.20 0.92 0.14 041 0.44 0.07 11.63 285 15.15 9.77
p__Bacteroidetes; c__Flavobacteriia; o__Flavobacteriales; f__Flavobacteriaceae; g_ ;s__ 1.56 148 092 035 058 022 019 001 0.83 0.27 3.01 101
p__Bacteroidetes; c__Sphingobacteriia; o__Sphingobacteriales; f__Sphingobacteriaceae; g__Olivibacter; s__ 0.35 0.09 0.02 0.54 3.00 0.02 0.13 5.51 0.28 0.17 0.13  0.03
p__Gemmatimonadetes; c__Gemm-5;0__;f ;g ;s 4.04 0.53  0.67 0.95 025 0.50 0.10 0.02 0.01 0.51 033 044
p__Proteobacteria; c__Alphaproteobacteria; o__;f ;g ;s 3.06 2.10 1.01 1.11 0.80 2.29 0.14 0.08 0.78 0.63 225 175
p__Proteobacteria; c__Alphaproteobacteria; o__BD7-3;f__;g ;s 0.11 449  2.80 0.11 238 284 0.00 0.01 7.64 0.14 0.78 271
p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; f__Hyphomicrobiaceae; g__Parvibaculum; s__ 0.10 0.11  0.06 0.05 1290 0.02 0.02  20.06 5.59 0.04 0.59 0.18
p__Proteobacteria; c__Alphaproteobacteria; o__Sphingomonadales; f__Sphingomonadaceae; g__Sphingopyxis; s__ 0.05 0.01  0.01 0.04 3.82  0.02 0.01 5.13 1.59 0.01 0.16  0.01
p__Proteobacteria; c__Alphaproteobacteria; o__Sphingomonadales; f__Sphingomonadaceae; g_Sphingopyxis; s__alaskensis 0.12 0.17 0.03 1.01 338 0.01 0.01 3.48 0.23 0.09 0.74  0.17
p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; f__Alcaligenaceae; g Achromobacter; s__ 0.09 0.16 0.04 0.09 3.02 0.05 0.01 3.32 0.98 0.03 0.28 0.04
p__Proteobacteria; c__Gammaproteobacteria; o__[Marinicellales]; f__[Marinicellaceae]; g ;s__ 3.63 0.09 0.01 0.34 0.00 0.00 0.23 0.00 0.00 0.33 0.26 0.00
p__Proteobacteria; c__Gammaproteobacteria; o__Alteromonadales; f__[Chromatiaceae]; g__;s__ 0.02 0.38 0.04 0.00 520 0.04 0.00 10.53 0.61 0.00 0.47 0.16
p__Proteobacteria; c__Gammaproteobacteria; o__Chromatiales; f__Ectothiorhodospiraceae; g__;s__ 3.79 293 519 2.49 6.96 7.86 0.74 1145 6.04 1.78 8.31 7.10
p__Proteobacteria; c__Gammaproteobacteria; o__Oceanospirillales; f__Alcanivoracaceae; g__Alcanivorax; s__ 0.00 000 1.28  0.01 0.01 0.03 0.00  0.03 9.80  0.01 253 475
p__Proteobacteria; c__Gammaproteobacteria; o__Pseudomonadales; f__Moraxellaceae; g__Acinetobacter; s__ 0.02 001 0.09 000 000 032 002 000 0.12 47.16 034 024
p__Proteobacteria; c__Gammaproteobacteria; o__Pseudomonadales; f__Moraxellaceae; g_Alkanindiges; s__ 0.00 0.00 0.01 0.02 2.19  0.00 0.00 4.39 0.03 0.01 0.02  0.00
p__Proteobacteria; c__Gammaproteobacteria; o__Pseudomonadales; f__Pseudomonadaceae; g ;s__ 0.88 0.09 0.09 1.87 475 0.11 2.06 4.48 0.77 1.62 1.28 0.28
p__Proteobacteria; c__Gammaproteobacteria; o__Pseudomonadales; f__Pseudomonadaceae; g__Pseudomonas; s__ 0.09 0.03 0.02 0.24 6.20 0.02 76.08 3.82 0.03 0.78 037 0.01
p__Proteobacteria; c__Gammaproteobacteria; o__PYR10d3;f__;g_ ;s 3.14 1.89 435 2.21 0.53 7.64 0.40 0.09 5.84 1.71 5.07 3.57
p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; f__Sinobacteraceae; g__;s__ 3.30 095 0.87 1.46 1.27 0.78 0.19 1.13 0.32 0.55 0.46 0.36
p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; f__Xanthomonadaceae; g__;s__ 3.00 8.47 3.08 1.83 255 478 0.28 0.38 2.68 1.00 7.69 7.0
p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; f__Xanthomonadaceae; g__Pseudoxanthomonas; Other  13.86 190 025 1440 1.21 022 2.11 1.25 0.83 4.67 147 021
p__TM7;¢c__TM7-1;0_;f ;g ;s 1.59 1294 17.79 1.43 401 6.09 016 0.07 1.03 0.69 8.12 4.15
p__TM7;¢c__TM7-3;0_;f ;g ;s__ 1.00 1.25 0.76 3.49 037 141 0.13 0.00 0.29 0.66 0.36 048
p__TM7;c__TM7-3;0__EWO055;f ;g ;s 0.22 8.82 453 0.46 2.16 8.11 0.07  0.04 6.53 0.21 382 9.18
p__Verrucomicrobia; c__[Methylacidiphilales]; o__Methylacidiphilales; f__LD19;g_ ;s__ 0.00 0.15 4.07 0.00 0.01 543 0.00 0.00 0.20 0.00 0.03 2.03
p__Verrucomicrobia; c__Opitutae; o__Opitutales; f__Opitutaceae; g__Opitutus; s__ 0.14 323 322 021 3.05 430 0.02 6.45 1.23 0.04 071 0.84
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Figure 6. Metric multidimensional scaling analysis based on dis-
tance matrix of OTU relative abundance in bioremediated soil sam-
ples (A, B, C, D — names of the variants, as in Fig. 2; 1, 28, 84
— days of sampling).
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Figure 7. Changes of phytotoxicity in the remediated soil (A, B, C,
D, E —as in Fig. 2).

Gl level in variant E (control) was consistently low during
the whole experiment (38—-68 %), whereas GI values in the
other variants increased during bioremediation. At the end of
the study, GI was estimated to be 205 % in variants C and D
and 110 % in variants A and B.

The difference between the two pairs of variants already
appeared at the beginning of remediation, when GI in vari-
ants C and D increased more rapidly compared to variants A
and B. After day 1, GI in variants C and D was about 1.7-fold
higher and further increased significantly. Notably, respira-
tion activity in variants C and D was higher than in the other
variants at that time (Fig. 4), whereas hydrocarbon decom-
position was more intensive in variants B, C, and D as com-
pared to variant A (Fig. 2). Possibly, aeration and moistening
in variant A and biochar addition in variant B only stimu-
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lated hydrocarbon degraders that were present in the soil mi-
crobial pool, while the biochar addition effect was more pro-
nounced. Addition of active hydrocarbon decomposers, such
as P. aeruginosa and A. radioresistens with several enzymes
for different metabolic pathways of hydrocarbon degradation
(Agnello et al., 2015; Atlas, 1995), altered the process of
oxidation into full oxidation direction with CO; as the final
product. The introduced strains consumed both initial hydro-
carbons and metabolites of degradation produced by the soil
microflora, which resulted in a significant increment of mi-
crobial respiration against the background of a slight incre-
ment of initial hydrocarbon decomposition.

4 Conclusion

Amendment of oil-polluted soil by biochar causes acceler-
ation of hydrocarbon decomposition as compared with re-
mediation by means of mixing and moistening. This may
be caused by stimulation of microorganisms able to degrade
hydrocarbons due to alteration of soil conditions or due to
providing them with nutrients present in the biochar. From a
practical point of view, this acceleration may be useful in re-
gions where remediation time is limited (e.g., regions with
a cold climate). Immobilization of hydrocarbon degraders
leads to an additional effect of biochar on soil phytotoxicity
and microbial respiration. This may be due to differences of
metabolic pathways of introduced and indigenous microbes.
Bioaugmentation may be recommended as an additional tool
of remediation used in combination with biochar. All the
strategies of bioremediation used caused changes in the bac-
terial community structure. However, as revealed by MDS
analysis, differences between the communities were higher
at different sampling times as compared with different reme-
diation variants. This suggests that initial bacterial composi-
tion is a main factor that influences changes that the bacterial
community overcomes during bioremediation.

The Supplement related to this article is available online
at doi:10.5194/bg-13-5739-2016-supplement.
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