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Abstract

Chemical oxidation as a pretreatment step coupled with bioremediation for petroleum-contaminated soil may pose serious
impacts on indigenous microorganisms and the available nutrients. Petroleum-contaminated soil were treated by hydrogen
peroxide (H,0,) at initial concentrations of 105 mM (HH), 21 mM (HL), and 105 mM in three equal amounts (HT) without
adding any external catalyst. The contents of total petroleum hydrocarbons (TPH) and dissolved nutrients (total organic
compounds, nitrogen, and phosphate), and the indigenous bacteria community succession (analyzed by high-throughput
sequencing of 16S rDNA) were investigated over 50 days. Compared to the control treatment without H,0O, addition, H,0,
treatments for the petroleum-contaminated soil significantly promoted the TPH removal especially in the first 4 days and
impacted the contents of dissolved nutrients. Both of chemical oxidation and nutrients contributed to microbial community
structure changes in alpha diversity. Although the soil microbial community structure had undergone significant changes
after different chemical oxidation pretreatments, Firmicutes, Proteobacteria, Gemmatimonadetes, and Actinobacteria were
the main bacterial phyla. Compared with adding H,O, at one time, H,0, added in stepwise was beneficial to indigenous
bacterial diversity recovery and TPH removal. H,0, oxidation treatments showed a great influence on the microbial com-
munity structures in the start-up stage, while recovery time rather than the oxidation treatments presented greater effects
on the composition of the microbial community structure with the incubation time extended. Therefore, adding H,O, as
pretreatment for petroleum-contaminated soil showed little effect on the structure of soil indigenous microbial community
from a long-term scale, and was conducive to the continuous removal of TPH by indigenous microorganisms.
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Introduction

Responsible Editor: Kitae Baek
Soil contaminated with petroleum oil and its derivatives is

a major concern worldwide, especially in oilfields in China.
In the process of oil extraction, transportation, refining, and
use, soil pollution problems caused by leakage or improper
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transportation are becoming increasingly serious (Liu et al.
2018). Petroleum pollutants would change the structure and
properties of the soil, disrupt the soil ecological balance,
and affect the composition and structure of soil microbial
communities (Lim et al. 2016).

In situ bioremediation (ISB) is one of the primary meth-
ods for the treatment of oil-contaminated soil due to the
relatively low costs and no risks of causing secondary pollu-
tion (Sutton et al. 2014b). When using microbial technology
to remediate the soil, the removal efficiency of petroleum
hydrocarbons is closely related to soil microbial activity,
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the number of degrading bacteria, soil microbial community
structure, and the soil flora structure (Shahi et al. 2016).
However, biological-based remediation technologies require
long time spans and are limited by various subsurface con-
ditions and contaminant types. In most cases, indigenous
bacteria are difficult to degrade the petroleum hydrocarbons
efficiently in oil-contaminated soil (French et al. 2020).

In situ chemical oxidation (ISCO) can rapidly degrade
organic pollutants by adding strong oxidants to the organic
polluted soil. ISCO could improve biodegradability by
reducing the toxicity and concentration of pollutants (Lu
et al. 2010), and by increasing the availability of pollut-
ants (Biache et al. 2015). Therefore, applying ISCO in
petroleum-contaminated soil could reduce the biotoxicity
of petroleum hydrocarbons and increase bioavailability,
and thus promote the ISB process. However, the oxidative
components produced during ISCO could inactivate micro-
organisms, and affect the structure of microbial communi-
ties (Martinez-Pascual et al. 2015). In addition, ISCO would
change soil pH and the availability of nutrients to impact
the growth and metabolic activity of microorganisms (Xu
et al. 2016, Medina et al. 2018). The increase of mobilized
nutrients can improve the biodegradation of total petro-
leum hydrocarbons (TPH) (Sutton et al. 2014a). Moreover,
the recovery period of indigenous bacteria required 30 to
60 days after ISCO treatment (Pardo et al. 2014).

H,0, as an oxidant for ISCO not only can oxidatively
decompose hydrocarbon pollutants, but also may enhance
the activity of microorganisms by releasing dissolved oxy-
gen to promote the growth and reproduction of microor-
ganism. When treating diesel-contaminated soil with H,O,
(1-5%, w/w) pre-oxidation and ISB, the cost was reduced
by 27-40% compared with ISCO alone (Chen et al. 2016).
Fenton pre-oxidation with low concentrations of H,0, at
stepwise addition can significantly reduce the damage to
indigenous bacteria (Xu et al. 2011, 2016). However, previ-
ous studies did not consider the effect of stepwise addition
of oxidant on indigenous bacterial community structure.
Moreover, little attention has been paid to the responses of
the soil indigenous bacteria to petroleum contamination and
further oxidation treatment. Besides, a plenty of iron oxides
in soil can be used as the activator of H,O, rather than the
addition of FeSO, or other catalysts into soil.

This study aims to evaluate the effects of adding H,0, at
different dosages and stepwise addition as peroxidation pro-
cess into a simulated newly contaminated soil with one-time
exposure to crude oil on the removal of petroleum hydrocar-
bons and the succession of indigenous bacterial community
in 50 days of incubation. The mobilized nutrients like dis-
solved total organic compound (DOC), dissolved total nitro-
gen (TN), and dissolved total phosphorus (TP) were deter-
mined. The bacterial diversity and the relationships among
the bacterial community and soil environmental factors were
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studied with a metagenomic analysis of bacterial communi-
ties via high-throughput sequencing of the 16S rDNA gene.

Materials and methods
Soil sample contaminated with crude oil

The simulated oil spill-contaminated soil was prepared by
artificially mixing crude oil with fresh soil from a woodland
surface soil (0-20 cm) near Southwest Petroleum University
(in Chengdu, Sichuan, China). Briefly, soil after air dried,
grounded, and sieved through a 0.5-mm mesh was spiked
with petroleum crude oil (from an oil well in Liaohe, Liaon-
ing, China) dissolved in carbon tetrachloride, and the carbon
tetrachloride was allowed to evaporate, providing a uniform
TPH concentration determined as 4957.77 +63.83 mg/kg.
The physico-chemical properties of the soil samples were
summarized previously (Yang et al. 2019) with available Fe,
available Mn, NHI—N, and available P at 694, 9.9, 7.42, and
17.9 mg - kg™, respectively, and organic matter at 30.0 g -
kgL

Chemicals

Liquid hydrogen peroxide (30% by weight), magnesium sili-
cate, potassium iodide, anhydrous sodium sulfate, and potas-
sium persulfate were all of analytical grade and purchased
from Chengdu Kelong Chemical Reagent Factory. Carbon
tetrachloride (guaranteed reagent) was purchased from Tian-
jin Aoran Fine Chemical Research Institute. All solutions
were prepared in ultrapure water (resistivity > 18.2 MQ-cm).

Experimental design

Experiments were conducted in 150-mL conical flasks. The
abovementioned petroleum-contaminated soil (5 g), oxidant
(5 mL), and ultrapure water (5 mL) were added sequentially.
Flasks were placed on a shaking water bath with slow speed
in dark at 25 °C. Plastic wrap was used to seal the flasks to
reduce moisture loss. Samples were extracted on days 0, 2, 4,
10, 30, and 50. The concentration of residual oxidants, pH,
DOC, TN, and TP in solution, and the content of TPH and
the microbial community structure in soil were analyzed. All
experiments were conducted in triplicate.

H,0, dosages and stepwise addition treatments were as
follows: (a) 5 mL of ultrapure water in one step, termed
control check treatment (CK), (b) 5 mL of H,0O, (42 mM)
in one step, termed low concentration H,O, (HL), (c) 5 mL
of H,0, (210 mM) in one step, termed high concentration
H,0, (HH), and (d) 5 mL of H,0, (210 mM) in three equal
amounts at 0, 24, and 48 h of the reaction (HT).
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Extraction and analysis
Solid-liquid separation

The petroleum-contaminated soil slurry in the flask was
transferred to a 50-mL centrifuge tube. Rinsing the flask
twice with 10 mL of ultrapure water and transferring the
solutions to the centrifuge tube were to ensure that the
soil sample was transferred as completely as possible. The
samples were shaken and mixed, then placed in a cen-
trifuge (LC-LX-H185C, LICHEN, Shanghai, China) at
6000 rpm for 10 min. The soil sample after centrifuga-
tion was mixed with another 10 mL of ultrapure water and
then centrifuged, and the above steps were repeated twice.
All the supernatants were collected and filtered through a
0.45-pm membrane into colorimetric tube. The volume
was adjusted to 50 mL for measurement of pH, DOC, TN,
and TP.

Nutrients extraction and analysis

DOC was determined on a TOC-VCPH total organic car-
bon analyzer. TN was determined by the National Stand-
ard of the People’s Republic of China (GB/T 11,894-1989
Basic potassium persulfate digestion UV spectrophotom-
etry). TP was determined by the National Standard of the
People’s Republic of China (GB/T11893-89 Water quality
total phosphorus molybdenum antimony spectrophotometry
and potassium persulfate digestion chromatography). pH
was measured by using a pH meter (PHS-3C, Rex Electric
Chemical, Shanghai, China).

TPH extraction and analysis

The slurry sample in the centrifuge tube was transferred
to a crucible, and the centrifuge tube was washed twice
with 10 mL of pure water. The cleaning solution was trans-
ferred to the crucible, dried at 50 ‘C, and ground to deter-
mine the TPH content. Carbon tetrachloride was used as
the extractant. Ten milliliters of carbon tetrachloride was
added with 1 g of petroleum-contaminated dry soil (quan-
titatively weighed) in a centrifuge tube. The mixture was
ultrasonically washed for 15 min, and then centrifuged at
6000 rpm for 10 min. The supernatant solution was col-
lected. The above extracting steps were repeated by two
times. All the collected supernatant solutions were filtered
through a sand core funnel, and then passed through anhy-
drous sodium sulfate (drying in a pre-baking oven at 105 °C
for 2 h) to remove water. The final volume of the extracted
oil solution was adjusted to 50 mL. TPH (3-mL extracts)
was analyzed using infrared oil analyzer (determination of

concentration of petroleum products in soil by non-disperse
infrared spectrometry).

DNA extraction and high-throughput sequencing

Total DNA was extracted from 1-g aliquots of soil from
each microcosm after treatment, by means of the E.Z.N.A.™
Soil DNA Isolation Kit (Omega Bio-tek, Inc., Norcross,
GA, USA) according to the manufacturer’s instructions.
For bacterial community structure analysis, the 16S rDNA
V3-V4 region was amplified by specific degenerate primers
(341F: 5'-CCTAYGGGRBGCASCAG-3'; 806R: 5-GGA
CTACNNGGGTATCTAA T-3') with unique barcodes.
High-throughput sequencing was performed using the
Illumina Hiseq platform Novo gene (Novo gene Bioinfor-
mation Technology. Beijing, China, https://en.novogene.
com/). Sequences with >97% similarity were assigned to
the same OTUs. The low abundance OTUs were eliminated
from the OTU table if they did not have a total of at least 2
counts across all the samples in the experiment. The micro-
bial diversity in the sample and the abundance of different
microorganisms were based on OTU analysis.

Data analysis

All OTUs were analyzed for abundance and diversity. Alpha
diversity analysis was evaluated using Shannon and ACE
indexes. Intergroup differences in alpha diversity were ana-
lyzed by a nonparametric test. For beta diversity, QIIME
(Version 1.9.1) was used to calculate weighted pair group
method with arithmetic mean (WPGMA). Intergroup dif-
ferences in beta diversity were analyzed by a nonparametric
test. Tukey’s and Wilcox’s tests were chosen for analysis
between more than two groups.

The mean and standard deviations of triplicate independ-
ent experiments were calculated. The mean values were
compared by a parametric one-way ANOVA test. P <0.05
indicates the significant difference. Parts of the statistical
analyses and graphing were performed using Origin 2018
(Origin Lab Corporation, USA).

Results and discussion

Effect of different oxidation treatments on TPH
removal rate

After 50 days of reaction, the TPH removal efficiencies
were 7.68%, 43.15%, 50.00%, and 53.50% in the CK,
HL, HH, and HT treatments, respectively (Fig. 1a). Com-
pared to the control treatment, preoxidation significantly
promoted TPH removal (Fig. 1b), which may partly be
attributed to the improvement of the biodegradability of
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Fig. 1 Effects of different H,0O, treatments on (a) contents of TPH in
soils, (b) TPH degradation rate in different incubation periods, and
(c) concentrations of residual H,O,. CK, HL, HH, and HT represent
the treatments without addition of H,0,, and with H,0, at 21 mM,
105 mM, and 105 mM in three equal amounts, respectively. Different
lowercase letters indicate significant differences among various treat-
ments in the same incubation period (P <0.05)
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petroleum after oxidation (Gong 2012; Margesin et al.
2007; Palmroth et al. 2006). HT treatment with adding
H,0, at 105 mM in three stepwise additions caused TPH
removal at about 2500 mg/kg after 50 days, which showed
higher efficiency of unit oxidant than the reported work
with TPH removal at 3840 mg/kg after 80 days by add-
ing H,0, at 900 mM in four stepwise additions (Xu et al.
2016).

In the three different oxidation treatments, TPH was rap-
idly degraded in the first 4 days of the reaction, while the
TPH removal rate changed gently from 4 to 50 days. TPH
in the CK group changed little during the entire incubation
process. The change of TPH degradation rates on days 0 to 4
and 4 to 50 under the four treatments were shown in Fig. 1b.
After 4 days of reaction, the TPH removal rate in HT treat-
ment (40.39%) increased significantly (P <0.05), which was
7.23% and 4.34% higher than those in HL (33.16%) and HH
(36.05%) treatments, respectively. Since significant iron and
other minerals were present in the soil (Yang et al. 2019),
including 694 mg - kg™ of available Fe and 9.9 mg - kg™' of
available Mn, H,0, might be catalyzed/activated by these
substances to produce hydroxyl radicals (Liang et al. 2008;
Watts and Dilly 1996), thereby enhancing the removal of
TPH. However, during the 4th to 50th days of the reaction,
the increase in TPH degradation rate in the three oxidation
treatments was minuscule, being 9.99% (HL), 13.95% (HH),
and 13.11% (HT), respectively. This should be because more
degradable components of TPH may be rapidly removed
during the early stage. Moreover, adsorption of petroleum
hydrocarbon onto organic matters and micropores in soil
with time may also cause difficulty in TPH removal (Yen
etal. 2011).

Figure 1c shows the change in the residual amount of
oxidant in the reaction system under different treatments. In
the one-time dosing of H,O, treatment (HL, HH), no matter
the initial oxidant concentration was high or low, H,0, was
consumed on the second day of the reaction. In the three-
dose treatment (HT), H,0, was not detected on the fourth
day of the reaction. The results showed that adding H,0O,
in portions could increase its residence time in the reaction
system, and thus enhance the TPH oxidation removal rate to
some extent (Fig. 1a).

The refractory components of petroleum hydrocarbons
after preoxidation treatment were more susceptible to micro-
bial degradation (Xu et al. 2016). In this study, the rapid
consumption of H,0, in the first 4 days could minimize the
continuous inhibitory effect on the subsequent indigenous
microbial remediation process in soil. Moreover, a stepwise
addition of H,O, at relative low concentration improved
the continuous oxidation to TPH in soil. Therefore, the
increase of TPH removal within 4 to 50 days after preoxida-
tion should be mainly attributed to the role of indigenous
microbes rather than chemical oxidation.
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Fig.2 Effects of different H,O, treatments on (a) DOC, (b) TN, (¢) TP, and (d) pH in soil slurry during incubation over 50 days. CK, HL, HH,
and HT represent the treatments without addition of H,0,, and with H,0, at 21 mM, 105 mM, and 105 mM in three equal amounts, respectively

Nutrient components after different oxidation Table 1. As shown in Fig. 2a, although DOC contents varied
treatments in different treatments, the overall trends were consistent.

During the first 4 days of the oxidation reaction, DOC con-
The determined DOC, TN, TP, and pH for soil slurry sam-  tents increased in all treatments, especially in the HT group,
ples at different incubation time were present in Fig. 2 and ~ which indicated that H,O, oxidation would promote organic

Table1 The PH values an.d the Oxidation pH DOC N TP TPH
contents of dissolved nutrients treatment
in soil slurry and TPH in soil Concentration in soil slurry (mg/L) Contents in soil (mg/kg) Removal rate
under different H,O, treatments
after 50 days incubation CK 544 179.62+16.46° 25.82+1.23° 0.06+£0.004* 4576.7 +33.13° 7.68%
HL 6.67 227.84+26.64° 23.53+1.46° 0.65+0.07° 2818.38+64.80° 43.15%
HH 6.67 220.77+7.32b° 19.04+2.64* 0.46+0.006° 2478.74+124.14° 50.00%
HT 6.36 111.98+0.45° 30.49+0.19° 0.83+0.03¢  2305.07+46.67° 53.50%

CK, HL, HH, and HT represent the treatments without addition of H,0,, and with H,O, at 21 mM,
105 mM, and 105 mM in three equal amounts, respectively. Different lowercase letters indicated significant
differences among various treatments (P <0.05)
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compounds dissolving from soil. From the 4th to the 50th
day of the reaction, the DOC content gradually decreased,
which may be attributed to the consumption of organic com-
pounds by indigenous bacteria. The contents of TN and TP
in the pre-oxidation treatments decreased in the initial 4 days
of the reaction, and then gradually increased with the incu-
bation time extended (Fig. 2b and c¢). TN and TP contents in
HT treatment were significantly higher than those in other
treatments (P < 0.05) after 50 days of incubation (Table 1).
The pH values decreased in the first 2 or 4 days in HH and
HT treatments due to relative higher oxidative intensity, but
then gradually increased to close to other treatments. The
pH values in HL, HH, and HT treatments were very close
from 10 to 50 days of incubation, indicating that different
oxidation treatments showed little influence on soil pH from
a long-term scale. The relationship between microbial com-
munity structure and the contents of dissolved nutrients and
pH was further analyzed in “Relationship between micro-
bial community structure and environmental characteristics”
part.

Effect of oxidants on petroleum-contaminated soil
microbial diversity

Grouping samples under different treatments and incuba-
tion time resulted in 20 sample groups, which shared the
same top 10 predominant phyla and genera with relative
abundances over 1% of total sequences across all samples
(Fig. 3). The predominant species in the bacterial communi-
ties were largely consistent among the three different oxida-
tion treatments and the CK treatment.

The bacterial phyla with high relative abundance were
Firmicutes, Proteobacteria, Gemmatimonadetes, and Act-
inobacteria, which were the ubiquitous microbial myco-
bacteria in petroleum-contaminated soil (Bao et al. 2017;
Khan et al. 2018; Liu et al. 2019). At the initial stage of the
incubation, oxidation would inhibit the growth of bacteria in
the soil, but the abundance of Firmicutes increased, indicat-
ing that Firmicutes were more resistant to oxidative stress.
After 50 days of incubation, the abundance of Firmicutes
decreased sharply from 77.65, 94.66, and 69.75 to 7.42%,
11.50%, and 14.76% in the HL, HH, HT treatments with the
oxidative stress weakened. However, Proteobacteria became
the main dominant phylum with the increase of incubation
time, and the relative abundance increasing from 8.41, 2.64,
and 17.44 to 64.36%, 38.25%, and 29.57%, respectively, in
the HL, HH, HT treatments after 50 days. The Firmicutes
and Proteobacteria, which can metabolize and grow with
petroleum hydrocarbon as carbon source (Santos et al. 2010;
Vinas et al. 2005), may have the main contribution to TPH
degradation during 4 to 50 days of incubation (Fig. 1).

The bacterial genera with high relative abundance
were Bacillia, Massilia, Paenibacillus, Cavicella, and
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Gemmatimonas. In the early stage of the incubation, the
relative abundances of Bacillia were the highest in all the
treatments. With the progress of the incubation, the rela-
tive abundance of Cavicella and Gemmatimonas gradually
increased. The change of relative abundance at the genus
level with incubation time indicated that Bacillia was more
resistant to high concentrations of oxidants, while Cavice-
lla and Gemmatimonas preferred low concentration or no
oxidants conditions. And unidentified-prevotellaceae and
unidentified-clostridiales were bacteria whose genera could
not be identified.

Shannon index and ACE index were used to analyze
Alpha diversity of soil bacterial community (Fig. 4). ACE
index represents the abundance of microbial community.
The larger the Shannon index value indicates the higher
diversity in species richness and evenness of microorgan-
ism. Shannon and ACE indices of all treatments showed
an increasing trend with the extension of incubation time
(Fig. 4b and d). The ACE indices within 30 days of incuba-
tion in oxidation treatments were significantly lower than
those without H,O, addition (Fig. 4c), which indicated that
adding H,0, to petroleum-contaminated soil inhibited the
increase of indigenous bacteria abundance to some extent.
The ACE indices in HH treatments were significantly lower
than those in HL and HT treatments during 50 days of incu-
bation (Fig. 4c), which further indicated that adding H,O, at
high concentration had the greatest inhibition on the increase
of indigenous bacteria abundance among oxidation treat-
ments to petroleum-contaminated soil. However, Shannon
and ACE indices became the highest in HT treatment after
50 days of incubation (Fig. 4a and c), indicating that adding
H,0, in stepwise was conducive to a higher microbial com-
munity diversity from a long-term scale. The above results
showed that microbial community diversity was inhibited by
the H,O, addition but would recover after a relatively long
time while H,O, was consumed, which is consistent with
the results from previous studies (Jung et al. 2005; Sahl and
Munakata-Marr 2006).

The WPGMA was used to estimate the differences, which
was clustering the trees based on the phylogenetic data of the
group by constructing a cluster analysis perspective (High-
ton 1993). The WPGMA clustering analysis showed that the
oxidant treatments at different incubation time fell into two
main groups (Fig. 5). Cluster I contained treatments in the
first 10 days with relative abundance of Firmicutes more than
0.6 due to the addition H,O,. Microbial community structures
with the same oxidation treatments (like HH2 and HH4; HL4
and HL10) in the first 10 days tended to be closer, indicating
that oxidation treatments had a great influence on the micro-
bial community structures in the start-up stage. Cluster I was
presented by treatments in 30 days and 50 days with relative
abundance of Firmicutes less than 0.25 as the incubation
time increased. Microbial community structures at the same
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Fig.3 Relative abundance of
(a) the dominant phyla and (b)
the dominant genus at different
incubation stages in soil under
various H,0, treatments. CK,
HL, HH, and HT represent the
treatments without addition of
H,0,, and with H,O, at 21 mM,
105 mM, and 105 mM in three
equal amounts, respectively,
and the numbers indicate the
incubation time in days
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incubation time (like HT30, HL30, and HH30) with differ-
ent oxidation treatments showed high similarity, indicating
that the extended incubation time presented greater effects on
the composition of the microbial community structure than
the oxidation treatments. Additionally, HT10 and CK10 were
assigned to cluster II, indicating that adding H,O, in stepwise
(HT) or without H,0, addition (CK) were conducive to the
recovery of microorganism community.
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Relationship between microbial community
structure and environmental characteristics

Chemical oxidation would change the physicochemical prop-
erties of soil and the structure of microbial communities.
Redundancy analysis (RDA) can reveal the microbial com-
munity structure related to environmental characteristics. Six
kinds of parameters (including oxidant residue (OX), TPH,
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of different phylum. CK, HL, HH, and HT represent the treatments

pH, TN, DOC, and TP) were chosen for RDA. The dbRDA1
and dbRDA?2 accounted for 57.1% and 17.6% of the total
variations, respectively (Fig. 6). DOC, TN, TP, and TPH
were the key parameters contributing to the microbial com-
munity structure change. OX and pH showed small effects on

@ Springer

0.75 1

without addition of H,0,, and with H,0, at 21 mM, 105 mM, and
105 mM in three equal amounts, respectively, and the numbers indi-
cate the incubation time in days

the microbial community structure since OX was consumed
quickly in the start-up period, and the pH value maintained
around 5 to 7 during the whole incubation period. The soil
microbial community structure was separated based on differ-
ent incubation time (2—-10 days and 30-50 days) and different
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Fig.6 Redundancy analysis
(RDA) of MiSeq data (symbols)
and environmental character-
istics (arrows) under different 14
H,0, treatments at different

incubation stages. CK, HL, HH,

and HT represent the treatments T\
without addition of H,0,, and &
with H,0, at 21 mM, 105 mM, g:
and 105 mM in three equal
amounts, respectively, and the
numbers indicate the incubation
time in days

o

dbRDA2 ( 17.6% )

dbRDA Plot

oxidation treatments along with dbRDA1 and dbRDAZ2,
respectively. The separations via dbRDA1 were associated
with TN, OX, and DOC in relation to different incubation
time. The separations via dbRDA2 were mainly associated
with TP, pH, and TPH in relation to different oxidation treat-
ments, especially treatments with adding H,O, or not.

Conclusions

All the H,O, treatments for the petroleum-contaminated soil
significantly promoted the TPH removal both in the first
4 days attributed to H,0, oxidation and in the following
4th to 50th days attributed to the degradation by indigenous
microbes. H,0, oxidation pretreatment showed great influ-
ences on the contents of dissolved nutrients (DOC, TN, and
TP). Firmicutes, Proteobacteria, Gemmatimonadetes, and
Actinobacteria were the main bacterial phyla although their
relative abundances changed during the 50 days of incuba-
tion. Microbial community diversity was inhibited by H,0,
addition but recovered with incubation time extended. The
different H,0, oxidation treatments had a great influence
on the microbial community structures in the start-up stage.
With the incubation time extended, recovery time rather than
the oxidation treatments presented greater effects on the
composition of the microbial community structure. Adding

0.0 05 1.0
dbRDA1 (57.07% )

H,0, in stepwise was conducive to a higher microbial com-
munity diversity from a long-term scale. Therefore, applying
H,0,, especially at stepwise, as pretreatment combined with
soil indigenous microorganisms could be a promising reme-
diation method for petroleum-contaminated soil.
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