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Abstract

Microorganisms are the driver of petroleum hydrocarbon degradation in soil micro-ecological systems. However, the distribution
characteristics of microbial communities and hydrocarbon degradation dynamics during the remediation of petroleum-
contaminated soil by enhancing moisture content are not clear. In this study, polymerase chain reaction and high-throughput
sequencing of soil microbial DNA were applied to investigate the compositions of microorganisms and alpha diversity in the oil-
polluted soil, and the hydrocarbon removal also being analyzed using ultrasonic extraction and gravimetric method in a labora-
tory simulated ex-situ experiment. Results showed the distribution of petroleum hydrocarbon degrading microorganisms in the
petroleum-contaminated loessal soil mainly was Proteobacteria phylum (96.26%)—Gamma-proteobacteria class (90.03%)—
Pseudomonadales order (89.98%)—Pseudomonadaceae family (89.96%)—Pseudomonas sp. (87.22%). After 15% moisture
content treatment, Actinobacteria, Proteobacteria, and Firmicutes still were the predominant phyla, but their relative abundances
changed greatly. Also Bacillus sp. and Promicromonospora sp. became the predominant genera. Maintaining 15% moisture
content increased the relative abundance of Firmicutes phylum and Bacillus sp. As the moisture-treated time increases, the
uniformity and the richness of the soil bacterial community were decreased and increased respectively; the relative abundance of
Pseudomonas sp. increased. Petroleum hydrocarbon degradation by enhancing soil moisture accorded with the pseudo-first-order
reaction kinetic model (correlation coefficient of 0.81; half-life of 56 weeks). The richness of Firmicutes phylum and Bacillus sp.
may be a main reason for promoting the removal of 18% petroleum hydrocarbons responded to 15% moisture treatment. Our
results provided some beneficial microbiological information of oil-contaminated soil and will promote the exploration of
remediation by changing soil moisture content for increasing petroleum hydrocarbon degradation efficiency.
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Introduction

Increasingly serious oil-contaminated soil concern was initial-
ly realized deeply in several well-known oil spills accidents,
which induced permanent threats to humans, animals, and
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plants on a global scale due to their toxicity brought by the
harmful hydrocarbons such as long-chain alkanes and polycy-
clic aromatic hydrocarbons [1-4]. The area of soil contami-
nated by petroleum was expanding in north of Shaanxi prov-
ince, which was the important petrochemical base of China [5,
6]. In recent years, annual oil production exceeded 200 million
tons, causing more than 100,000 tons of newly contaminated
soil each year [7]. The promising technologies, natural atten-
uation, biostimulation, and bioaugmentation techniques,
based on the little disturbance to the environment, were
employed for remediation of oil-contaminated soil [3, 8, 9].
Generally, the stability and efficiency of remediation of oil-
contaminated soil were relied on greatly the bioavailability
and activity of soil microorganisms and the synergy between
these microbial and environmental conditions like moisture
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contents and temperatures [10, 11]. Therefore, exploring the
petroleum-contaminated soil remediation effects primly calls
for a synthetic evaluation of not just which forms of program
implementations are devised; the taxonomy in soil microor-
ganisms are also requisite [12, 13].

Some studies have demonstrated the powerful advances of
high throughput sequence technology in microbial biogeogra-
phy for analysis of the soil microbial compositions and struc-
tures [14]. Many microorganisms belonging to different tax-
onomy levels have the ability to degrade petroleum compo-
nents including hydrocarbons and non-hydrocarbons [15, 16].
A metagenomics and deep sequencing research reported by
Shahi et al. [3] revealed that the relative abundance of
Firmicutes and Bacteroides, two kinds of petroleum-
degrading bacteria, can change with the adjustment of the ratio
of carbon, nitrogen, and phosphorus in the oil-contaminated
soil. Now, with the highly accurate visual species analysis of
the soil microbial populations, more and more potentially
hydrocarbon-degrading microbes will probably be found and
applied.

Great changes of soil microbial population and diversity
across the oil-polluted sites occurred compared to clean, un-
contaminated soil, and their growth, reproduction, and meta-
bolic activities were susceptible to sensitivity by the external
environment [17, 18]. The distribution of microbes in harsh
and restrictive environments such as sand, clay, loam, desert,
polar, and frozen soil has been well interpreted [12, 19, 20].
Previous studies have shown that psychrophilic microorgan-
isms were emerged adapted to low temperature and heavy oil
pollution with large molecular weight and high viscosity un-
der the cold environment [21]. Essentially, the petroleum mix-
ture in the soil were transferred, absorbed, and degraded in a
parallel manner with extracellular transport and intracellular
degradation by microbial communities [22]. Humidity, one of
the vital factors for the survival of soil microbes, affects the
activity of indigenous microorganisms in oil-contaminated
soil, which has low water holding capacity and is a strong
water repellent [5]. Wang et al. confirmed that 33% of the
water increased the community diversity of microbes in diesel
and lubricant-contaminated soils by sodium azide and mercu-
ric chloride as experimental controls and nucleotide sequence
analysis [23]. A large number of studies have proved that the
degradation of petroleum hydrocarbons is related to the soil
moisture content, and found the optimum soil moisture con-
tent range which was beneficial to remediate different oil-
contaminated soil sites [24, 25]. Ali et al. investigated the
performance of total petroleum hydrocarbons in different soil
moisture content, and found that maintaining a moisture con-
tent of 20% for sand soil for 270 days would result in a TPH
removal rate of 70% [12]. However, to the best of our knowl-
edge, the information of the effects of moisture content on the
soil microbial community and hydrocarbon degrading micro-
organisms in petroleum-contaminated soil is still not clear.

In the past few years, the alpha diversity index (Chaol,
ACE, Simpson, Shannon) reflected richness and uniformity
of the species in an ecosystem and was commonly used for
microbial diversity analysis [26]. The activity and number of
petroleum hydrocarbon degrading microorganisms were mea-
sured indirectly by soil headspace carbon dioxide emissions
and most probable number procedure to evaluate the removal
ability of petroleum hydrocarbons [27]. Recently, Li et al. [28]
found that biostimulation remediation promoted the degrada-
tion of petroleum hydrocarbons and affected the distribution
and metabolic activity of bacteria in the soil by phospholipid
fatty acid (PLFA) analysis, but less information about the spe-
cific microbial species was acceptable due to the imperfect
analytical technique.

This paper carried out a study to weaken the stress of pe-
troleum hydrocarbons on the loessal soil by enhancing soil
moisture content. The compositions and the «-diversity of
bacterial community in petroleum-contaminated soil were
discussed in detail. The relative abundances of petroleum
hydrocarbon-degrading bacteria were analyzed simultaneous-
ly. We also investigated the reaction kinetic and the correlation
between petroleum hydrocarbon removal rate and the hydro-
carbon degrading populations in the polluted soil. The results
will provide microbiological information of the dominant
petroleum-degrading microorganisms in order to obtain im-
proved petroleum hydrocarbon removal rates for the rehabil-
itation of petroleum-contaminated soils.

Materials and Methods
Soil Sampling and Analysis

The long-term oil-contaminated loess soil samples which
were loose, soft and a light yellowish soil were obtained from
an oil well located in the north of Shaanxi province, China.
The methods of sampling, collection and transportation were
according to the description of Wu et al. [29]. The
granulometric compositions of soil are silt (28.64%), fine sand
(62.17%), medium sand (5.44%), and medium sand (3.75%)
(types 1I); and the physical, chemical, and biological proper-
ties of the soil are shown in Table 1.

15% Moisture Treatment

A microcosm experiment for bioremediation oil-contaminated
soils was performed at 24 °C for up to 12 weeks. A 0.8 kg of
soil was placed in pots in triplicate, maintaining 15% moisture
content with distilled water and periodically agitated artificial-
ly to obtain oxygen. The expression of SO, S1, and S12 rep-
resented soil samples without distilled water addition, 15%
moisture treatment for 1 week, and 15% moisture treatment
for 12 weeks, respectively.
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Table 1 Physicochemical and biological properties of the soil
Main characteristics Values

TPH (mg kg ") 18,800 £210
Organic carbon (mg kg ") 3900+38.29
Moisture content (%) 5.40+0.02
pH 7.88+0.09
Available phosphorus (mg kg ") 15.92+0.16
Total nitrogen (mg kg ") 1170 +56.11

(6.8+0.2) x 10°
(3.30+£0.2) x 10°

Total bacterial numbers (cells g_l)
TPH degraders (MPN g ")

TPH total petroleum hydrocarbon, MPN most probable number

Enrichment and Analysis of Soil Total Microorganisms
and the Hydrocarbon Degrading Community

For enrichment of soil total microorganisms, 5 g of oil-
contaminated soil was added to 50 mL of PBS buffer, vibrat-
ing for 2 h with 150 rpm in a water bath shaker at room
temperature. After standing for 30 min, the soil total microor-
ganisms were obtained by dumping out the supernatant.

The screening and enrichment of TPH-degrading microbial
cells from petroleum-contaminated soil has been previously
introduced by Wu et al. [29], and the process is further mod-
ified. A 6% inoculum of the total microorganisms in 100 mL
of PBS buffer with 1% petroleum hydrocarbon as the sole
carbon and energy source cultured for 1 week at room tem-
perature and subjected to three consecutive transfer cultures.
After that, the petroleum hydrocarbon-degrading flora was
obtained by centrifugation from the last cultures.

Both soil total bacterial and the petroleum hydrocarbon
degrading flora were analyzed using high-throughput se-
quencing technology by Sangon Biotech Co., Ltd. China
(ftp:/ftp.sangon.com:21148) and the details were as follows.

Genomic DNA Extraction, lllumina Sequencing

The DNA of the total microbial microorganisms and hydro-
carbon degrading community in initial and 15% moisture con-
tent soil samples was extracted and quantified using Power
Soil DNA extraction kit (MoBio Laboratories, USA). The
integrity of the extracted DNA was examined by agarose gel
electrophoresis. The sequencing mode was Miseq PE 300
with the paired-end. The primers 341F (CCCTACAC
GACGCTCTTCCGATCTGCCTACGGGNGGCWGCAG)
and 805R (GACTGGAGTTCCTTGGCACCCGAGAA
TTCCAGACTACHVGGGTATCTAATCC) were used to
complete the PCR reaction [30].

The temperature parameter was (1) repetition 5 cycles of
pre-denaturation at 94 °C for 3 min, denaturation at 94 °C for
30 s, annealing at 45 °C for 20 s, extension at 65 °C, and
stretching for 30 s; (2) repetition 20 cycles of denaturation at
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94 °C for 20 s, annealing at 55 °C for 20 s, and extension at
72 °C for 30 s; (3) repetition for 5 cycles of pre-denaturation at
95 °C for 30 s, denaturation at 95 °C for 15 s, annealing at
55 °C for 15 s, and extension at 72 °C for 30 s after introduc-
tion of [llumina bridge PCR compatible primers set during the
PCR reaction.

The PCR products were analyzed by agarose gel electro-
phoresis and purified to recover using 0.6 times of magnetic
beads. The amount of DNA per sample was 10 ng, and the
final loaded sequencing concentration was 20 pmol.

Sequencing Data Analysis

To perform some quality control processing on the original
sequence, such as de-joining and mass-cutting, Prinseq soft-
ware (version 0.20.4) were used. After removing the non-
amplified region portion in the pre-processed sequence,
Usearch (version 5.2.236) was put to use to correct all se-
quence errors and clustered according to the distance between
sequences, i.e., operational taxonomic units (OTUs) [26]. The
database sequence of Blast was used to compare against the
measured sequences. The RDP classifier (version 2.12) divid-
ed the OTU with a sequence similarity threshold of 0.97 into
the same genus, and did it as the same species with the value
0f 0.99. The alpha diversity index reflecting the richness and
uniformity of the microbes in soil was calculated by Mothur
(version 1.30.1) [26].

TPH Removal Performance and Microbial Population

In order to investigate the effect of 15% moisture content on
hydrocarbons degradation in petroleum-contaminated soil,
TPH concentrations during the maintenance of 15% moisture
content were detected. The TPH were extracted and deter-
mined by ultrasonic extraction and gravimetric methods re-
spectively [31]. Firstly, 1 g of air-dried, ground soil sample
from each pot and 15 mL of mixed extract (V (n-hexane:
methylene chloride) = 1:1) were placed in a 50 mL polyethyl-
ene centrifuge tube to extract TPH weekly using an ultrasonic
cell disrupter at a power of 180 W by repeating three times for
15 min each time. Then, the three extracts were centrifuged at
—4°C, 8000 r/min and filtered in a 30-mL weighing bottle of
known weight. Finally, the weighing bottle was placed in a
fume hood to evaporate the organic extract, air dried, and
weighed. The TPH removal performance was obtained from
the difference between the two weights. Also, according the
description of Wu et al. [31], the standard petroleum hydro-
carbons and a modified most probable number (MPN) proce-
dure were used to count the TPH-degrading microbial popu-
lations. Briefly, 1 g of soil sample was uniformly dispersed in
9 mL PBS buffer solution, and 0.2 ml of the suspension was
transferred to 1.8 mL Bushnell-Haas medium containing stan-
dard petroleum hydrocarbon and 2% NaCl. After the
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transferred suspension was incubated at room temperature for
1 week, iodonitrotetrazolium violet (INT) and MPN table
were applied to count TPH degrading bacteria by 1 mL of soil
microbial extract with dilution gradients of 1071, 1072, 1073 ,
104,107, 10 107, 10°% 10, and 10 uL TPH, in five
replicates per gradient..

Statistical Analysis
Data for all TPH concentrations was represented by a combi-

nation of mean and standard deviation (mean + SD). For the
study of petroleum hydrocarbon degradation and microbial

Fig. 1 Distributions of the o, g a
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software (version 9.0, China).

Results and Discussion

Total Bacterial Community Compositions
in the Petroleum-Contaminated Soil

The information of total microorganisms in petroleum-
contaminated soil was obtained by high-throughput sequenc-
ing analysis of DNA directly extracted from microorganisms
in soils. Figure 1 a showed the relative abundance of the top
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10 dominant phyla. Actinobacteria, Proteobacteria, and
Firmicutes were the three dominant phyla of which the rela-
tive abundances were 47.34%, 37.44%, and 9.16% in the
petroleum-contaminated loessal soil. The three bacterial phyla
were ubiquitous in oil-contaminated soils reported in previous
literatures [3, 9], and most of them belonged to Gram-positive
bacteria, confirming their universality and potential for habi-
tation in oil-contaminated sites.

Figure 1 b displayed Promicromonospora sp. which was
the top dominant genus with the relative abundance of 18.96%
in the contaminated soil. Exiguobacterium sp. was the subor-
dinate genus and the relative abundance of 8.49% among all
microorganisms. In addition, genera of Nocardioides sp.,
Citrobacter, Mycobacterium. sp., Acinetobacter sp., and
Leifsonia sp. were also prevalent in the oil-contaminated soil.
Members of Promicromonospora sp., Exiguobacterium sp.,
and Nocardioides were detected in previous studies [32, 33].
It was reported that n-alkanes with 9 to 26 carbon and aliphatic
hydrocarbons can be degraded by them in diesel and oil pol-
lution environments [34].

Fig. 2 Hydrocarbon-degrading
bacteria isolated from the
petroleum-contaminated soil

_Proteobacteri .
96.26%

Hydrocarbon-Degrading Bacterial Compositions
in the Petroleum-Contaminated Soil

Analysis of petroleum hydrocarbon degrading bacterial com-
munity enriched using petroleum as sole carbon and energy
source from petroleum-contaminated soil was performed by
high throughput sequencing method. The top 30 dominant bac-
terial taxonomies based on species including phylum, class,
order, family, and genus levels were shown in Fig. 2. The top
30 bacterial species involved to two phyla, three classes, five
orders, eight families, and 16 genera. Proteobacteria and
Firmicutes were the dominant phyla with the relative abun-
dance of 92.26% and 3.71%, respectively. Although
Actinobacteria was dominant bacterial phylum in the oil-
polluted soil, it was not petroleum-degrading phylum.
Proteobacteria was considered as the most easily cultivated
bacteria in oil-contaminated soils reported by previous study
[35]. Members of Proteobacteria and Firmicutes phyla have
been proven to degrade TPH or PAHs in oil-polluted soil
[9, 35]. Kim et al. [36] enriched the microorganisms that
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Table 2

Bacterial taxonomy and diversity indices in the initial and 15%
moisture treated soil

Gamma-proteobacteria, Beta-proteobacteria, and Bacilli were
also recognized as hydrocarbon-degrading strains in oil-

Soil samples S0 Sl S12 contaminated soil, but the relative abundance was different from

this study due to the soil texture and the time of oil pollution
Sequencing analysis [36]. A previous study also reported Bacilli, one of the important
OTUs num 1669 1888 1865 hydrocarbon degrading bacteria, preferentially used more toxic
Phylum 21 22 21 aromatic hydrocarbons as their energy source and carbon source
Class 42 48 45 in petroleum-contaminated soils [37]. Among the 16 dominant
Order 67 68 68 genera, the relative abundance of Pseudomonas (87.22%) was
Family 136 131 132 the highest, while other 15 genera had a total relative abundance
Genus 353 366 386 of less than 7%. Of the hydrocarbon-feeding bacteria,
Diversity indices Pseudomonas is widely known for the ability to degrade hydro-
Shannon index 438 3.66 4.03  carbons by producing a variety of glycolipid surfactants [38].
Simpson index 0.05 0.99 0.07  Even, Ramadass et al. found Pseudomonas sp. increased the
Ace index 3327 3096.71 3003.61  removal of weathered hydrocarbons by about 20% compared
Chaol index 2534 2845.22 2807.35  to natural attenuation in engine oil-contaminated soil [39],

produced biosurfactants with the potential of degrading hydro-
carbons in oil-contaminated soil in Kuwait and found that the
relative abundance of Proteobacteria was the most; Firmicutes
were the second, and Actinobacteria was the lowest, and the
relative abundance of Actinobacteria only accounted for 0.1%
[36]. These similar results have once again confirmed the clas-
sification homology of microorganisms from oil-contaminated
sites from different regions [9]. Gamma-proteobacteria was the
first among three classes in terms of their relative abundance,
which was 90.03%, 6.22%, and 3.71% attached to Gamma-
proteobacteria, Beta-proteobacteria, and Bacilli respectively.

Based on the information presented in Fig. 2, the distribution
of petroleum hydrocarbon-degrading bacteria in the petroleum-
contaminated soil was Proteobacteria phylum (96.26%)—
Gamma-proteobacteria class (90.03%)—Pseudomonadales or-
der (89.98%)—Pseudomonadaceae family (89.96%)—
Pseudomonas sp. (87.22%).

Impacts of 15% Moisture Treatment on Total Bacterial
Community

In our study, initial polluted soil (SO) and 15% moisture-
treated soil samples at the first week (S1) and the 12th week
(S12) were collected for MiSeq sequencing analysis. The
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Fig. 3 Total bacterial community at the phylum (a) and genus level (b) after one (S1) and twelve (S12) weeks of humidity treatment
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average number of sequences for the three soil samples was
more than 45,000. After deleted the sequence outside the tar-
get region and the chimera by Usearch software, their effective
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sequence numbers were 41,369; 45,917; and 45,132, respec-
tively. This sequencing was successful with an optimization
rate of over 88% and a sequencing depth of 98% coverage.
Across the three soil samples, the order of OTUs number
obtained by classifying effective sequences was S1
(1888)>S12 (1865)>S0 (1669) (Table 2). The details of com-
munity alpha diversity index including the richness index
(ACE and Chao 1) and the uniformity index (Shannon and
Simpson) [26] varied in different soil samples. It can be seen
that the Shannon and Ace indices of the SO sample were the
highest, while the Chaol index of the S1 soil sample was the
highest. In all the samples, the order was S0>S12>S1 for
Shannon index, S0>S1>S12 for Ace index and S1>S12>S0
for Chaol index. Therefore, compared with the initial soil, the
uniformity of soil bacterial community was reduced, and the
richness increased after 1 week of 15% moisture treatment.
After 12 weeks of 15% moisture remediation, the soil diversity
was lower than that of the initial contaminated soil generally.

Figure 3 a showed the relative abundance of the top 10
dominant bacterial phyla in the S0, S1, and S12 samples.
Actinobacteria, Proteobacteria, and Firmicutes were the first
three dominant phyla in all samples, and together of which
accounted for over 90% for each soil sample. Compared to the
initial contaminated soil, the relative abundances of
Actinobacteria and Proteobacteria decreased while
Firmicutes, which was one of the hydrocarbon degradation
bacterial phyla (shown in Fig. 2), increased by 15% moisture
treatment. In the S1 sample, Firmicutes became the most im-
portant dominant phylum with the relative abundances of
62.29%, while the relative abundances of Actinobacteria and
Proteobacteria decreased to 19.44% and 14.72%, respective-
ly. In addition, phyla of Planctomycetes and Verrucomicrobia
increased slightly after 1 week of 15% moisture treatment.
Compared to S1, the relative abundance of Firmicutes reduced
to 40.81%, and Actinobacteria and Proteobacteria increased
to 34.43% and 19.70% in the S12 sample. The relative abun-
dance of Bacteroidetes made a discernible increase while
Planctomycetes and Verrucomicrobia increased slightly after
12 weeks of 15% moisture treatment.

Figure 3 b displayed the bacterial community composition
at the genus level, and a more pronounced difference occurred
in the dominant bacterial genera among the three samples.
Compared to the initial contaminated soil (S0), 15% moisture
treatment caused greatly change in the soil bacterial commu-
nity structure at the genus level. Promicromonospora sp. be-
came the secondary genus while Bacillus sp. which was one
type of hydrocarbon-degrading bacteria (shown in Fig. 2)
turned into the first dominant in the 15% moisture soil. After
1 week of 15% moisture treatment, the relative abundance of
Bacillus sp. drastically increased from 0.29 to 38.20%. The
relative abundance of Promicromonospora sp. and
Exiguobacterium sp. became the sub-dominant genera which
reduced to 19.44% and 5.06%, respectively. Some new genera
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Table 3 Reaction kinetic and relevant parameters for the degradation of hydrocarbon
Process method Reaction kinetics equation A (week 1) btl n(weeks) °R2
15% moisture treatment In(c/cg) =-0.0126t + 0.0087 0.0126 56 0.81

2k (min"'): Rate constant
b ¢, »(weeks): Half-life
°R?: Correlation coefficient

such as Fictibacillus sp. and Paenisporosarcina sp. appeared
in the soil. The flora structure in S12 sample was similar with
the 1 week of moisture treatment (S1), and the relative abun-
dances of dominant genera slightly changed. Nocardioides sp.
became the subordinate dominant genus and the relative abun-
dance increased to 6.94%. The relative abundance of
Fictibacillus sp., Pseudomonas sp., and several other genera
increased in the S12 compared to the S1 soil.

There was a significant difference between the soil total
bacterial community (Fig. 1) and the petroleum hydrocarbon-
degrading bacterial community (Fig. 2). The most prevalent
bacteria community in the oil-contaminated soils were
Actinobacteria (47.34%), Proteobacteria (37.44%), and
Firmicutes (9.16%) phyla, Promicromonospora sp. (18.96%),
and Exiguobacterium sp. (8.49%) genus. While, petroleum
hydrocarbon-degrading bacterial compositions mainly included
the phyla of Proteobacteria (92.26%) and Firmicutes (3.71%)
and the genus of Pseudomonas (87.22%), Achromobacter
(6.12%), and Bacillus (3.51%). Figure 3 showed that
Actinobacteria was the most dominant bacterial phylum in
the initial contaminated soil (47.34%) and 15% moisture-
treated soils (19.44~34.43%), but which was not dominant
petroleum-degrading bacteria according to Fig. 2. At the genus
level, Promicromonospora sp. was the most abundant both in
the initial contaminated soil (18.96%) and 15% moisture-
treated soil (19.44%), while the relative abundance of
Promicromonospora sp. was little in the petroleum-degrading
bacterial community. Pseudomonas sp. was the predominant in
petroleum-degrading bacterial compositions which accounted
for 87.22%; however, enhanced soil humidity did not promote
Pseudomonas sp. growth. The reason may be that both envi-
ronmental factors and nutrients have the significant effects on
the growth of Pseudomonas sp. [40]. Enhanced humidity just
provided a single element of water, but the deficiency of nitro-
gen and phosphorus or other growth factors may limit to the
growth of Pseudomonas sp.

Effects of 15% Moisture Content on Petroleum
Degradation and Hydrocarbon-Degrading Microbial
Population

The petroleum hydrocarbon concentration and the petroleum
hydrocarbon-degrading microbial populations in the soils by
15% moisture treatment were shown in Fig. 4a. After 12 weeks

of 15% moisture treatment, the TPH concentration decreased
from 18,800 to 15,411 mg kg ' soil. It represented 18.0% of
petroleum hydrocarbons removal by 15% moisture treatment
while only 3% in the control. The microbial population in soil
without humidity treatment was 6.3 x 10% cells g ' to 3.4 x

10° cells g ', while it significantly increased from 3.3 x 10° to
1.5x 10° cells g ' corresponding to 15% moisture content,
which indicated that 15% moisture content was beneficial to
promote the petroleum degrading microorganism population.

Petroleum hydrocarbons in soil were subject to various
spontaneous migration and transformation process such as
volatilization, photo-oxidation, chemical oxidation, and mi-
crobial degradation under relatively sufficient water and tem-
perature conditions [41-43]. It was considered that microbial
metabolism was the most important way for dissipation of
petroleum hydrocarbons [44]. There were more than 200
functional microorganisms accompanied with higher occur-
rence frequency of bacteria, actinomycetes, fungi yeast, and
mold, which were giving play to the utmost importance effect
in different soil terrestrial ecosystems [45]. Among the hetero-
trophic groups, Pseudomonas (bacteria), Streptomyces (acti-
nomycetes), Candida (fungi)-producing yeast proteins, and
even some cyanobacteria used petroleum hydrocarbons as
their sole source of carbon and energy to perform biological
oxidation [46]. The suitable soil moisture formed an equilib-
rium between the water-vapor-solid three phases, which can
not only accelerate the transfer of oxygen and petroleum hy-
drocarbons in the soil, but also promoted the absorption and
utilization of petroleum hydrocarbons by microorganisms
[24]. In this study, distilled water was added to soil to supply
the essential moisture for the growth and development of mi-
croorganisms in the soil, and a small portion of petroleum
hydrocarbons was removed, which was similar to previous
results [31].

There was no correlation between petroleum hydrocarbon
removal rate and the increasement of petroleum hydrocarbon
degradation microbial populations (Fig. 4b). Fifteen percent
of moisture content treatment indeed increased relative abun-
dance of some petroleum hydrocarbon-degrading bacteria in-
cluding Firmicutes phylum and Bacillus sp. (Fig. 3). It is
therefore concluded that the removal of petroleum hydrocar-
bons did not depend on the total number of petroleum hydro-
carbon degraders’ populations, but some specific
hydrocarbon-degrading strains involving Firmicutes phylum
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and Bacillus sp. may be a promoting factor for the degradation
of petroleum hydrocarbon pollutants by 15% moisture
treatment.

Table 3 showed the reaction kinetic of petroleum hydrocar-
bon removal by 15% soil moisture treatment. Degradation of
petroleum hydrocarbons accorded with the pseudo-first-order
reaction kinetic model. The correlation coefficient was not
high (R*=0.81) due to the complex degradation process af-
fected by catalysis, volatilization, and biodegradation. Fifteen
percent humidity treatment made a hydrocarbon degradation
rate constant of 0.0126 per week, and the half-life of petro-
leum up to 56 weeks. Some biostimulation experiments by
adding nitrogen, phosphorus, composting, and inoculating
with microorganisms to oil-contaminated soil at low temper-
atures have similar results; and the hydrocarbon degradation
rate constants were 0.004~0.016, 0.011~0.018, and
0.017~0.026 day ' found by Gomez et al., Chang et al., and
Paudyn et al. respectively [19-21].

In this study, only 18% hydrocarbon removed by 15%
moisture treatment, and most of petroleum residue still
remained in the soil. We had illustrated that Proteobacteria
phylum and Pseudomonas genus were predominant
petroleum-degrading bacteria in petroleum-contaminated soil
(shown in Fig. 2). Fifteen percent moisture treatment could
not promote these strains growth (Fig. 3 S1 and S2) and it
maybe due to restrictive conditions about environmental fac-
tors such as pH, temperature, and nutrient concentration [40].
If these strains’ growth can be enhanced by further remedia-
tion strategy, petroleum hydrocarbon degradation efficiency
may be promised to improve greatly.

Conclusions

High-throughput sequencing technology was used to analyze
the diversity of total bacterial compositions and functional
TPH degrading flora in the petroleum-contaminated soil.
The composition of dominant hydrocarbon-degrading bacte-
ria was different to soil total bacterial community, both at the
phylum and genus level. The oil-contaminated soil microbial
compositions were roughly the same, but their relative abun-
dance changed upon to 15% moisture treatment. Fifteen per-
cent of soil moisture content led to 18% of the hydrocarbon
removal in the oil-contaminated soil, which may be attributed
to the increment of some specific degrading bacteria belongs
to Firmicutes phylum and Bacillus sp.
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