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Abstract Agricultural soils in oilfields have high risk for
polycyclic aromatic hydrocarbon (PAH) pollution. In this
study, from the Jianghan Oilfield (Hubei Province, China)
with a history of >50 years, 7 soil samples (OS-1 to OS-7)
were collected. Subsequently, the bacterial, archaeal, and
fungal community structures were investigated by Illumina
MiSeq sequencing, and the relationship between microbial
community structure and soil PAH content was analyzed.
The results indicated that bacterial and archaeal Chao 1
indices showed a significantly negative relationship with
soil PAH content, and only the bacterial Shannon index
had a significantly negative relationship with soil PAH
content. Moreover, the community structure of bacteria
(* = 0.9001, p = 0.013) showed a stronger correlation
with PAH content than that of fungi (> = 0.7357,
p = 0.045), and no significant relationship was found
between archaeal community structure (r2 = 0.4553,
p = 0.262) and soil PAH content. In addition, the relative
greater abundances of some bacterial genus belonging to
Actinobacteria (Mycobacterium and Micromonospora) and
Proteobacteria (Pseudomonas, Lysobacter, Idiomarina,
Oxalobacteraceae, and Massilia), fungal genus belonging
to Ascomycota (Sordariales and Pleosporales), and
archaeal phylum (Euryarchaeota) were detected in the soil
samples (OS-3 and OS-5) with greater PAH content. In
summary, soil PAHs showed an obvious influence and
selectivity on the soil microbiota. Furthermore, compared
with fungi and archaea, bacteria was more sensitive to soil
PAH pollution, and the diversity indices and community
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structure of bacteria both might be suitable indicators for
assessment of soil PAH stress on the soil ecosystem.

Polycyclic aromatic hydrocarbons (PAHs), a group of
typically and widespread organic pollutants, could pose a
serious threat to the environment and human health due to
their intensive carcinogenicity, teratogenicity, and muta-
genicity (Couling et al. 2010; Xue and Warshawsky 2005).
Moreover, these compounds are difficult to be degraded
and could be long-lived in environment due to their
stable polycyclic structures and strong hydrophobic prop-
erty (Eggen and Majcherczyk 1998; Xue and Warshawsky
2005). Soil is an important natural reservoir for PAHs, and
PAHs in soil could be transferred through the food chain
(Van der Oost et al. 2003). Thus, some key questions about
soil PAH pollution, such as their remediation, migration
and transformation, and risk assessment, have long con-
cerned people all over the world.

Soil microorganisms are not only the important partic-
ipants for the natural PAH elimination and transformation,
they are also useful indicators for the assessment of soil
quality under the pressure of organic or inorganic pollu-
tants (Haritash and Kaushik 2009; Khan et al. 2013; Rug-
giero et al. 2011; Ruyters et al. 2010). Therefore, in recent
years, to better understand the mechanism of soil PAH
transformation and to evaluate the risk of soil PAH pol-
lution, more attentions has been paid to the responses of
microbial activities and community structures to soil PAH
pollution (Abbasian et al. 2016; Cebron et al. 2015; Chen
etal. 2016; Wang et al. 2016; Zhang et al. 2014). Presently,
microbial ribosome RNA genes (16S rRNA and 18S
rRNA) and fungal ITS (internal transcribed spacer) vari-
able regions contained in ribosomal DNA have been
widely used as biomarkers to reflect the responses of soil
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microbes under PAH pressures, which also could be used
as an available tool to identify some novel PAH-degrading
microbes (Cebron et al. 2015; Llado et al. 2013; Su et al.
2016; Wang et al. 2013). For example, using bacterial 16S
rRNA gene as biomarker, Sawulski et al. (2014) found that
bacterial community structure was significantly shifted by
PAH amendment, and phenanthrene, fluoranthene, and
benzopyrene showed varied selectivity on soil bacterial
flora. Some bacterial genera (Chryseobacterium, Pusil-
limonas, and Sphingobium) and fungal genus (Fusarium)
had been identified as important HMW (high-molecular
weight)-PAH degraders in PAH-polluted soils, and it had
been reported that microbes related to carbon metabolism
and nitrogen-transforming were significantly enhanced and
restrained by PAH contamination, respectively (Llado et al.
2013, 2015). In addition, some functional genes involved in
PAH degradation and some novel techniques based on
RNA- or DNA-SIP (stable-isotope probing) have also been
widely used to investigate the relationship between soil
microorganisms and PAH pollution (Li et al. 2015; Liu
et al. 2015; Peng et al. 2014; Song et al. 2015, 2016). It was
reported that the abundances of some functional genes had
good dose—response relationships with soil PAH contami-
nation under both aerobic and anaerobic conditions (Guo
et al. 2011; Han et al. 2014). Therefore, these studies
confirmed that the soil microbial community and its func-
tions had a sensitive response to PAH contamination and
also identified some unique degraders for different kinds of
PAHs in varied soil types, which could provide some
essential basic theories and reliable guidance for the
remediation and risk assessment of soil PAH pollution.
Agricultural soils near oilfields have a high risk of
PAH pollution because they are aged soils with mixed
PAH contamination, which might be very representative
objects for a study about the interaction between soil
microorganisms and PAHs. Very recently, the relationship
between soil bacterial community structure and PAH
contamination in the regions of several important oilfields
in China was reported (Gao et al. 2016; Liao et al. 2015;
Liu et al. 2015; Sun et al. 2015a, b). For example, in the
soil collected from Dagang Oilfield (North China), Liu
et al. (2015) found that the gene copies of AlkB (alkane
monooxygenase gene) and Nah (naphthalene dioxygenase
gene) were positively and negatively related to the soil
PAH contents, respectively. Meanwhile, Sun et al.
(2015a) found many known oil-degrading species (Alka-
nindiges, Arthrobacter, Pseudomonas, Mycobacterium,
and Rhodococcus) dominated in nine soil samples col-
lected from the Daqing (Northeast China) and Changqing
(Northwest China) oilfields. Therefore, it seemed that
PAH contamination had an obvious selection effect on
soil microbiota in the area of oilfields and that these
studies could provide some essential —microbial
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information for the risk assessment and bioremediation of
PAH contamination for local soils. Soil geochemical
parameters have been considered as important factors
influencing the community structures of soil microorgan-
isms (Ge et al. 2008; Wang et al. 2015b), and indigenous
microbial information might be very important for in situ
remediation in a given PAH-polluted soil (Sun et al.
2015b). However, the oilfields selected in most present
studies were located in the region of Northern China, and
no information was available for the oilfield soils in
south-central China. Furthermore, soil bacteria, fungi, and
archaea all are important components of soil microor-
ganisms, but few studies have taken all of them into
consideration simultaneously.

In this study, the Jianghan Oilfield, with a history of
>50 years and located in south-central China (Qianjiang
City, Hubei Province), was selected, and soil samples were
collected from the agricultural field near this oilfield. By
means of [llumina MiSeq sequencing, the bacterial, fungal,
and archaeal community structures were explored, and the
relationship between microbial community structure and
soil PAH contents was investigated. The aim was to profile
and compare the community structures of different kinds of
microorganisms in soil with potential PAH contamination,
which might provide some useful microbial information for
the risk assessment and in situ bioremediation of the PAH-
polluted soil.

Materials and Methods
Site Description and Soil Sampling

Jianghan Oilfield, located in the interior of Jianghan Plain
(Qianjiang city, Hubei province, China), one of the most
important oilfields in China, has a history of >50 years.
This region has a subtropical monsoon moist climate with a
mean annual temperature of 16.1 °C and a mean annual
precipitation of 1100 mm, and the soil is classified as a
Fluvo-aquic soil. In this study, 7 soil samples (OS-1 to OS-
7) were collected from the agricultural field (rice—wheat
rotation) in the Jianghan Oilfield in July 2014. Detailed
geographic information of the sampling sites is shown in
Fig. 1. In each site, 10 surface-soil cores (5 cm in diameter;
20 cm in depth) were randomly selected in an area of
100 m? and then mixed thoroughly to form one represen-
tative sample. Three samples were collected from each site
as replicates. Soil samples were kept in an ice box and
taken back to the laboratory. After removing the fine roots
and visible organic debris by passing through a 2-mm
sieve, the samples were stored at 4 and —80 °C for
chemical analysis and DNA extraction, respectively.
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Fig. 1 Map showing the location of the sampling sites in Jianghan Oilfield

Measurement of Soil Basic Properties and PAH
Content

Soil pH was determined with a soil to water ratio of 2:5.
Soil organic carbon (SOC) was measured using the
K,Cr,0; oxidation method. Soil-available phosphorus
(AP) was determined by the routine method recommended
by the Chinese Society of Soil Science (Lu 1999). Soil
ammonium and nitrate were extracted with 2 mol L' KClI
and determined using a continuous flow analyzer
(SAN++, Skalar, Holland).

Soil PAH content was determined according to the
method of Cao et al. (2009), and the brief procedure was as
follows: 10 g Na,SO,4 and 2 g copper powder were added
to a 250-mL beaker containing 10 g soil (freeze-dried at
—80 °C) and mixed thoroughly; the mixture was trans-
ferred into an extraction thimble, and 70 mL acetone and
hexane (1:1 ratio) was added into the thimble to soak the
mixture for 12 h. The thimble was placed into a Suoshi
Extraction System for 6 h at 75 °C, and the extract was
concentrated to approximately 2 mL by rotary evaporation
at 45 °C under —46 kPa. The concentrated extract was
passed through a chromatographic column (1 cm silica
sand, 12 cm active silica, 6 cm neutral alumina, and 1 cm
anhydrous Na,SO,); after being washed with hexane, the
column was eluted with 70 mL mixed liquor of

dichloromethane and hexane (3:7 ratio), and the collected
eluent was concentrated by rotary evaporation and diluted
to 1 mL with methanol. Finally, total PAH content was
detected by a high-pressure liquid chromatographer (Hi-
tachi High-Technologies Corporation, Japan) with a mixed
interior reference containing 16 priority-controlled PAHs
(Dr. Ehrenstorfer GmbH, Augsburg, Germany).

Soil DNA Extraction and Illumina MiSeq
Sequencing

Soil DNA was extracted from 0.5 g of frozen soil using a
Fast DNA SPIN Kit for Soil (Q-BIOgene, Carlsbad, Cali-
fornia, USA) according to the manufacturer’s protocol. The
extracted DNA was checked using 1% agarose gel elec-
trophoresis and stored at —20 °C before use.

The primer sets of S515F-907R, 817F-1196R, and
Arch340F-Arch806R were used to amplify the bacterial
16S rRNA, fungal 18S rRNA, and archaeal 16S rRNA
genes, respectively. The sequences of the primer sets and
thermal profiles used in the following amplification for
each target gene are listed in Table 1. Primer sequences
were modified by adding Illumina adaptor A with an
8-nucleotide barcode sequence to the ends of each forward
primer and adaptor B to the ends of each reverse primer
using TruSeq v1/v2 Kit (Illumina, San Diego, California,
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Table 1 Primer sets and thermal profiles used in PCR amplification

Target group Primer set Sequence (5'-3") Thermal profile Reference
Bacterial 16S rRNA 515F GTGCCAGCMGCCGCGG 3 min at 95 °C followed by 27 Zhou et al. 2011
907R CCGTCAATTCMTTTRAGTTT cycles of 30 s at 95 °C,30 s at
55 °C, 45 s at 72 °C, and 10 min
at 72 °C for the last cycle
Fungal 18S rRNA 817F TTAGCATGGAATAATRRAATAGGA 3 min at 95 °C followed by 32 Rousk et al. 2010
1196R TCTGGACCTGGTGAGTTTCC cycles of 30 s at 95 °C,30 s at
56 °C, 45 s at 72 °C, and 10 min
at 72 °C for the last cycle
Archaeal 16S rRNA Arch340F CCCTACGGGGTGCASCAG 3 min at 95 °C followed by 32 Ovreas et al. 1997
Arch806R  GGACTACVSGGGTATCTAAT cycles of 30 s at 95 °C,30 s at Bates et al. 2011

55 °C and 45 s at 72 °C, and
10 min at 72 °C for the last cycle

USA) according to the manufacturer’s protocol. And then,
each of the target genes were amplified on an ABI GeneAmp
9700Cycler (Applied Biosystems, USA). The PCR products
were purified using an AxyPrepDNA PCR clean-up system
(Axygen Biosciences, Union City, California, USA), and
then sequenced on the MiSeq platform (Illumina, San Diego,
CA, USA) at Majorbio Bio-Pharm Technology, Company
Ltd. (Shanghai, China). Raw fastq files were demultiplexed
and quality-filtered using QIIME (version 1.9.1) with the
following criteria: The 300-base pair (bp) reads were trun-
cated at any site receiving an average quality score <20 over
a 50-bp sliding window, and the truncated reads that were
shorter than 50 bp were discarded; exact barcode matching,
2-nucleotide mismatch in primer matching, reads containing
ambiguous characters were removed; and only sequences
that overlap longer than 10 bp were assembled according to
their overlap sequence. Reads that could not be assembled
were discarded. Operational taxon units (OTUs) were clus-
tered with 97% similarity cut-off using UPARSE (version
7.1 [http://drive5.com/uparse/]), and chimeric sequences
were identified and removed using UCHIME. The taxonomy
assignment was performed based on the Silva ribosomal
database (releasel19 [http://www.arb-silva.de]) using a
confidence threshold of 70% (Amato et al. 2013). In this
study, Chaol and Shannon indices were calculated using
Mothur software (version v.1.30.1 [http://www.mothur.org/
wiki/Schloss_SOP#Alpha_diversity]) with 97% similarity
cut-off (Schloss et al. 2011), and they were used to estimate
the potential total number of OTU and evaluate the level of
diversity in each sample, respectively. The calculation
equations are listed below.

Sobs

ni(n; — 1) ni. n
Chaol = Sy, + V1~ " gp == M
ao b3 1) annon 2N ny

where Sgps 1S the total number of OTU generated from the
MiSeq sequencing; n; is the number of OTU only con-
taining one sequence and n, is the number of OTU
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containing two sequences; n; is the sequence number in the
ith OUT; and N is the total sequence number obtained from
the MiSeq sequencing.

Data Analysis

One-way analysis of variance (ANOVA) followed by a
Student-Newman-Keuls test was performed using SPSS
11.5 (SPSS, Chicago, USA) to check for quantitative dif-
ferences between soil samples. p < 0.05 was considered to
be difference significant. Linear regression analysis was
performed to investigate the relationship between soil PAH
contents and microbial diversity indices using SPSS 11.5
software. Correlation analysis between microbial commu-
nity structures and soil basic properties was calculated with
a Mantel test using OTU-based Bray—Curtis distance
matrices with 999 permutations in R software (http://www.
r-project.org) with Vegan package. Cluster analysis based
on the microbial phyla was performed using the Vegan
package (Jaccard method) in R software, and the heat maps
of microbial community based on the bacterial and fungal
genus were also generated from R software with the
Pheatmap package.

Results
Soil Properties and PAH Contents

The results of soil basic properties and PAH contents are
listed in Table 2. The pH values of all soil samples were
>8.0. The SOC contents in OS-4 to OS-7 samples were all
greater than those in OS-1 to OS-3 samples, and the
greatest SOC content was detected in the OS-5 sample. The
highest soil AP content was detected in OS-6, and the AP
contents in OS-4, OS-6, and OS-7 were greater than those
of 0S-5 and OS-1 to OS-3. The average NH," and NO;~
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Table 2 Soil basic properties and PAH contents

Samples pH (H,0) SOC (g kg™ AP (mg kg™") NH," (mg kg™") NO;~ (mg kg™h PAHs (mg kg™")
08-1 8.03 + 0.02¢ 5.62 + 0.29° 6.42 + 0.84¢ 430 + 0.16™ 0.70 + 0.02% 0.18 + 0.03°
0§-2 8.24 4+ 0.02° 6.95 + 0.09° 4.62 + 1.02¢ 4.17 £ 0.05* 1.25 £ 0.35° 0.16 + 0.04°
08-3 8.88 + 0.01* 6.55 + 0.12° 5.16 + 0.69¢ 4.60 + 0.02° 0.25 + 0.02° 0.68 + 0.29°
0S8-4 8.75 + 0.03* 22.22 + 0.99° 8.83 &+ 0.99° 4.03 £ 0.01° 0.36 + 0.014% 0.16 + 0.07°
08-5 8.14 & 0.01° 58.92 + 4.73° 5.17 + 1.76° 4.12 £ 0.03" 0.83 + 0.02" 0.88 + 0.35°
0S-6 8.18 + 0.03° 14.30 + 0.40¢ 15.94 + 2.08 415 +0.11% 2.18 + 0.41° 0.37 £ 0.21%
08-7 8.56 + 0.01° 17.57 4+ 0.37° 11.49 £+ 0.70° 4.13 £+ 0.01% 1.08 £ 0.04 0.26 + 0.02°

Values are mean (n = 3), and values within the same column followed by the different letters indicate significant differences (p < 0.05)

SOC soil organic carbon, AP available phosphorus

contents in these soil samples were in the range of 4.03
(0S-4) to 4.60 (OS-3) and 0.36 (OS-4) to 2.18 (0OS-6)
mg kg™, respectively. Relatively greater PAH contents
were detected in the OS-3 (0.68 mg kg™') and OS-5
(0.88 mg kg~ ") samples, and no significant difference was
found for PAH content in the other soil samples.

Microbial Diversity and Relationship Between
Microbial Community and Soil Properties

The results of Chao I and Shannon indices generated from
the MiSeq sequencing for the soil samples in this oilfield
are listed in Table 3. The lower values of bacterial Chao 1
and Shannon were found in the OS-3 (771.27 and 4.38) and
0OS-5 (806.26 and 4.41) samples, and lowest fungal Chao I
and Shannon values were also detected in the OS-3 sample
(98.2 and 1.20). As for archaea, the lowest Chao 1 values
were found in the OS-3, OS-5, and OS-6 samples, but the
lowest Shannon value was detected in the OS-1 (3.24). It
seemed that the soil samples with greater PAH contents
(OS-3 and 0OS-5) also had lower values of bacterial
diversity indices, but this trend was not obvious for the
diversity indices of fungi and archaea. Linear correlation
analysis between soil PAH contents and microbial diversity
indices was performed (Fig. 2), which indicated that the
bacterial (p < 0.05) and archaeal (p < 0.05) Chao I indi-
ces both had a significantly negative relationship with the

soil PAH contents, but no obvious correlation was found
between soil PAH contents and the fungal Chao I index
(Fig. 2a). Moreover, a significantly negative relationship
(p < 0.01) was only found between the bacterial Shannon
index and soil PAH content (Fig. 2b). The result of Mantel
correlations analysis between microbial community struc-
ture and soil basic properties is listed in Table 4. The
contents of SOC (p < 0.01), NH,* (p < 0.05), and PAHs
(p < 0.05) were significantly correlated with soil bacterial
community structure, and SOC (p < 0.05) and PAHs
(p < 0.05) contents were also significantly correlated with
soil fungal community structure. However, only soil SOC
contents (p < 0.05) had a significant relationship with soil
archaeal community structure.

Microbial Community Structures Based on Phylum

Cluster analysis and the relative abundance of bacterial,
fungal, and archaeal community structures based on the
phylum are shown in Fig. 3. The result indicated that the
bacterial phylum compositions of soil samples with greater
PAH contents (OS-3 and OS-5) had a relatively far distance
from the other soil samples (Fig. 3a). The dominant bacte-
rial phyla were Proteobacteria and Actinobacteria in
0OS-3 and OS-5 samples, respectively, but bacterial phylum
profiles in the other soil samples were almost evenly occu-
pied by Acidobacteria, Actinobacteria, Chloroflexi, and

Table 3 Microbial alpha-

diversity indices of soil samples Samples Bacteria Fungi Archaca

in the oilfield Chao 1 Shannon Chao 1 Shannon Chao 1 Shannon
0OS-1 1324.82 6.23 106.50 2.51 906.08 3.24
0S-2 1413.99 6.32 148.50 2.87 758.01 447
0S-3 771.27 4.38 98.20 1.20 506.57 3.30
0S-4 1508.28 6.25 156.20 2.92 1075.34 4.16
0OS-5 806.26 441 122.50 2.51 589.29 4.37
0S-6 1500.34 6.24 149.27 3.15 591.00 4.33
0S-7 1193.37 5.63 154.55 2.83 848.01 4.80

The Chao 1 and Shannon indices were calculated with 97% similarity cut-off
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Soil PAHs contents (mg.kg'l)
Fig. 2 Linear correlation analysis for soil PAH contents and microbial Chao I index (a) and Shannon index (b)
Table 4 I\/.Iantel. correlatlon:s Factors Bacterial community Fungal community Archaeal community
between microbial community
structur.e a;nd soil basic e p 7 p = p
properties
pH 0.1652 0.708 0.0041 0.935 0.3204 0.491
SOC 0.9719 0.006%* 0.8948 0.014* 0.8040 0.034*
AP 0.0972 0.773 0.0717 0.611 0.0043 0.990
NH," 0.9045 0.038%* 0.1331 0.421 0.6016 0.154
NO;~ 0.1366 0.640 0.1529 0413 0.0114 0.975
PAHs 0.9001 0.013* 0.7357 0.045* 0.4553 0.262

# R with Vegan package was used to generate Bray—Curtis (OTU-based) dissimilarity matrices for
microbial community structure. The “** and “*** represent the significances (tested on 999 permutations)
at the 0.05 and 0.01 levels, respectively. The abbreviations for soil basic properties refer to Table 2

Proteobacteria (Fig. 3a). The fungal community structures
based on the phylum showed a relatively greater ratio of
Ascomycota to Basidiomycota in soil samples (OS-3 and
0OS-5) with greater PAH contents (Fig. 3b), although OS-3
and OS-5 samples could not be separated from the other soil
samples by cluster analysis. Based on the archaeal phylum,
0S-3, OS-5, and OS-7 samples could be clustered in one
group, which had a relatively greater ratio of Euryarchaeota
to Thaumarchaeota compared with the other soil samples
(Fig. 3c). Although OS-3 and OS-5 soil samples could be
clustered in one group, the former had a greater relative
abundance of Thaumarchaeota than the latter.

Microbial Community Structures Based on Genus

Based on the genus, heat maps reflecting the bacterial, fungal,
and archaeal community structures in these soil samples were
created (Figs. 4, 5, 6). Similar to the result of cluster analysis
based on phylum, the bacterial community structures in OS-3
and OS-5 samples were different from the other ones (Fig. 4).

@ Springer

Compared with other soil samples, an obviously greater
abundance of Mycobacterium was found in the OS-3 sample,
and the abundances of Pseudomonas, Oxalobacteraceae,
Micromonospora, Massilia, Lysobacter, Idiomarina, and
Cytophaageaceae were greater in OS-5. The heat map of
fungal community structures also indicated that the fungal
community structures in the soil samples with greater PAH
contents (OS-3 and OS-5) were different from the other soil
samples (Fig. 5), and obviously greater abundances of Sor-
dariales and Pleosporales were found in OS-3 and OS-5
samples, respectively. The heat map generated from the
archaeal genus is shown in Fig. 6. A relatively far distance is
shown between the two soil samples (OS-3 and OS-5) with
greater PAH contents, which was quite different from the
results of bacteria and fungi. The soil sample OS-3 had a
unique archaeal community structure with relatively greater
abundances of GOM-Arc-1-norank and Methanobacterium,
whereas relatively greater abundances of some archaeal
genus (Archaea-unclassified, Euryarchaeota-unclassified,
and Methanosarcina) were detected in OS-5.
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Fig. 3 Relative abundances of
bacterial (a), fungal (b), and
archaeal (c) phyla in soil
samples collected from the
oilfield and cluster analysis
based on the microbial phylum
using the “jaccard distance
index” in the R with Vegan
package
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Fig. 4 Heat map showing the
relative abundance of the
dominating bacterial genus
(relative abundance >1% in any
of the seven soil samples) in soil
samples collected from the
oilfield
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Discussion

The content of PAHs in the soil near the Jianghan Oilfield
was in the range of 0.18-0.88 mg kg~ ', which was rela-
tively lower compared with the results of other studies. It
has been reported that the 16 priority PAHs in the heavily
contaminated soil of the four main oilfields in Northern
China were in the range of 480-45,325 mg kg~' (Wang
et al. 2015a), which was in the range of 0.17-1.3 mg kg™
in the soil of oil-producing zone in Dagang Oilfield (Liu
et al. 2015). In this study, the bacterial and archaeal Chao 1
indices showed a significantly negative relationship with
soil PAH content, and only the bacterial Shannon index had
a negative correlation with soil PAH content. However, no
obvious relationship was found between the fungal
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diversity indices and soil PAH content. This result might
indicate that the community structure of bacteria is more
sensitive to PAH pressure than those of fungi and archaea.
Soil microbial diversity indices were usually used to
evaluate the responses of soil microbes to environmental
pressures, and the negative effects of PAHs or crude oil on
them also has been reported (Abbasian et al. 2016; Elar-
baoui et al. 2015; Perez-Leblic et al. 2012). It also has been
reported that the bacterial Shannon index decreased with
the increasing PAH content in soil and that no obvious
relationship was found between fungal or archaeal Shannon
index and soil PAH content (Abbasian et al. 2016; Perez-
Leblic et al. 2012). Thus, it seems that the community
structure of bacteria might be more sensitive to soil PAH
contamination than those of fungi and archaea. Moreover,
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Fig. 5 Heat map showing the

relative abundance of the

dominating fungal genus |

(relative abundance >1% in any

of the seven soil samples) in soil

samples collected from the
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the result of Mantel correlation analysis also showed that
bacterial (+* = 0.9001, p < 0.05) community structures
had a more tightly relationship with soil PAH content than
those of fungi (+* = 0.7357, p < 0.05), whereas no sig-
nificant correlation was found between archaeal commu-
nity structure and soil PAH content. The previous results
might indicate that soil bacteria are more sensitive than
fungi to PAH pressure and that soil PAH content might
have no obvious influence on the soil archaea community
structure. Some recent studies also found that soil archaea
was not sensitive to some soil properties or PAH addition
(Gao et al. 2016; Wu et al. 2016). For example, Wu et al.
(2016) investigated the short-term responses of soil thau-
marchaeotal community to PAH pollution, and they found
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that the most important factor affecting the soil thaumar-
chaeotal community was soil pH but not PAH content. At
present, comparative studies of bacterial and archaeal
community structure response to soil PAH stress have
seldom been reported. However, it has been reported that
ammonia-oxidizing bacteria were more susceptible than
ammonia-oxidizing archaea to some harsh environmental
conditions (low pH, high temperature, high salinity, low
oxygen) or to organic inhibitors (allylthiourea and sulfa-
diazine), possibly because of the different chemical com-
ponents and structures in their cell walls and membranes
(Erguder et al. 2009; Hatzenpichler et al. 2008; Schauss
et al. 2009). Such a difference might result in a lower
cellular permeability of archaea compared with that of
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Fig. 6 Heat map showing the

relative abundance of the
dominating archaeal genus
(relative abundance >1% in any
of the seven soil samples) in soil
samples collected from the
oilfield

0S-1

0S-3 0S-4
bacteria, which might help archaeal cells maintain a suit-
able intracellular environment and enable an undisturbed
energetic production process under some unfavourable
conditions (He et al. 2012; Valentine 2007). Therefore, the
distinct responses of bacteria and archaea to the soil PAH
stress might be due to the distinctions of cell structure and
physiology between bacteria and archaea and the relatively
low PAH content of soil. In addition, the result of the
Mantel test (Table 4) also indicated that soil SOC was
tightly correlated with microbial community structure, and
the highest and lowest SOC contents were detected in OS-5
and OS-3 samples, respectively, which might result in the
difference of microbial biota in those two samples with
relatively greater PAH content.

The result of cluster analysis based on the microbial
phylum (Fig. 3) indicated that only bacterial composition
in soil samples (OS-3 and OS-5) with greater PAH contents
could be completely separated from the other soil samples,
which confirmed that bacteria were more sensitive to PAH
pressure than fungi and archaea, and relatively greater
abundances of Proteobacteria and Actinobacteria were
detected in the OS-3 and OS-5 soil samples, respectively.
These two bacterial phyla had been reported as dominant
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bacterial phyla in rhizosphere soil contaminated by PAHs,
and Actinobacteria was also found to be dominant in soil
amended with crude oil (Abbasian et al. 2016; Peng et al.
2015). Moreover, similar to the result based on the bacte-
rial phyla, the heat map (Fig. 4) based on the bacterial
genus also showed that the bacterial community structures
in the OS-3 and OS-5 samples were different from those in
the other soil samples, and different bacterial genus were
enriched in OS-3 (Mycobacterium) and OS-5 (Pseu-
domonas, Oxalobacteraceae, Micromonospora, Lysobac-
ter, Idiomarina, and Massilia) samples. Among those
bacterial genus, well-known PAH-degrading microbes—
Mycobacterium (Actinobacteria) and Pseudomonas (Pro-
teobacteria)—have been widely used in bioremediation for
soil PAH pollution (Khan et al. 2014; Sun et al. 2014), and
also have been frequently detected in soil contaminated by
PAHs (Chen et al. 2016; Han et al. 2014; Li et al. 2015;
Sun et al. 2015a). For example, using the functional genes
concerning PAH degradation, Han et al. (2014) found that
in a PAH-polluted soil collected from a coke-factory area,
the dominate genotypes of pdol (pyrene dioxygenases
gene) and nah were Mycobacterium and Pseudomonas,
respectively. The other genus belonging to Actinobacteria
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(Micromonospora), Gammaproteobacteria (Lysobacter and
Idiomarina), and Betaproteobacteria (Oxalobacteraceae
and Massilia) were also commonly identified in the PAH-
contaminated soils (Hou et al. 2015; Luo et al. 2016; Song
et al. 2015). As for fungi, the result of cluster analysis
based on fungal phylum (Fig. 3b) showed a relatively
greater ratio of Ascomycota to Basidiomycota in soil
samples (OS-3 and OS-5) with greater PAH content. Fur-
thermore, the heat map (Fig. 5) based on the fungal genus
showed that the fungal compositions in OS-3 and OS-5
were also different from those in the other samples, and
obviously greater abundances of Sordariales-unclassified
and Pleosporales were detected in OS-3 and OS-5 soil
samples, respectively, which all belong to Ascomycota.
Although some representative PAH-degrading fungi
genus—such as Trichoderma, Fusarium, and Pestalotiop-
sis—all belong to Ascomycota (Andreolli et al. 2016;
Cebron et al. 2015; Kristanti and Hadibarata 2015; Llado
et al. 2013), the ability of PAH degradation for Sordariales
and Pleosporales had not been determined. Although the
result of Mantel correlation analysis (Table 4) showed that
archaeal community structure had no obvious relationship
with soil PAH contents, the result of relative abundance of
archaeal phyla (Fig. 3c) indicated that the soil samples
(OS-3 and OS-5) with greater PAH contents had greater
abundances of Euryarchaeota than most of the other sam-
ples (except OS-7). Recently, Euryarchaeota has also been
reported as an important archaeal phylum with the potential
ability for PAH degradation in the soils nearby some oil-
fields in Northern China (Sun et al. 2015b). Therefore, it
seems that the shift of bacterial community structure, along
with some representative bacterial genus (Mycobacterium
and Pseudomonas), might be useful indicators to assess the
risk of soil PAH contamination. Moreover, fungal (As-
comycota) and archaeal (Euryarchaeota) phyla might also
be useful microbial parameters in the evaluation of soil
PAH pollution, and further investigation into the relations
among soil PAHs, fungal, and archaeal community struc-
tures should be performed to provide more reliable evi-
dences in the future.

Conclusions

Taken together, this results of this study further confirmed
the intensive selectivity of PAH contamination on the soil
microbiota. In this study, relatively low PAH contents were
detected in soil samples collected from the Jianghan Oilfield
located in south-central China, whereas the community
structures of soil microorganisms were obviously different
in soil samples with different PAH contents. The correlation
analysis between soil properties and microbial diversity
indices indicated that the community structures of bacteria,

fungi, and archaea showed varied responses to this mild soil
PAH pollution, and it seems that the most sensitive and
insensitive microorganisms to soil PAH contamination were
bacteria and archaea, respectively. Furthermore, relatively
greater abundances of some well-known bacterial PAH
degraders—such as Mycobacterium and Pseudomonas,
belonging to Proteobacteria or Actinobacteria combined
with the greater ratios of fungal phylum of Ascomycota and
archaeal phylum of Euryarchaeota—were detected in the
soil samples with greater PAH contents, which might pro-
vide some useful microbial information for the bioremedi-
ation and risk assessment of soil PAH pollution in this
typical oilfield.
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