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Abstract Microorganisms play a key role in degradation of
polycyclic aromatic hydrocarbons (PAHs) in environments.
Dissolved organic matter (DOM) can enhance microbial deg-
radation of PAHs in soils. However, it is not clear how will the
soil microbial community respond to addition of DOM during
bioremediation of PAH-contaminated soils. In this study,
DOMs derived from various agricultural wastes were applied
to remediate the aging PAH-contaminated soils in a 90-day
microcosm experiment. Results showed that the addition of
DOMs offered a more efficient and persistent elimination of
soil PAHs compared to the control which had no DOM addi-
tion. PAH removal effects were different among treatments
with various DOMs; the addition of DOMs with high propor-
tion of hydrophobic fraction could remove PAHs more effi-
ciently from the soil. Low-molecular-weight (LMW) PAHs

were more easily eliminated than that with high-molecular-
weight (HMW). Addition of DOMs significantly increased
abundance of 16S ribosomal RNA (rRNA), pdo1, nah, and
C12O genes and obviously changed community compositions
of nah and C12O genes in different ways in the PAH-
contaminated soil. Phylogenetic analyses of clone libraries
exhibited that all of nah sequences and most of C12O se-
quences were affiliated into Gammaproteobacteria and
Betaproteobacteria. These results suggested that external
stimuli produced by DOMs could enhance the microbial deg-
radation of PAHs in soils through not only solubilizing PAHs
but also altering abundance and composition of indigenous
microbial degraders. Our results reinforce the understanding
of role of DOMs in mediating degradation of PAHs by
microorganims in soils.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
chemical pollutants which can pose a threat to human health
and ecosystem safety as a result of their recalcitrant, mutagen-
ic, and carcinogenic properties and high bioaccumulation of
the food chain [1–3]. Soil is the main natural reservoir of
PAHs; thereby, remediation of the PAH-contaminated soil
has received a lot of scientific attention in recent years [4].
Compared to the cost-intensive physical and chemical
methods for cleaning up the contaminated soil, bioremedia-
tion, especially microbial biodegradation of organic pollut-
ants, is generally believed as a cost-effective and promising
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option. However, in the microbial remediation of the soils
polluted by organic compounds, the actual biodegradation is
frequently limited by pollutant accessibility, i.e., their trans-
port (e.g., diffusion) to a microbial cell attached to the external
surface of the soil aggregates [5, 6]. It is well known that the
sequestration of pollutants over the soil–chemical contact time
(aging) may occur due to interaction of pollutant molecules
with soil aggregates. Many studies have proved that the se-
questration of pollutants increases significantly with time in
the aging processes [7, 8]. Thus, sorption of organic pollutant
from soil aggregates, which influences the bioavailability of
the contaminant, is a critical factor for microbial bioremedia-
tion of the soil contaminated by PAHs [9].

Surfactants are compounds with the capacity of lowering
the surface tension between two phase systems. They can be
used to enhance the bioavailability of organic pollutants by
increasing the solubilization of the organic pollutants from soil
to water and, as a consequence, promote microbial bioreme-
diation of PAH-contaminated soils. The dissolved organic
matter (DOM) has similar qualities to surfactants and also
possesses good performance in facilitating the solubilization
and transport of hydrophobic organic contaminants [10]. The
term Bdissolved organic matter (DOM)^ refers to all organic
substances smaller than 0.45 μm that are suspended in aque-
ous solutions [11]. DOM is probably the most bioavailable
fraction of organic matter in soils because organic matter must
be dissolved into the water firstly and then can be consumed
by soil microorganisms. Some advantages of DOM, such as
low cost, readily biodegradable, nontoxic, and pollution-free
compared with some synthetic surfactants, make it more at-
tractive. Many studies revealed the sorption/desorption behav-
iors of PAHs in soil–water system when DOMs were added
[10, 12, 13]. Although it is presumed that microbial degrada-
tion of PAHs can be enhanced through increasing the solubil-
ity of PAHs and providing the nutrients for microorganisms
when adding DOM to contaminated soils, the research on
effect of DOM application on microbial degradation of
PAHs in soils is scant and the understanding of how indige-
nous PAH-degrading microbial populations respond to the
external stimuli is lacking [14].

Some studies suggest that the structure and function of
microbial communities will change in the period of repairing
contaminated soils [15–17]. The addition of mushroom culti-
vation substrate enhanced the elimination of PAHs in soil
microcosms and considerably stimulated the growth of bacte-
ria, fungi, and aromatic hydrocarbon degraders as well as
changed the community compositions of bacteria and fungi
[18]. The DGGE profiles showed that inoculation with
Sphingobium yanoikuyae B1 did not cause obvious changes
in the native bacterial community but led to an increase in the
intensity of two bands in the aged PAH-contaminated soil
[19]. Here, it is presumed that amounts of PAH degraders
and their community composition will change during

remediation of PAH-contaminated soils amended with
DOMs, and DOMs with various properties can have different
effects on size and community composition of PAH degraders
and biodegradation rate of PAHs. The information of PAH
degraders can be expressed by abundance and community
composition of PAH degrading-related genes using molecular
ecology techniques. Pdo1, nah, and C12O are three important
PAH-degrading genes which are widespread in soils near a
coking plant [20–22] and encode the pyrene dioxygenase
[23], naphthalene dioxygenase [24], and catechol 1,2-
dioxygenase [25], respectively. In this study, abundance and
community composition of the above PAH-degrading genes
and the removal efficiency of different PAHs were monitored
during the bioremediation of aging PAH-contaminated soils
amended with the DOM derived from various agricultural
wastes. The results would contribute to remediate the aging
PAH-contaminated soils through the application of biostimu-
lation technology.

Materials and Methods

DOM Preparation and Measurement

Wheat stalk (WS), mushroom cultivation substrate waste
(MCSW), and cow manure (CM) were used as sources of
DOM in this study. They were collected from a farm of
Tai’an city in northern China and air-dried at room tempera-
ture and ground to pass through a 1-mmmesh. Various DOMs
were extracted fromWS, CM, andMCSWbyMilli-Q water at
1:20 (w/v), 1:40 (w/v), and 1:20 (w/v), respectively. The mix-
tures were shaken for 16 h at 200 rpm on a horizontal rotator.
The suspensions were then centrifuged for 20 min at 12,
000 rpm at 4 °C and passed through 0.45-μm membrane fil-
ters. The dissolved organic carbon (DOC) content of DOM
extracts was determined using a TOC analyzer (Liqui TOC,
Elementar Co., Hanau, Germany). The hydrophilic and hydro-
phobic fractions of the DOMwere separated by XAD-7 resin.
The freeze-dried DOMs were used for C, N, and S concentra-
tion determination with an element analyzer (Vario EL III,
Elementar, Hanau, Germany) and Fourier transform infrared
spectroscopy (FTIR) analysis with a FTIR spectrophotometer
(NICOLET 8700, Thermo Fisher, Waltham, USA).

Soil, Microcosm, and Incubation Conditions

The soil sample was collected from a coke factory with a 6-
year history of coking production located in Xintai (35° 54′N,
117° 43′ E) of northern China. After being sieved through 2-
mm mesh and homogenized thoroughly, the soil was divided
into two subsamples. One subsample was employed to deter-
mine the physiochemical properties with the standardmethods
recommended by the Soil Science Society of China [26]. The
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main characteristics of the soil are shown in Table 1. The other
subsample was used for microcosm experiment. The soil mi-
crocosms were set up in triplicate with the moist soil equiva-
lent to 100 g of dry soil in a 480-ml polypropylene container
with air-permeable cap. The DOMs containing 85 mg of DOC
from WS, MCSW, and CM after being freeze-dried and
redissolved in sterile water were added into soil microcosms
and homogenized thoroughly, respectively. In this study, the
soil microcosms with addition of DOMs from WS, MCSW,
and CM were named treatment WS, treatment MCSW, and
treatment CM, respectively. The soil microcosm without
DOM was used as a control. Soil moisture was adjusted to
60 % of maximum water holding capacity (MWHC) and kept
the same by periodic replenishment of water in the entire
incubation process. Soil microcosms were kept in darkness
at 28 °C with 60 % relative humidity for 3 months. Ten grams
of soil samples was taken on days 5, 15, 30, 55, and 90 from
each tray to measure the content of PAHs and analyze the
characteristics of microbial community.

Measurement of PAH Content

The 16USEPA priority PAHs in the soil samples were extract-
ed with ultrasonic extraction method recommended by the
USEPA [27]. Briefly, 1 g of freeze-dried soil after being
grounded and sieved through 100-mesh screen was extracted
with 30 ml of dichloromethane–hexane (1:1, v/v) in an ultra-
sonic cleaner for three times. After centrifugation, the

supernatant from the same sample was mixed and concentrat-
ed with a rotary evaporator. PAHs were separated with a col-
umn of 100-mesh silica gel and alumina through sequential
elution with 15 ml of hexane and 70 ml of hexane/
dichloromethane (7:3, v/v). The eluent continued to be con-
centrated to 1 ml under gas flow of nitrogen.

PAHs were detected on a GC-MS system (HP7890-5975C,
Agilent Technologies Inc., Wilmington, DE, USA) equipped
with Agilent DB-5MS column (30 m×0.25 mm i.d. with
0.25-μm film thickness) under a flow rate of 1 ml min−1.
Column temperature was programmed to hold 80 °C for
2 min, ramp up to 120 °C at 3 °C min−1, ramp up to 200 °C
at 5 °C min−1, ramp up to 290 °C at 7 °C min−1, and hold
290 °C for 15 min.

Hexamethylbenzene and a certified mixture containing 16
USEPA priority PAHs (AccuStandard, NewHaven, CT, USA)
were used as the internal and external standards, respectively.
Identification and quantification of PAHs were based on their
retention times, target and qualifier ions, and a five-point cal-
ibration curve (the ratio of external to internal standard). The
recovery rate during extraction and cleanup was determined
by spiked Phe-d10 into the soils 24 h prior to the extraction
process.

Soil DNA Extraction and qPCR Assays

Total community DNAwas extracted from 0.25 g of soil with
the PowerSoil DNA Isolation Kit (MoBio Laboratories,
Solana Beach, CA, USA) following the manufacturer’s in-
struction. The concentration of the extracted DNA was mea-
sured with an UV-vis spectrophotometer (ND-1000,
NanoDrop Technologies, Wilmington, DE, USA).

The bacterial 16S ribosomal RNA (rRNA) and the selected
PAH-degrading genes (pdo1, nah, and C12O) were amplified
using an iCycler iQ 5 thermocycler (Bio-Rad Laboratories,
Hercules, CA, USA). The 25 μl of PCR reaction buffer
consisted of 2 μl of template DNA (1–10 ng), 0.5 μl of each
primer (10 μM), and 12.5 μl of 2× SYBR Premix Ex Taq™
(TaKaRa Bio Inc., Dalian, China). In the PCR reaction buffer
of 16S rRNA gene, the probe TM1389F was added and 2×
SYBR Premix Ex Taq™ was substituted for 2× Premix Ex
Taq™ (TaKaRa Bio Inc., Dalian, China). The primer pairs,
probe, and reaction conditions are listed in Table S1. Standard
curves for qPCR experiments were constructed according to
the procedure described by Lillis et al. [28]. Briefly, the genes
of pdo1, nah, and C12O were amplified respectively with the
primer pairs and under the conditions in Table S1. The puri-
fied PCR products with a gel purification kit (Promega,
Madison, WI, USA) were cloned with the pGEM-T Easy
Vector system (Promega Madison, WI, USA). Plasmids of
the positive clones from each target gene insert were se-
quenced and identified. The copy numbers of the confirmed
plasmid DNAwere calculated based on their concentrations.

Table 1 Basic properties of the PAH-contaminated soil and DOMs
extracted from various agricultural wastes

Soil DOM-WS DOM-
MCSW

DOM-
CM

pH 7.34 – – –

H2O (%) 10.64 – – –

MWHC (%) 44.51 – – –

Sand (%) 48.32 – – –

Silt (%) 46.8 – – –

Clay (%) 4.88 – – –

TC (g kg−1) 38.76 d 216.5 c 255.1 a 245.6 b

TN (g kg−1) 1.634 d 13.75 c 24.46 b 27.06 a

TS (g kg−1) 1.649 d 25.65 b 39.14 a 20.32 c

DOC (g kg−1) 0.146 – – –

Hydrophobic part (%) – 48.83 c 63.67 b 66.09 a

Hydrophilic part (%) – 51.17 a 36.33 b 33.91 c

Different letters following the means (n=3) in the same row indicate
significant differences (P<0.01) between the corresponding materials

DOM-WS DOM extracted from wheat stalk (WS), DOM-MCSW DOM
extracted from mushroom cultivation substrate waste (MCSW), DOM-
CM DOM extracted from cow manure (CM), MWHC maximum water
holding capacity
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Tenfold dilution series of each gene were used to generate the
standard curve.

T-RFLPAnalysis

As the previous research by Han et al. showed that all se-
quences from the pdo1 gene clone library were classified into
Mycobacterium [22], terminal restriction fragment length
polymorphism (T-RFLP) analysis of nah and C12O genes
was only selected here to determine the microbial community
compositions. PCR amplifications of nah and C12O genes
were done using the same procedure and primer pairs as the
qPCR except 5′ end of the forward primers labeled with 6-
carboxyfluorescein (FAM). The purified PCR products of nah
and C12O with a gel purification kit (Promega, Madison, WI,
USA)were digested respectively with restriction enzymes Rsa
I and Alu I (TaKaRa Bio Inc., Dalian, China) and Msp I
(Promega Madison, WI, USA) following the manufacturer’s
instructions. The PCR fragments purified by ethanol precipi-
tation were analyzed using a Genetic Analyzer (3130XL,
Applied Biosystems, Foster City, CA, USA). T-RFLP profiles
were obtained using the GeneMapper 3.7 software. The rela-
tive abundance of terminal restriction fragments (T-RFs) was
calculated by dividing the peak area of the T-RF by that of
total T-RFs in the profile. T-RFs less than 50 bp or with a
portion of less than 1 % in the total T-RFs were neglected.

Construction of Clone Libraries and Phylogenetic Analysis

The PCR products of the nah or C12O genes from the initial
soil sample were purified with a gel purification kit (Promega,
Madison, WI, USA). The purified PCR products were used to
construct the clone libraries with the pGEM-T Easy Vector
system (Promega, Madison, WI, USA) following the manu-
facturer’s instructions, respectively. The 77 and 218 positive
clones selected respectively from the nah and C12O clone
libraries were used for sequencing. Sequence similarity was
calculated using MOTHUR (http://www.mothur.org/).
Nucleotide sequences sharing a 97 % identity for the nah
clone library or an 85 % identity for the C12O clone library
were defined as one operational taxonomic unit (OTU) or one
class. Only one representative sequence of each OTU or class
was used for phylogenetic analyses. The sequences from
GenBank similar to the representative sequences of the clone
library were determined by aligning with the BLAST search
program (http://blast.ncbi.nlm.nih.gov) and used to construct
the phylogenetic tree together. Phylogenetic trees were
constructed using MEGA version 4.0 according to the
neighbor-joining method with 1000 bootstrap replications.
Sequences of the nah and C12O clones used in construction
of phylogenetic tree were deposited in the nucleotide database
of GenBank under accession numbers KM287400 to
KM287409 and KM287373 to KM287399, respectively.

Statistical Analyses

The gene abundance data were log transformed for subsequent
statistical analysis. Two-way analysis of variance (ANOVA)
was performed to determine the significance of the effect of
DOM treatment, incubation time, and their interactions on
abundance of bacterial 16S rRNA and PAH-degrading genes.
One-way ANOVA based on Fisher LSD test was used to ex-
amine the differences in the content of PAHs, abundance of
detected genes, and ratios of abundances of PAH-degrading
genes to bacterial 16S rRNA gene between different treat-
ments. A permutational multivariate analysis of variance
(PERMANOVA) test with 9999 permutation was used to as-
sess the differences of T-RFLP profile of nah and C12O genes
between different treatments. Nonmetric multidimensional
scaling (NMDS) plots were drawn on the basis of Bray–
Curtis similarity indices of fourth-root-transformed T-RFLP
data. Two-way and one-way ANOVAs were conducted using
SPSS 13.0. PERMANOVA, and NMDSwas performed using
PRIMER6 with PERMANOVA+ package (Version 1.1.0,
Plymouth, UK). Figures were drawn using OriginPro 7.5.
The probability levels of P<0.05 and P<0.01 were regarded
to be statistically significant.

Results

Properties of Various DOMs

The basic properties of DOMs derived from agricultural
wastes are shown in Table 1. The contents of TC, TN, and
TS of DOMs ranged from 216.5 to 255.1 g kg−1, from 13.75
to 27.06 g kg−1, and from 20.32 to 39.14 mg kg−1, respective-
ly. There were significant differences in all chemical indexes
among DOMs from WS (DOM-WS), MCSW (DOM-
MCSW), and CM (DOM-CM) (P<0.01). Contents of all
chemical parameters were sorted in descending order as fol-
lows: DOM-MCSW, DOM-CM, and DOM-WS for TC;
DOM-CM, DOM-MCSW, and DOM-WS for TN; DOM-
MCSW, DOM-WS, and DOM-CM for TS; and DOM-CM,
DOM-MCSW, and DOM-WS for proportion of hydrophobic
part.

FTIR spectra for DOMs are shown in Fig. 1. The spectra
were interpreted according to published results [29, 30].
DOMs derived fromWS, MCSW, and CM exhibited the sim-
ilar spectra. They showed a broad band at 3326–3350 cm−1,
which was attributed to the O–H stretching from phenols and
carboxylic groups. Signals at 2930–2940 cm−1 from all
DOMs were attributed to the C–H stretching from methylene
group. The bands at 1572 cm−1 for DOM-WS, at 1602 cm−1

for DOM-MCSW, and at 1555 cm−1 for DOM-WS were cor-
related to the N–H deformation and C=N stretching from
amides II. Signals near 1426 cm−1 for all DOMs were due to
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the COO− stretching of carboxylic acids and C–N stretching
of amides III. Absorption peaks at 1349–1370 cm−1 for all
DOMs were attributed to the C–N stretching of aromatic pri-
mary and secondary amines. Signals near 1122 cm−1 for all
DOMs were produced by the C–O stretching of polysaccha-
rides or polysaccharide-like substances.

Impacts of DOM Treatments on PAH Degradation

The 16 USEPA priority PAHs were detected in this study. The
recoveries for standard Phe-d10 spiked into the soil samples
ranged from 71.3 to 96.7 %. The mixture of 16 PAHs was
divided into five parts based on the numbers of aromatic ring.
The content of total PAHs in the initial soil was 36.06 mg kg−1

dry weight soil with 3.268, 6.068, 15.04, 7.099, and 4.586 mg
of two-, three-, four-, five-, and six-ring PAHs per kilogram
dry soil, respectively. The contents of remaining PAHs in soils
at days 5, 15, 30, 55, and 90 after adding various DOMs are
illustrated in Fig. 2. The DOMs had a significant positive
effect on degradation of PAHs compared with the control
since 15 days of incubation (P<0.05). Significant difference
in levels of remaining PAHs (P<0.05) was found among dif-
ferent DOM treatments in later period of incubation. On day
30, only the content of PAHs in the treatment CM was lower
than that in the treatment WS (P<0.05). However, the con-
tents of remaining PAHs were lower in both treatments
MCSW and CM than that in the treatment WS on days 55
and 90 (P<0.05). Moreover, there was less content of remain-
ing PAHs in the treatment MCSW than that in the treatment
CM on day 90 (P<0.05). At the end of incubation, 20.90 % of
total PAHs were removed in the control while degradation
yields reached 49.67–66.22 % in the treatments with DOMs.
The difference of elimination of PAHs with different numbers
of aromatic rings was also found. For example, the

degradation rates of 76.78 % for two-ring PAHs and
70.50 % for three-ring PAHs were achieved whereas only less
than 64.80 % of four- to six-ring PAHs were eliminated in
treatment MCSW.

Impacts of DOM Treatments on Abundances of the 16S
rRNA, pdo1, nah, and C12O Genes

Abundances of the 16S rRNA, pdo1, nah, and C12O genes in
the initial soil were 4.66±1.15×1010, 3.13±0.48×109, 2.10±
0.63×106, and 5.06±1.69×106 copies g−1 dry weight soil,
respectively. Abundances of the detected genes in the micro-
cosms during the whole incubation period are shown in Fig. 3.
The two-way ANOVA analysis showed that DOM treatments
had the significant effects on abundances of pdo1 (P<0.05),
nah (P<0.01), and C12O (P<0.01). Incubation time exerted
the significant influences on all of detected genes (P<0.01).
However, the interaction between the two factors only had the
significant effect on the nah gene abundance (P<0.01)
(Table S2).

Further analysis of ANOVA showed that the copy numbers
of the 16S rRNA gene were higher in treatments WS and CM
on day 5 and treatmentsWS andMCSWon day 15 than that in
the control (P<0.05) (Fig. 3a). No significant difference of the
16S rRNA gene abundance was found between DOM treat-
ments and the control at following sampling time. Abundance
of pdo1 gene did not change significantly compared to the
control on day 5 and day 15. However, copy numbers of
pdo1 gene significantly increased in treatments WS and
MCSW on day 30 (P<0.05). Then, there was no obvious
difference in pdo1 gene copy numbers between DOM treat-
ments and the control on day 55. The significant increase of
pdo1 gene abundance was observed again in all of DOM
treatments at the end of incubation (P<0.05) (Fig. 3b). For
nah gene, DOM treatments significantly stimulated the in-
crease of its abundance compared to the control during the
whole incubation period (P<0.05). And, significantly differ-
ent nah gene abundances were also observed between differ-
ent DOM treatments on day 5, day 30, and day 90 (P<0.05)
(Fig. 3c). For C12O gene, the addition of DOM-WS signifi-
cantly increased its copy number on day 5 compared to the
control (P<0.05). Abundances of C12O gene in both treat-
ments WS and MCSW were significantly higher than that in
the control on day 15 (P<0.05). Significant increase of C12O
gene abundance in treatment CM was also found on day 55
(P<0.05) (Fig. 3d).

During the whole incubation period, the ratios of pdo1 to
bacterial 16S rRNA gene abundance in treatments WS and
CM on day 30 were significantly higher than that in the con-
trol (P<0.01). For the ratio of nah to bacterial 16S rRNA gene
abundance, the ratios in all of DOM treatments on day 5,
treatment CM on day 15, and treatments WS and CM on
day 55 were higher than that in the control (P<0.01 for WS

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

WS

MCSW

CM

Fig. 1 FTIR spectra for DOMs extracted from wheat stalk (WS),
mushroom cultivation substrate waste (MCSW), and cow manure (CM)
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and MCSW on day 5, P<0.05 for others). The treatment WS
on day 5 (P<0.01) and day 30 (P<0.05) had also higher ratios
of C12O to bacterial 16S rRNA gene abundance.

Community Compositions of nah andC12OGenes in the Soil
Microcosms

Four terminal restriction fragments (TRFs) of nah gene were
obtained from restriction digestion of Rsa I and Alu I. The
TRF of 325 bp was the dominant group in all microcosms
with a proportion ranged from 53.22 to 76.10 % (Fig. 4a).
The PERMANOVA analysis showed the significant differ-
ences in T-RFLP profiles of nah gene between DOM treat-
ments (P=0.0001, pseudo-F=12.25) and also between incu-
bation time (P=0.0001, pseudo-F=12.25). Pair-wise test
using PERMANOVA revealed highly significant differences
in community composition of nah gene between in DOM
treatments and in the control (P=0.0001 for all). Community
composition of nah gene in treatment WS also significantly
differed from both MCSWand CM (P=0.022 and P=0.0078,
respectively) (Fig. 4b). The T-RFLP profile of nah gene
showed the obvious variation that the portion of 325 bp of
nah TRFs increased while that of 221 bp was in a contrary
trend in microcosms treated with DOMs than the control
(Fig. 4a).

Ten TRFs of C12O gene were acquired from restriction
digestion of Msp I. The TRFs of 139 and 97 bp were the

dominant groups in the soil microcosms (Fig. 4c). The signif-
icant differences in T-RFLP profiles of C12O gene between
DOM treatments (P=0.0001, pseudo-F=11.742) and also be-
tween incubation time (P=0.0001, pseudo-F=2.2551) were
presented by the PERMANOVA analysis. Pair-wise test using
PERMANOVA showed the significant differences in commu-
nity composition of C12O gene between all of the treatments
(P=0.0002 for between treatmentWS andMCSW; P=0.0001
for others) except for between treatment CM and the control
(Fig. 4d). T-RFLP profile of C12O gene showed that the pro-
portions of the prevalent TRFs 139 and 97 bp changed in
different ways in treatments WS and MCSW compared with
the control during the whole incubation. The proportion of
97 bp increased during the whole incubation while that of
139 bp firstly decreased and then recovered slowly in treat-
ments WS and MCSW compared with the control (Fig. 4c).

Phylogeny of nah and C12O Genes in the Soil Microcosms

A total of 77 nah gene sequences from the initial soil were
assigned into 10 OTUs. The representative sequences from each
OTU, which contained all of the nah TRFs types, were used for
the phylogenetic analysis. The results indicated that all of nah
clones were affiliated within Gammaproteobacteria (44.16 %)
and Betaproteobacteria (59.84 %). The clones of 260- and 221-
bp TRFswere assigned toGammaproteobacteria, while those of
325- and 92-bp TRFs were assigned to Betaproteobacteria
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(Fig. S1a). The result of clone library of nah gene was consistent
with its T-RFLP profile that the TRF of 325 bp, which was
assigned to Betaproteobacteria, was the dominant group in all
the soil microcosms.

The clone library ofC12O gene included 218 positive clones,
which were assigned into 27 classes. The representative se-
quences from each of classes, which covered all of the C12O
TRFs types, were used to analyze the phylogeny. Results showed
that all of C12O clones were assigned into five groups, i.e.,
Gammaproteobacteria (50 %), Betaproteobacteria (11.48 %),
and three unknown groups (38.52 %). All the C12O TRFs, ex-
cept 210 bp that only emerged inGammaproteobacteria, 110 bp
that only emerged in Betaproteobacteria, and 92- and 194-bp
TRFs that only emerged in group 2, existed in multiple groups.
The dominant TRF of 139 bp was found in all groups except
group 1. In detail, however, 88 of 93 TRFs of 139 bp existed in
Gammaproteobacteria. Furthermore, the 12 of 17 TRFs of 97 bp
were also found in Gammaproteobacteria. The 9 of 15 TRFs of
86 bp were assigned within Betaproteobacteria. The eight of
nine TRFs of 157 bp existed in group 1. The 33 of 34 TRFs of
122 bp were affiliated in group 3. In a total of nine TRFs of

83 bp, seven TRFs were classified into group 3 (Fig. S1b). The
result of the clone library that Gammaproteobacteria were pri-
mary bacteria harboring C12O gene was consistent with its T-
RFLP profile that the TRFs of 139 and 97 bp, whichweremainly
assigned to Gammaproteobacteria, were the dominant group in
all the soil microcosms.

Discussion

The DOMs derived from agricultural wastes were nontoxic
biosurfactants and can be utilized preferentially by soil microor-
ganisms. The application of various DOMs was anticipated to
offer dual advantages of enhancing the mobility of hydrophobic
organic contaminants and increasing the nutrients for indigenous
soil microorganisms [11]. As expected, the addition of DOMs
significantly hastened the dissipation of PAHs in microcosms
since 15 days of incubation in this study. Therefore, the applica-
tion of DOMs to soil was considered as a useful measure to
alleviate the soil PAH contamination. However, significant dif-
ference in alleviating soil contamination with PAHs was also
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Fig. 3 Abundances of the 16S rRNA (a), pdo1 (b), nah (c), and C12O
(d) genes in microcosms at different incubation periods. CK, WS,
MCSW, and CM represent the control and the treatments with DOMs

from wheat stalk, mushroom cultivation substrate waste, and cow
manure, respectively. Error bars are the SD of n=3. The data were
analyzed using repeated measure ANOVA
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found among the microcosms treated by different types of
DOMs in the later period of the incubation experiment. The
contents of remaining PAHs were significantly lower in both
the treatments MCSW and CM than the treatment WS on days
55 and 90. This could be due to the higher proportion of hydro-
phobic fraction in DOM-MCSW and DOM-CM than DOM-
WS. The early studies had suggested that PAHs had more pro-
nounced interactions with DOM containing more hydrophobic
moieties of organic macromolecules [31, 32]. Thereby, the soils
amended with DOMs containing higher proportion of nonpolar
parts could bemore effective in PAHbiodegradation. In addition,
low-molecular-weight (LMW) PAHs were found to be more
easily eliminated than high-molecular-weight (HMW) PAHs. It
is commonly acknowledged that the aqueous solubility and bio-
availability of PAHs decrease with increasing number of aromat-
ic rings; thus, LMW PAHs were conducive to microbial degra-
dation compared to the HMW PAHs [2].

Many studies had demonstrated that indigenous microbial
communities played an important role in attenuation of organ-
ic contaminants in soils [33, 34]. As degradation of organic
contaminants was dependent on microbial activity, abun-
dance, and composition of microbial population with the cor-
responding functions, the accelerated biodegradation of PAHs
in DOM-treated soils was expected to be explained by the
changes of aboriginal PAH-degrading microbial population.
In this study, the application of DOMs significantly increased
abundances of all the detected genes, even though the degree
of improving the microbial growth varied in different treat-
ments and incubation time. And, the ratios of abundances of
different PAH-degrading genes to bacterial 16S rRNA gene in
some DOM-treated soils were significantly higher than that in
the control on some incubation time. It indicated that addition
of DOMs was an important driving force to stimulate the
growth of bacteria especially those responsible for the
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Fig. 4 T-RFLP patterns of nah (a) and C12O (c) genes in microcosms at
different incubation periods and NMDS plots on the basis of Bray–Curtis
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degradation of PAHs. The difference of PAH diffusion among
the treatments added by various DOMs could be illuminated
by the corresponding development of PAH degraders. No sig-
nificant difference of PAH elimination was observed among
the treatments with various DOMs before 15 days of incuba-
tion, though DOM-WS contained lower proportion of hydro-
phobic fraction than DOM-MCSW and DOM-CM. It was
presumably the result of high abundance of PAH degraders
in the treatment WS on day 5. After that, the diminishing
advantage of the amount of microbial degraders led to the
subsequent slow removal of PAHs in treatment WS. In addi-
tion, there was similar content of remaining PAHs in treat-
ments MCSW and CM on day 55, while treatment MCSW
exhibited the higher degradation of PAHs than treatment CM
at the end of incubation. It seemed to be unreasonable because
the DOM-MCSW had lower proportion of hydrophobic part
than DOM-CM. However, it could be explained from a per-
spective of microbial consortia. In this study, abundance of
Mycobacterium in treatment MCSW was highest on the last
sampling time. The simultaneous appearance of high degra-
dation of PAHs and more Mycobacterium in treatment
MCSW implied that Mycobacterium may play an important
role in removal of remaining PAHs in the later period. The
remarkable growth of Mycobacterium in the later period of
incubation, when the added DOM was estimated to be almost
consumed, showed the competit ive advantage of
Mycobacterium under oligotrophic conditions. A series of
studies had demonstrated that Mycobacterium was an excel-
lent candidate for regulating aged PAH-polluted soils due to
the traits of lipophilic surfaces, biosurfactant production, and
efficient catabolization toward PAHs up to five benzene rings
[35–38].

The profiling analysis of microbial communities can con-
tribute to identify the members of potential PAH-degrading
microbial consortia and understand the patterns of microbial
responses to external stimuli in polluted soils [14, 39]. In this
s t u d y, a l l nah c l o n e s we r e a f f i l i a t e d w i t h i n
Gammaproteobacteria and Betaproteobacteria. In contrast
to the nah clone library, sequences of the C12O clone library
showed higher diversity and numerous sequences presented
only low similarity to sequences deposited in GenBank data-
base. Even so, most of C12O clones were still related to
Gammaproteobacteria and Betaproteobacteria. It indicated
that Gammaproteobacteria and Betaproteobacteria could be
important microbial degraders of PAHs in soils [3, 40]. PERM
ANOVA analyses on T-RFLP profiles showed that addition of
DOMs and incubation time exerted the significant influence
on community compositions of both nah and C12O genes.
Community compositions of nah andC12O genes significant-
ly varied between most of treatments, suggesting that addition
of DOMs was a key factor influencing nah and C12O com-
munity compositions. Highly significant differences in com-
munity composition of nah gene between in DOM treatments

and in the control were observed. Significant differences in
community composition of nah gene were also found between
the treatments added by various DOMs. It indicated that ad-
dition of DOMs had a significant effect on community com-
position of nah gene and the DOMs originated from various
agricultural wastes usually influenced the nah gene commu-
nity in their ownways. The remarkable changes in community
composition of C12O gene between all of the treatments ex-
cept between treatment CM and the control were found. It
indicated that DOM-WS and DOM-MCSW significantly
changed the community composition of C12O gene, while
DOM-CM did not significantly influence the C12O gene
community composition. Similar results have been reported
by Li et al. [18]. They found that addition of mushroom cul-
tivation substrate significantly increased abundance of the
bacteria, fungi, and aromatic hydrocarbon degraders in PAH-
contaminated soil and had a varying impact on bacterial and
fungal community. In summary, although the DOMs affected
PAH-degrading genes in different ways, it suggested that ex-
ternal stimuli produced by DOMs enhance the microbial deg-
radation of PAHs in soils through not only solubilizing PAHs
but also altering abundance and composition of indigenous
microbial degraders [14].

In conclusion, this study provided a novel insight into the
modulation of DOMs on microbial remediation of PAH-
contaminated soils. The results could be explained not only
by the properties of various DOMs but also by the size of PAH
degraders and their composition which changed during the
remediation of PAH-contaminated soils. Expectedly, all treat-
ments amended with DOMs significantly hastened the dissi-
pation of PAHs in the soil microcosms, and DOMs containing
higher proportion of hydrophobic fraction could promote the
elimination of PAHs more effectively than that with lower
proportion of hydrophobic fraction. The addition of DOMs
significantly increased abundances of the bacterial 16S
rRNA and all of the detected PAH degrading-related genes.
The community compositions of the nah and C12O also var-
ied among different treatments and incubation time in differ-
ent ways. Mycobacterium harboring pdo1 gene and
Gammaproteobacteria and Betaproteobacteria harboring
nah and C12O genes were considered as the important poten-
tial PAH degraders. Our findings are anticipated to reinforce
the understanding how the DOMs modulate microbial degra-
dation of PAHs in soils. However, more studies are needed to
confirm these conclusions through analyzing more diverse
PAH-degrading genes or microorganisms using RNA-based,
DNA-SIP, and other advanced methods.
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