
RESEARCH ARTICLE

Xiaoyan Liu1,2
& Wuxing Liu1

& Qingling Wang1 & Longhua Wu1
& Yongming Luo1,3 &

Peter Christie1

Received: 1 December 2016 /Accepted: 1 February 2017 /Published online: 14 February 2017
# Springer-Verlag Berlin Heidelberg 2017

Abstract The effects of repeated application of two types of
sewage sludge, domestic and industrial (petrochemical, PSS)
sludges, into paddy fields over a 5-year period on the soil
properties and microbial ecology were studied and compared
with conventional NPK fertilizer application. Soil organic
matter and total nitrogen contents were significantly higher
in the two sludge treatments than that in fertilized plots after
5 years. Soil concentrations of potentially toxic metals were
low after 5 years of both sludge treatments, but the polycyclic
aromatic hydrocarbons (PAHs) showed differences between
the two sludge types. Concentrations of high-molecular-
weight PAHs were significantly higher (p < 0.05) in the pet-
rochemical sludge treatment than the domestic sludge treat-
ment or the fertilizer control, although the total concentrations
of 16 types of PAH in the petrochemical sludge treatment were
only slightly higher than in the domestic sludge treatment and
the control. The biological toxicity of soil dimethyl sulfoxide
extracts from the petrochemical sludge treatment was also
significantly higher (p < 0.05) than those from the fertilizer
control and the domestic sludge treatment when evaluated
using Photobacterium phosphoreum T3. Both types of sew-
age sludge increased soil microbial activity, but only the pet-
rochemical sludge led to enrichment with specific PAH

degraders such as Mycobacterium, Nocardioides, and
Sphingomonas.

Keywords Sludge application . Industrial sludge . Polycyclic
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Introduction

Sewage sludge consists of by-products of wastewater treat-
ment processes. It is an inevitable and complex mixture that
is removed from wastewater coming from various sources
(domestic sewage, industries) and rainwater runoff from
roads, through physical, biological, and/or chemical treat-
ments (Usman et al. 2012). Due to the increasing amount of
sewage sludge produced as a consequence of the rapidly in-
creasing number of wastewater treatment plants in China, the
various types of hazardous substances in sewage sludges have
become an important environmental issue. Until now, the
main disposal routes of sewage sludges include stacking in
the open, landfilling, incineration, and land application
(Fullana et al. 2004; Stasta et al. 2006; Chen et al. 2012). Of
these, the traditional treatment methods of stacking in the open
and landfill remain the most frequently used treatments.
However, landfill sites can be unstable and piles of sludge
would become to potential pollution sources (Li et al. 2008).
Incineration can achieve significant dry solid volume reduc-
tion and energy recovery from the sludge, but atmospheric
pollution and high cost may hinder its use (Chen et al.
2012). Land application is currently more sustainable than
above methods for the final disposal of sewage sludge.
Because of its organic matter content, plant-available nutrients
and its low-cost, agricultural application of sewage sludge has
become an economical, efficient, and increasingly popular
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method (Asagi and Ueno 2008; Singh and Agarwal 2008;
Wang et al. 2008; Mahapatra et al. 2013). About 60% of
sewage sludge produced in the US are reused by application
to agricultural land (National Research Council 2002). Use of
sludges in agriculture is also a widely used method in many
European countries such as Portugal, the UK, Iceland, and
Spain (Kelessidis and Stasinakis 2012).

The properties of sewage sludge depend on the source of
the wastewater and the treatment process used in any particu-
lar localized wastewater treatment plant (Cai et al. 2007). In
general, sewage sludge can promote soil fertility and plant
growth; some sludges, especially coming from wastewater
treatment plants serving both domestic and industrial areas,
can contain a range of hazardous substances whichmight have
negative environmental effects (Singh and Agarwal 2008; Li
et al. 2008). The land application of sludge involves effects on
soil properties, soil microbes, plants, and animal by the accu-
mulation of these pollutants. This may threaten the safety of
agricultural production and human health through the food
chain (Pritchard et al. 2010; Bondarczuk et al. 2016; Harder
et al. 2016). Thus, the use of sewage sludge as a source of
plant nutrients for crop production needs to be carried out
carefully to protect the environment and human health.
Numerous studies have reported that sewage sludges poten-
tially carry pollutants such as potentially toxic metals (HMs)
(Fliessbach et al. 1994; Witter et al. 2000; Udom et al. 2004;
Liu and Sun 2013b; Cheng et al. 2014) and persistent organic
pollutants (POPs) including polycyclic aromatic hydrocar-
bons (PAHs) (Oleszczuk and Baran 2005, Oleszczuk 2006;
Li et al. 2008; Liu et al. 2013a). Trace metals have led to
considerable concern for many years, but information on the
effects of PAHs from sewage sludges on the properties and
microbial ecology of agricultural soils is incomplete. PAHs
have mutagenic and carcinogenic properties (IARC 1983),
and their accumulation in soils may exert a considerable im-
pact on soil microbial community structure and diversity, and
this has become a topic of major concern.

The current study was conducted to investigate the poten-
tial effects of repeated applications of sewage sludge to a
paddy field over 5 years on (1) soil properties and the accu-
mulation of the major pollutants, (2) soil biological toxicity
and activity, and (3) changes in the microbial community of
the paddy soil. Two contrasting types of sewage sludge were
used, a domestic sewage sludge (DSS) and an industrial, pet-
rochemical sewage sludge (PSS).

Materials and methods

Experimental site and fertilization treatments

The sludge continuous application experiment in paddy field
was carried out for 5 years at Suzhou Academy of Agricultural

Sciences Experimental Station (31° 3″ N, 120° 6″ E) in east
China. The soil tested was classified as a Typic Hapli-Stagnic
Anthrosols according to the Food and Agriculture
Organization soil classification system. The treatments were
arranged in a randomized complete block design with four
replicates, and each plot was 3.0 m × 4.5 m. The site was
used to grow a continuous paddy rice and wheat rotation.
There were three treatments amended with (1) NPK fertilizer
(CF), (2) DSS, and (3) PSS. The domestic sewage sludge was
sourced from Fuxing municipal wastewater treatment plant in
Suzhou, Jiangsu province, East China, and the petrochemical
sewage sludge was obtained from the wastewater treatment
plant at Jingmen petrochemical enterprise, Hubei province,
central China. Selected physico-chemical properties and metal
and PAH contents of both sewage sludges are given in Table 1.
Compound NPK fertilizers were applied at a rate of 0.5 kg
(dry weight) per plot per 6 months. Both types of sludge were
applied at a rate of 4 kg (dry weight) per plot per 6 months.
Plots receiving the sludge applications also received appropri-
ate amounts of N, P, K to give the same total application rates
of these major nutrients as in the CF control plots. The fertil-
izers and sludges were all surface applied as basal nutrient
applications before each crop was sown.

Soil sampling

Soil sampling was conducted after the harvest of the fifth rice
crop in October 2015. Soil samples were collected randomly
from the top 20 cm of the soil profile across each plot, with
five replicate samples taken from each plot and combined to
give a composite sample. Stones and plant root residues were
discarded and each soil sample was divided into three parts,
one of which was stored at 4 °C prior to analysis for microbial
activities. The second portion was stored at −70 °C prior to
soil DNA extraction, and the third was freeze-dried and passed
through a 60-mesh sieve for further analysis.

Effect of different nutrient applications on selected soil
physico-chemical properties and PAH concentrations

Soil electric conductivity (EC) was determined with a conduc-
tivity meter (Leici DDS-307, Shanghai, China) in a 1:5
suspension in H2O. Other soil physico-chemical properties,
namely pH, organic matter (OM) content, total nitrogen
(TN), total phosphorus (TP), and total potassium (TK) were
determined using the method according to Lu (1999).

Sixteen priority PAHs listed by the US Environmental
Protection Agency (EPA) were analyzed. Contents of PAHs
in soil were determined as follows. Freeze-dried soil (2.0 g
mixed with 2 g anhydrous sodium sulfate) was weighed and
placed in a Soxhlet apparatus prior to cleanup using 70 mL
dichloroethane solvent for 24 h at 54 °C. The solvents were
removed by rotary evaporation until the eluent was finally
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evaporated to dryness and then dissolved in 2 mL cyclohex-
ane. Then, 0.5-ml aliquots of the cyclohexane extracts were
cleaned up using a 0.5 cm (i.d.) × 20 cm column consisting of
1 g silica gel (baked at 400 °C for 8 h in a muffle furnace)
activated for 15 min with 10 mL n-hexane and capped with
anhydrous sodium sulfate. The column was then washed with
a mixture of dichloromethane and n-hexane (1:1 v/v), and the
first 1 mL of washings was discarded. Finally, the remainder
(2 mL washed solution) was evaporated to dryness under a
gentle steam of pure N2 gas and dissolved in 2 mL n-hexane
for gas chromatography-mass spectrometry (GC-MS) analysis
of PAHs.

The GC-MS was equipped with a capillary column
(Restek, Bellefonte, PA) DB-5ms (30 m × 0.25 mm i.d., film
thickness 0.25 μm), with helium as the carrier gas at a flow
rate of 1 mL min−1, using selective ion monitoring (SIM)
mode to detect PAHs The scan ions ranged from 127 to
279 a.m.u., and the dwell time per ion was 10 ms. The oven
temperature was held at 50 °C for 1 min, increased to 200 °C
at a rate of 25 °C min−1, and increased to 280 °C at a rate of
8 °C min−1, then increased to 283 °C at a rate of 1 °C min−1,
and finally increased to 290 °C at a rate of 2 °Cmin−1 and held
for 5 min, and the last-run application was run for 2 min at
295 °C. The injector temperature was 280 °C. Prepared sam-
ple was injected with an autoinjector. The injection volume
was 1 μL in a splitless mode. All peaks of the PAHs studied
were eluted between 5 and 20 min. Identification and quanti-
fication of the 16 PAHs were based on matching their reten-
tion timewith a mixture of PAH standards. Solvent blanks and
duplicate samples were also analyzed and the variation in
PAH concentrations of replicate samples was <10%. The limit
of detection (LOD), defined as the standard deviation from the
mean blank (n = 3), ranged from 8 to 12 μg kg−1. SIM mode
was carried out using the molecular ions selective for the
individual PAHs. Chromatographic data were collected and
processed using Chemstation (Teng et al. 2011; Hou et al.
2015).

Biological toxicity test

The acute toxicity assays for soil samples were carried out by
luminescent bacteria, which are expressed in terms of relative
luminosity. Freeze-dried Photobacterium phosphoreum T3

powder was supplied by Nanjing Institute of Soil Science,
Chinese Academy of Sciences. P. phosphoreum T3 was resus-
citated in 1 mL 3% NaCl solution and stored in an ice water
bath prior to the acute toxicity assay. Activated bacterial sus-
pension (10 μL) was then placed in a test tube containing
2 mL 3%NaCl solution. The test bottle was mixed thoroughly
and placed in a Microtox DXY-2 Toxicity Analyzer (Modern
Water, New Castle, DE). The scale of initial luminosity was in
the range 600–1900 mV. Freshly prepared freeze-dried
P. phosphoreum T3 powder was used if the initial luminosity
did not reach the standard. The laboratory temperature was set
at 20–25 °C (Ding et al. 2015). Water and dimethyl sulfoxide
(DMSO) extracts of soil were prepared for the toxicity tests.
Aliquots of 5 g soil (dry weight) were extracted by sonication
for 30 min in 5 mL deionized water at room temperature, the
mixture was centrifuged, and the supernatant was used within
48 h. Five grams of soil was extracted for 16 h in a Soxhlet
extractor with 60 mL dichloroethane at 54 °C, the extract was
reduced to 5 mL in a rotary evaporator, and then 5 mL ex-
change solvent DMSO was added and the mixture was evap-
orated under reduced pressure to 5 mL. The water or DMSO
extracts (40 μL) and 40 μL of the activated bacterial suspen-
sion were transferred into tubes containing 2 mL 3% NaCl
solution. After exposure for 15 min, the individual toxicity
values were recorded using the analyzer. The relative lumi-
nosity was calculated by the mean luminescence in the sam-
ples and the mean luminescence in the controls (without ex-
tracts). The relative luminosity (RL) was calculated according
to Eq. (1)

RL %ð Þ ¼ Lsample

Lblank

� �
� 100% ð1Þ

where L is the luminosity (Ding et al. 2015).

Microbial community-level physiological profiling
analysis

Biolog Eco plates were used to study the substrate utilization
pattern of soil microbial communities. An aliquot of 10 g fresh
soil was shaken with 100 mL of autoclave-sterilized saline
solution for 30 min, 10−3 serial dilutions were prepared and
poured into sterile pipette trays, and 150 mL was inoculated
into each well of the microplates with an eight-channel

Table 1 Selected physico-chemical properties and potentially toxic metal contents of the two types of sewage sludge (dry weight basis)

Sludge pH MC
(%)

OM
(g kg−1)

TN
(g kg−1)

TP
(g kg−1)

TK
(g kg−1)

Zn
(mg kg−1)

Cu
(mg kg−1)

Cd
(mg kg−1)

PAHs
(mg kg−1)

Domestic sewage sludge 6.23 81.5 463 46.8 11.00 14.40 799 143.0 1.79 1.67

Petrochemical sewage
sludge

6.76 90.7 647.35 5.57 4.04 0.96 383 72 0.19 10.52

MC moisture content, OM organic matter, TN total nitrogen, TP total phosphorus, TK total potassium, PAHs polycyclic aromatic hydrocarbons
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pipettor at 25 °C. The plates were scanned every 12 h at
590 nm for 7 days using a Biolog automated plate reader.
All wells were blanked to the control wells (Liu et al. 2016).
The Biolog data were used for calculating average well color
development (AWCD) and AWCD was calculated according
to Eq. (2)

AWCD ¼ ∑31
i¼1 Ci−Rð Þ

31
ð2Þ

where Ci is the optical density of each cultured well, and R is
the optical density of control well (Garland and Mills 1991).

Soil DNA extraction and PCR amplification

The effects of repeated land applications of sludge on soil
bacterial diversity were evaluated by extracting microbial
DNA from 0.5 g of soil from each replicate plot of the three
treatments using a soil DNA kit (Fast DNASPIN for soils,MP
Biomedicals, Solon, OH) according to the manufacturer’s pro-
tocols. The bacterial primers targeting the variable V4-V5
region of the bacterial 16S ribosomal RNA (rRNA) gene were
used to amplify fragments. Initial PCR amplification was done
using primers 515F 5′-barcode-GTGCCAGCMGCCGCGG-
3′ and 907R 5′-CCGTCAATTCMTTTRAGTTT-3′, where
the barcode is an eight-base sample-specific sequence,
primers in a total volume of 20 μL, containing 4 μL of
5 × FastPfu PCR buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of
each primer (5 μM), 5 μg BSA, 0.4 μL of FastPfu DNA
polymerase, and 10 ng DNA as the template. After initial
denaturation at 95 °C for 2 min, the reactions were run for
25 cycles of 95 °C for 30 s and 72 °C for 30 s with a final
elongation step at 72 °C for 5 min (Hou et al. 2015).
Sequencing was conducted by Majorbio Bio-pharm
Technology Co., Ltd. (Shanghai, China).

Processing of pyrosequencing data

Sequence reads were trimmed with Trimmomatic, and then
reads were assembled with Flash software for further analysis
by Mothur 1.33.0 (Hou et al. 2015). Unique sequences were
aligned to the reference Silva database by default settings, and
chimeric sequences were removed. Sequences passing these
screens were classified using a ribosomal database project
naïve Bayesian rRNA classifier with a confidence of 80%.
At each taxonomic level, the proportion of sequence identities
was calculated as a percentage of all sequences classified in
that sample. Operational taxonomic units (OTUs) were clas-
sified at similarities of 97% after normalized to 8698 se-
quences per sample. The a-diversity indices, including ob-
served OTUs (Sobs), InvSimpson, and Shannon, were calcu-
lated using Mothur (Schloss et al. 2009).

Statistical analysis

Statistical analysis was carried out using the SPSS 22.0 for
Windows software package. Data were subjected to one-way
analysis of variance and mean values were compared using
Duncan’s new multiple range test at the 5% level using the
SPSS statistical package.

Results

Effect of application of different sludge types on soil
physico-chemical properties and metal contents

Soil pH, EC, OM, TN, TP, TK, and three potentially toxic
metals (Zn, Cu, Cd) in the three treatments are shown in
Table 2. Soil pH values ranged from 5.62 to 5.95, soil total
K content showed no significant differences among the three
experimental treatments (p < 0.05), and all samples contained
similar concentrations of the three metals (Cd, Zn, Cu).
Moreover, the soil from plots receiving domestic sludge had
the highest levels of phosphorus, and the soil EC value and
soil OM and TN contents after both types of sludge applica-
tion area were all significantly higher than that in the control
soils (p < 0.05).

Effect of application of different sludge types on soil PAH
contents

The final mean soil concentrations of 16 PAHs were
1.904 ± 0.243 mg kg−1 in the fertilized control plots,
1.799 ± 0.109 mg kg−1 in the plots receiving domestic sludge,
and 2.495 ± 0.481 mg kg−1 in the plots receiving petrochem-
ical sludge, all on a dry weight basis after 5 years of repeated
sewage sludge application. There were no differences among
treatments in soil total PAH contents. However, petrochemical
sludge application significantly increased the soil contents of
high-molecular-weight PAHs with five and six rings, includ-
ing benzo[b]fluoranthene (BbF), benzo[k,j]fluoranthene
(BkF), benzo[a]pyrene (BaP), indeno[1,2,3]pyrene (InP),
dibenzo[a,h]anthracene (DBA), and benzo[ghi]perylene
(BgP) compared with the fertilizer control (Fig. 1).

Biological toxicity of tested soil

The bacterium P. phosphoreum T3 can produce biolumines-
cence which will decrease with the addition of inhibitory tox-
icants. In the assay, the level of inhibition is higher when the
relative luminosity is lower, i.e., when the test solution has
higher toxicity. Figure 2 shows that there were no significant
differences in relative luminosity value between the water
extracts of soil samples from two sludge application treat-
ments and those from the chemical fertilizer treatment.
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However, the relative luminosity of the DMSO soil extract
from the petrochemical sludge treatment was significantly
lower than the others (p < 0.05), and in the case of the organic
extracts, the biological toxicity values for the different treat-
ments were in the sequence petrochemical sludge > fertilizer
control > domestic sludge.

Substrate utilization by soil microorganisms

The activity of the soil microbial community evaluated by
AWCD is shown in Fig. 3. There was no apparent lag in the
first 24 h, and subsequently, the AWCD always increased with
time until 168 h, indicating that all three treatments were ca-
pable of metabolizing the organic substrates in the Biolog Eco

plates. Although no differences in AWCD were observed
within the first 24 h, the AWCD value was always higher in
the domestic sludge-treated soil than in the petrochemical
sludge treatment or fertilizer control with further increase in
incubation time. After 96 h, the absorbance of the fertilizer
control showed a slightly lower value than the two sludge
types. The overall trend of AWCD after 96 h was domestic
sludge > petrochemical sludge > fertilizer control (Fig. 3).

Bacterial community composition and diversity

In total, approximately 167,472 sequence reads of the 16S
rRNA gene were obtained after a sequence optimization
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Table 2 Effects of different types of sewage sludge on soil physico-
chemical properties and potentially toxic metal contents (dry weights)

Property Fertilizer control Domestic sludge Industrial sludge

pH 5.95 ± 0.13a 5.62 ± 0.11b 5.93 ± 0.09a

EC (μS cm−1) 156.80 ± 2.34b 221.50 ± 16.26a 194.25 ± 19.45a

OM (g kg−1) 32.02 ± 1.01b 38.72 ± 3.42a 37.55 ± 1.36a

TN (g kg−1) 0.89 ± 0.15b 1.25 ± 0.16a 1.15 ± 0.08a

TP (g kg−1) 1.19 ± 0.08b 2.07 ± 0.31a 1.32 ± 0.06b

TK (g kg−1) 14.08 ± 0.45a 14.70 ± 0.51a 14.20 ± 0.31a

Zn (mg kg−1) 99.79 ± 5.99ab 105.69 ± 8.31a 92.32 ± 2.86b

Cu (mg kg−1) 37.46 ± 3.28a 41.33 ± 2.67a 40.13 ± 2.59a

Cd (mg kg−1) 0.19 ± 0.02a 0.18 ± 0.02a 0.16 ± 0.02a

Each treatment comprised four replicates. Data are expressed as
mean ± standard error. Different letters indicate statistically significant
difference at p < 0.05 by analysis of variance

EC electric conductivity
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process with an average number of 13,956 sequences per
sample (ranging from 8698 to 18,159). A total of 8698 reads
were subsampled from each replicate for further analysis. A
97% similarity cutoff was used to delineate OTUs in the
downstream analyses. The structure of the microbial commu-
nities in the soil samples from the three treatments was com-
pared at phylum level (Fig. 4). Proteobacteria, Actinobacteria,
Chloroflexi, and Actinobacteria were the most prevalent phyla

except for the unclassified group, but the overall bacterial
composition of the different treatments at phylum level was
very similar. The calculated bacterial community richness and
diversity indices also showed no significant differences in
Sobs, InvSimpson, and Shannon indexes in the different treat-
ments (Table 3). Furthermore, Fig. 5 reveals visible effects on
some individual genera, and the relative abundances were
significantly different between the fertilizer control
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application area and the petrochemical sludge application ar-
ea, such as Desulfomonile, Mycobacterium, Nocardioides,
and Sphingomonas.

Discussion

The application of sewage sludges to agricultural soils is a
common practice worldwide. The results of the present study
indicate that application of sludge can increase or maintain
soil fertility. Soil organic matter and N and P contents follow-
ing sewage sludge application were significantly higher than
after application of chemical fertilizer (Table 2), and this is in
accord with previous reports (Su et al. 2007; Roig et al. 2012;
Wu et al. 2012). Large amounts of nutrients such as organic
matter and organic and inorganic N and P in the sludges as
shown in Table 1, especially the domestic sewage sludge, may
improve and maintain soil quality (Table 2).

However, numerous studies have shown that metals and
PAHs are important pollutants in sludges (Li et al. 2008;

Duan et al. 2015; Mardan et al. 2015). The soil metal contents
after sludge application in the present study did not exceed the
standards (Zn, 200mg kg−1; Cu, 50mg kg−1; Cd, 0.3 mg kg−1)
determined by the Chinese Environmental Quality Standard
for Agricultural Soils (Table 3). We are therefore more con-
cerned with the changes in soil PAH contents in the current
study. The soil contents and composition of PAHs differed and
depended mainly on the type of sludge applied. Although the
highest PAH contents were found in soils treated with petro-
chemical sludge, there were no significant differences among
treatments. The distribution of PAHs with different ring num-
bers (Fig. 1) indicates that the soil contents of high-molecular-
weight PAHs were significantly higher (p < 0.05) in the pet-
rochemical sludge treatment than the control or domestic
sludge treatments. Previous studies have also shown that
PAHs from sludge, and especially high-molecular-weight
PAHs, can accumulate in paddy soils for long periods of time
(Lichtfouse et al. 2005). PAHs with five- and six-ring struc-
tures have greater carcinogenic potential than those with two-,
three-, or four-ring structures (Boonchan et al. 2000). As a
result, the concentration of PAHs may continue to increase
with further use of sewage sludges and this may pose a threat
to crop production and environmental safety in agriculture
soils.

Although chemical-based analytical methods can be used
to determine the levels of contaminants, they cannot provide
detailed information about effects on soil biology and soil
quality (Liu et al. 2007). The biological toxicity test has often
been used to analyze the potential effects of toxic chemicals in
water or soil on bacteria using luminous bacteria and is based
on the fact that bacteria are an integral part of the ecosystem.

Table 3 The diversity indices of the soil bacterial community in the
different treatments

Treatment Sobs InvSimpson Shannon

Fertilizer control 5709 ± 98a 383 ± 28a 7.35 ± 0.04a

Domestic sludge 5613 ± 373a 382 ± 32a 7.33 ± 0.12a

Industrial sludge 5603 ± 357a 382 ± 17a 7.31 ± 0.08a

Different letters indicate statistically significant difference at p < 0.05 by
analysis of variance
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The method is also rapid, easy to perform, sensitive, and cost-
effective (Ulitzur et al. 2002). In the present study, lumines-
cence was not inhibited by water extracts of two sewage
sludge treatments but was slightly increased by water extracts.
Electrical conductivity is an index that reflects salt content of
soils, which was higher in both sludge treatments than in the
fertilizer control (Table 2). We speculate that water extracts
may contain some soluble salts and organic carbon promoting
the luminescence of P. phosphoreum T3. However, the non-
toxicity of water extracts does not demonstrate that sludge
amendment of the soil resulted in no biological toxicity.
Given the hydrophobicity of major organic contaminant
PAHs mentioned above, DMSO was selected as the most suit-
able solvent for chemical compounds with low aqueous solu-
bility due to its good properties and low toxicity to
P. phosphoreum (Dong et al. 2013). The relative luminosity
of DMSO extracts from the petrochemical sludge treatment
was significantly lower, that is to say the biological toxicity of
soil receiving petrochemical sludge was much higher than
those of the other two treatments. This may result from the
accumulation of PAHs and/or other unknown toxic water-
insoluble substances. In short, the results suggest that petro-
chemical sewage sludge may represent a greater potential haz-
ard than domestic sewage sludge in agriculture because of its
high PAH content and consequent biological toxicity.

The activity of the soil microbial community evaluated by
AWCD was always higher in domestic sludge-treatment soil
than the other two treatments and the overall trend showed the
AWCD sequence domestic sludge > petrochemical sludge >
fertilizer control after 96 h (Fig. 3), indicating positive effects
of the two sewage sludge types on soil microbial activity. One
explanation may be that organic matter and nutrients in the
sludge play an important role in promoting soil microbial
activity. On the other hand, the sequencing data show that
microbial richness and diversity changed only slightly in the
sludge amended soil compared with the fertilizer control
(Table 3). Comparison at the phylum level shows that the
bacteria was very similar (Fig. 4). High PAH concentrations
can lead to substantial changes in microbial community struc-
ture and diversity as shown in previous studies (Sawulski et al.
2014) but their effects were comparatively small in the current
experiment. This might be attributed to a dilution effect in
paddy fields when the sewage sludges were applied to rela-
tively large areas of agricultural land and to the degradation of
indigenous microorganisms in the soil. However, several gen-
era were enriched in soil receiving the petrochemical sludge,
including Desulfomonile, Mycobacterium, Nocardioides, and
Sphingomonas (Fig. 5). Desulfomonile, a member of the δ-
proteobacteria, is common in oilfield wastewater and is
known to acidify fossil oils with the production of noxious
H2S gas (Rueter et al. 1994). The genus Mycobacterium be-
longs to the Actinobacteria, is a Gram-positive heterotrophic
bacterium, and has been reported to be capable of degrading a

wide range of PAHs, not only high-molecular-weight but also
low-molecular-weight PAHs (Wick et al. 2002; Zeng et al.
2010). Other genera (Sphingomonas and Nocardioides) have
also been reported to be involved in PAH degradation (Saito
et al. 2000; Demaneche et al. 2004; Schippers et al. 2005;
Desai et al. 2008; Zeinali et al. 2008). The changes in the
composition, structure, and diversity of the soil microbial
community may result from the combined effects of soil qual-
ity, nutrient content, and various pollutants that have accumu-
lated in the soil.

Conclusions

The influence repeated applications of different types of sew-
age sludge on soil fertility, pollutant accumulation, biological
toxicity, and microbial community were studied. Soil organic
matter and total nitrogen contents in the two sludge treatments
were significantly higher than in the plots receiving chemical
fertilizer after 5 years of sludge amendment. Sludge applica-
tion showed no significant influence on potentially toxic
metals but contents of PAHs, and especially high-molecular-
weight PAHs (five-, six-rings) were significantly higher
(p < 0.05) in the petrochemical sludge treatment. Because of
the hydrophobicity of the accumulating PAHs, DMSO was
selected as extraction solvent to assess the biological toxicity
of the soil and it was found that the biological toxicity of soil
DMSO extracts from the petrochemical sludge treatment was
substantially higher than those of the other treatments
(p < 0.05). Furthermore, Biolog carbon utilization and high-
throughput pyrosequencing indicated that amendment with
both types of sludge increased soil microbial activity but there
was no significant influence on bacterial community diversity
indices, although some genera related to PAH degradation
were enriched in the petrochemical sludge treatment.
Overall, petrochemical sewage sludge seemed to represent a
higher potential hazard than domestic sewage sludge in agri-
cultural application because of its high PAH content, and bio-
logical toxicity and monitoring programs must be developed
to evaluate the long-term impacts of repeated sludge applica-
tions in conventional agriculture.
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