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Two composting piles were prepared by adding to a mixture of rice straw, vegetables and bran: (i) raw
soil free from pentachlorophenol (PCP) contamination (pile A) and (ii) PCP-contaminated soil (pile B). It
was shown by the results that compost maturity characterized by water soluble carbon (WSC), TOC/TN
ratio, germination index (GI) and dehydrogenase activity (DA) was significantly affected by PCP exposure,
which resulted in an inferior degree of maturity for pile B. DGGE analysis revealed an inhibited effect of
PCP on compost microbial abundance. The bacteria community shifts were mainly consistent with com-
posting factors such as temperature, pH, moisture content and substrates. By contrast, the fungal commu-
nities were more sensitive to PCP contamination due to the significant correlation between fungal
community shifts and PCP removal. Therefore, the different microbial community compositions for prop-

DGGE erly evaluating the degree of maturity and PCP contamination were suggested.

Microbial community composition

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Pentachlorophenol (PCP) is a highly chlorinated organic com-
pound which has been extensively used as wood preservative, pes-
ticide and general biocide in agriculture and industry. Although
most of PCP in the environment is utilized and destroyed, a high
percentage is released into the water and soil, representing a po-
tential environmental hazard (Alexander, 1995; Scelza et al.,
2008). As with many organic compounds, PCP can be irreversibly
bound to soil. As a result, a legacy of contaminated soils requiring
attention exists, and a variety of remediation techniques, including
the physical and chemical remediation strategies and biological
techniques, have been developed for the clean-up of PCP in soils
(Semple et al., 2001).

As a promising bioremediation technology, composting has
been successfully applied to the bioremediation of PCP-contami-
nated substances with the evidence that mineralization of the
xenobiotic (Laine and Jorgensen, 1997) or the maturity and stabil-
ity of composts (Jiang et al., 2006) is/are achieved. A composting
bioremediation strategy relies on mixing the contaminated sub-
stances with other necessary materials, wherein the pollutants
are degraded by the active microflora as the compost matures
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(Semple et al., 2001). Currently, compost maturity has been widely
recognized as one of the most important factors concerning the
compost process and the application of these by-products (Chikae
et al., 2006). It could be a criterion for the success of bioremedia-
tion of PCP-contaminated soil and mineralization of the xenobiotic
compound PCP by composting.

Microorganisms are the essential factors for the successful
operation of composting, in which biodegradable organic wastes
are stabilized and converted by the activities of all kinds of micro-
organisms under controlled conditions (Khalil et al., 2001; Tang
et al., 2004). Usually, microorganisms that tend to dominate within
the contaminated ecosystems are those capable of utilizing and/or
surviving toxic contamination. The structure and diversity of the
dominant microbial communities changed substantially (Mac-
Naughton et al., 1999). Hence, in addition to studies of the bioavail-
ability of hazardous chemicals, investigations of the stress of these
chemicals, PCP included, are needed to properly understand the
shifts in microbial communities.

Up to date, several studies have been carried out to explore the
effect of PCP on the microbial community composition in soils.
Relative abundance changes of microbial communities have been
detected in the PCP-amended soils (Mahmood et al., 2005). While,
microbial community succession in the composting system might
be different from that in the soil. Microorganisms present in
compost are metabolically active and able to degrade contami-
nants under optimized composting conditions (Antizar-Ladislao
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et al., 2007; Miller et al., 2004; Tang et al., 2009). Thus, the imple-
mentation of composting technology as a remediation strategy re-
quires an understanding of the succession of compost microbial
communities. Advanced molecular biological techniques such as
polymerase chain reaction-denaturing gradient gel electrophoresis
(PCR-DGGE) have proved useful in detecting this succession
(Cahyani et al., 2003; Nakasaki et al., 2009). The effects of different
treatment regimes on the microbial community composition can
be evaluated using such technique at molecular level (Vivas
et al., 2009).

For complete elucidation of the biota responsible for the biore-
mediation of PCP-contaminated soil, the present study aimed at
revealing the advances in composting process. This was accom-
plished by evaluating the compost maturity with such parameters
as the ordinary physico-chemical properties, dehydrogenase activ-
ity (DA), germination test and PCP removal, and the microbial com-
munity composition using PCR-DGGE analysis.

2. Methods
2.1. Composting materials

PCP was purchased from American ADL Co. with a purity >98%.
The raw soil was obtained from Yuelu Mountain (Changsha, China).
The soil was air-dried and ground to pass through a 2 mm sieve,
and then stored at 4 °C in amber-colored jars. The common phys-
ico-chemical characteristics were as follows: water holding capac-
ity 26.1%, organic matter (OM) 9.5%, total organic C (TOC) 5.5%,
total N (TN) 0.24%, and pH 4.73.

A stock solution of PCP (10 g L™!) was prepared in acetone and
stored under refrigeration at 4 °C. Approximately 100 g of the
sieved soil was spiked with 40 ml of acetone and 9.8 ml of the
PCP-stock solution. Soil was gradually added to a 2 L specimen
container in 100 g aliquots and extensively mixed with the spiked
soil. This procedure was repeated until the entire amount of soil
(1 kg) was added and mixed. The specimen containers were her-
metically closed and left to shake for inversion. Then the acetone
was left to evaporate overnight under a flow hood. The final con-
centration of PCP-spiked soil was 133 mg kg~! (dry weight).

The other composting materials were collected from suburb of
Changsha, China. Rice straw, which was air-dried and cut into
10-20 mm lengths, was used as recalcitrant organic composting
materials. Several kinds of vegetables chopped into 10-20 mm
pieces were used as easy metabolizing materials. Bran was used
to adjust the initial TOC/TN ratio of composting.

2.2. Composting set-up and sampling

Two experimental composting piles were set up indoors in this
study. Soil, rice straw, vegetables, and bran were homogenized at a
ratio of 38:43:12:7 (moist weight). Soil contained in the control
(pile A) was free from PCP contamination. In the treatment (pile
B), the raw soil was replaced by PCP-contaminated soil. The initial
concentration of PCP in compost mixture was 50 mgkg~! (dry
weight). These compost materials (40 kg moist weight) were
packed in 120 dm?® polyethylene bins (65 cm long, 45 cm wide,
42 cm height). The dimension of the bins ensured adequate
homogenization of the initial mixture of composting materials
and self heating. The initial OM content and TOC/TN ratio of this
mixture were 58% and 30:1, respectively. The initial water content
was adjusted to approximately 60% and composts were monitored
every 3 days throughout the process, with sterile deionized water
being added when needed to maintain appropriate moisture. To
provide some aeration, the piles were turned twice a week during
the first 2 weeks and then once a week afterwards.

The experiment was conducted for 60 days. Samples were col-
lectedonday 1, 3, 6,9, 15, 21, 36 and 60, respectively. Combination
samples of 5-10 different subsamples in each pile were mixed by
shaking and sieved through an 8 mm sieve. Samples for total
DNA extraction were stored immediately at —20 °C until use.

2.3. Composting parameters and PCP analyses

Average temperature was monitored daily by inserting a ther-
mometer into five different locations of the piles. The pH was
determined after mechanically shaking the fresh sample in water
suspension at a ratio of 1:10 (w/v) at 200 rpm for 40 min. Moisture
content was measured after drying the samples overnight at
105 °C. The dried sample was analyzed for TOC by dry combustion
at 550 °C, and TN content by the Kjeldahl method (K435, Buchi,
Switzerland).

Water soluble carbon (WSC) and germination index (GI) were
determined according to the method described by Cayuela et al.
(2009) and Jiang et al. (2006), respectively. DA was measured with
the substrate of 3% of 2,3,5-triphenyltetrazolium chloride follow-
ing the modified Thalmann method (Benito et al., 2003).

PCP was extracted with acetone and n-hexane as described by
Scelza et al. (2008). The PCP was analyzed and quantitated by HPLC
(Agilent Technologies, USA) using an UVD detector and an Eclipse
XDB-C18 (4.6 x 150 mm) column with 5 pm particle size. Analysis
was conducted using 68% of acetonitrile and 32% of buffered water
(1% acetic acid) as mobile phase with a column temperature at
25°C and 1.0 ml min~! flow rate. Detection was carried out at
220 nm.

2.4. DNA extraction and PCR-DGGE

Total genomic DNA was extracted according to the method de-
scribed by Yang et al. (2007). Fragments of 16S rDNA and 18S rDNA
genes were amplified with bacterial universal primers 338F/518R
(Muyzer et al., 1998) and fungal universal primers NS1/Fung
(Hoshino and Morimoto, 2008), respectively. GC clamp was at-
tached to the forward primers to prevent complete separation of
the strands during DGGE.

The PCR reaction mixture was prepared with 1 pl of template
DNA, 5 ul of 10xPCR buffer, 1 pl of dNTPs (10 mM each), 10 pmol
of each primer, 2 pg of bovine serum albumin, 2 U Taq polymerase,
and adjusted to a final volume of 50 pl with sterile deionized
water. The PCR thermal cycling scheme of 16S rDNA consisted of
5 min at 94 °C, then 45 s at 94 °C, 40 s at 56 °C, 40 s at 72 °C (35 cy-
cles) followed by a final chase at 72 °C (10 min), and end at 4 °C.
The 18S rDNA PCR program consisted of 5 min at 94 °C, then 45 s
at 94 °C, 50 s at 55 °C, 1 min at 72 °C (35 cycles) followed by a final
chase at 72 °C (7 min), and end at 4 °C.

DGGE was carried out using a Dcode Universal Mutation Detec-
tion System (Bio-Rad, USA). Approximately equal amounts of PCR
samples (30 pul) were loaded onto the 0.75 mm thick 8% (w/v) poly-
acrylamide gels in 1xTAE buffer using a denaturing gradient rang-
ing from 30% to 65% and 15% to 50% for bacterial and fungal PCR
samples, respectively. Electrophoresis was performed at 60 °C
and 120V for 12 h. After stained with SYBR Green I nucleic acid
gel stain for 30 min, the gels were scanned and analyzed for under-
standing the DGGE profiles.

2.5. Data analysis

All data were expressed on dry basis except for moisture, which
was expressed on a moist basis.

Three replicates were used for each analysis. Data were pre-
sented as the mean values of triplicates. Student-Newman-Keuls
test (S-N-K test) was performed to compare the mean values of
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different sampling time. Correlations between parameters were
calculated by Pearson’s correlation coefficient (SPSS, version
16.0). DGGE banding profiles were digitized and band numbers
were counted using Quantityone software (version 4.5, Bio-Rad
laboratories, USA). Discriminant and principal component analyses
(PCA) were performed using the SPSS 16.0 and Canoco 4.5 statisti-
cal packages, respectively.

3. Results
3.1. Physico-chemical and biochemical analyses

Similar pile temperature dynamics were obtained in the two
treatments. Both piles achieved rapidly thermophilic temperatures
(>45°C) according to the criterion reported by Barrena et al.
(2008). The thermophilic stage maintained for more than 10 days
(from day 3 to day 12), which ensured the organic matter stabiliza-
tion and the pathogenic microorganism suppression. The pile tem-
perature decreased gradually to ambient temperature level
afterwards. The main difference between the two piles occurred
at the mesophilic and the beginning of the thermophilic phases
(from day 1 to day 6). The temperature in pile A rose to 35 °C after
one day of composting and reached its peak of 61 °C at day 6, while
in pile B, it rose slowly and the peak temperature was 57 °C
(Table 1).

The pH increased rapidly in the first 9 days in pile A (from 7.2 to
9.0), and then decreased to 7.9 at day 36, slightly increasing after-
wards, while in pile B, it increased for 15 days (from 7.0 to 8.6), be-
fore decreasing to 7.9 at day 21. The final pH turned to be 8.6 and
8.1 for piles A and B, respectively (Table 1). The OM percentage de-
creased continuously in both piles, and reached 35% and 38% at the
end of the process in piles A and B, respectively (Table 1).

The TOC decreased from 34% to 25% in both piles (Table 1). Con-
sidering the absolute amount of TOC in the compost, mineraliza-
tion losses at the end of the process accounted for about 52% and
49% of the C initially present in the starting mixtures for piles A
and B, respectively (data not shown). Although the TN loss was
higher in pile B than in pile A (data not shown), the TN contents
were similar in the two piles during the composting process
(Table 1).

The TOC/TN ratio showed a clearly decreasing trend from initial
values of around 30 to final values of 15.7 and 17.2 for piles A and
B, respectively. The greatest decrease occurred during the first

Table 1
Selected physico-chemical and biochemical parameters in compost sample.
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21 days in pile A (from 30 to 18.5); while in pile B, it decreased
slowly throughout the whole process (Table 1). The WSC showed
similar change trends in both piles. It was significantly increased
in the first 6 days for piles A and B, respectively. After then, it
was decreased to around 40% of the initial values at the end of
the process. No significant changes were found in WSC after
36 days for the two piles (Table 1).

The DA levels in pile A significantly increased and peaked on
day 9 (2.67 mg TPF g~1), decreasing afterwards to a final value of
0.49 mg TPF g~ '. Similarly, in pile B, DA levels increased from
0.58 mg TPF g~ ! at day 1 to 2.36 mg TPF g~ ! at day 15 and signif-
icantly decreased afterwards to a final value of 0.56 mg TPF g~!
(Table 1). In pile A, the GI showed an increasing trend throughout
the whole process with final values of 119%. While in pile B, the
values of the GI increased up to 15 days (from 21% to 68%), and
then decreased to 54% at day 21, increasing afterwards to the final
value of 102% (Table 1).

PCP removal presented a clearly increasing trend in the investi-
gated pile. It was less than 5% after 3 days of composting and sig-
nificantly increased up to around 72% by the end of the process.
The highest PCP removal rate occurred at the thermophilic phase
of composting (Table 1).

Physico-chemical and biochemical parameters were subjected
to discriminant analysis in order to elucidate the parameters most
responsible for differentiation of the two piles for separating the
compost samples of different maturity. Discriminant analysis
showed a clear differentiation of compost samples of different
ages. The first two function axes explained 76.9% and 16.2% of
the total variance, respectively. Compost samples of 6, 9, 15, 21,
36 and 60 days were separated according to their age along the
first function axis. In addition, samples from the different piles of
the same age of 1, 3, 6 and 9 days were more distant in the plot
space than those of 15, 21, 36 and 60 days. The variable with the
highest degree of correlation with Function 1 was temperature.
The parameters most responsible for this classification (parameters
with the higher correlation coefficient with discriminant Function
2) were WSC, GI, and TOC/TN ratio (Fig. 1).

3.2. Microbial community composition

The bacterial and fungal community compositions were ob-
tained in the resulting DNA band profiles (Fig. 2 and Fig. 3). Fifty-

Pile Days Temp? (°C) Moisture (%) pH OM (%) TOC (%) TN (%) TOC/TN WSC® (%) DAC (mgTPF/g) GIY (%) PCP removal (%)
A 1 35.0 cd 56.1a 7.20d 56.4 a 344 a 1.17d 294 a 2.21 bc 1.03 e 345e nd. ¢
3 55.0 ab 52.5b 7.89 bc 522 b 352a 130 c 27.1 ab 2.54 ab 195c 377e n.d.
6 61.2 a 509 c 8.57 ab 48.5 bc 336a 133 ¢ 253 b 2.68 a 2.48 ab 42.1 de n.d.
9 51.8 b 52.7b 9.04 a 49.7 bc 29.7b 1.26 cd 23.6 bc 2.27 bc 2.67 a 504 d n.d.
15 395¢ 51.8 bc 8.87 a 46.6 ¢ 284b 132 ¢ 215 ¢ 1.72 cd 232b 62.8 cd n.d.
21 343 cd 532 b 825b 42.1d 26.6 ¢ 1.44 bc 18.5 cd 1.33 de 1.43d 735 ¢ n.d.
36 29.2d 46.4 d 7.92 bc 39.6 de 263 ¢ 149 b 17.6 cd 1.01f 0.65 f 984 b n.d.
60 248 e 445 e 8.58 ab 353e 25.1c 1.60 a 15.7d 0.89 f 049 f 1185a n.d.
B 1 253 e 584 a 7.01d 576 a 339a 1.14d 299 a 2.16 bc 0.58 e 208 e 1.1f
3 52.7 ab 54.0b 7.33 cd 53.8 ab 350a 1.25 bc 28.0 ab 2.44 ab 1.16 cd 225e 45 f
6 57.0a 49.2 ¢ 7.96 b 51.0b 342a 1.26 bc 27.1 ab 2.62a 2.02 b 27.4 de 13.6 ef
9 51.7 ab 53.1b 842 a 50.4 b 323a 1.20 ¢ 27.0 ab 2.11 bc 2.17 ab 39.2d 25.9 de
15 42.2 bc 50.3 bc 8.59 a 47.9 bc 30.1b 1.25 be 241 c 1.56 cd 236a 67.8 ¢ 40.6 cd
21 36.5 cd 535b 7.90 b 446 ¢ 276 ¢ 1.32b 210 cd 1.02 de 132c 53.5cd 53.2 bc
36 27.5 de 483 ¢ 7.78 b 41.7 cd 26.7 ¢ 1.40 ab 19.0d 083 e 0.73 de 85.7b 65.8 ab
60 253 e 46.2 d 8.11b 38.2d 255¢ 149 a 17.2d 0.77 e 0.56 e 1024 a 723 a

For each pile, values in a column followed by different letters are statistically different according to S-N-K test (p < 0.05).

2 Temp, temperature.

WSC, water soluble carbon.
DA, dehydrogenase activity.
GI, germination index.

n.d., not detected.

n a2 n T
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Fig. 1. Discriminant analysis loading plot of physico-chemical and biochemical
data. The letter denotes the pile type, the number refers to the age of the sample.

two different 16S rDNA bands and 41 different 18S rDNA bands
were detected in these profiles. Microbial communities were very
dynamic, as strong shifts in the DGGE profiles were determined be-
tween the samples of different ages. Differences in DGGE profiles
between the samples from the different piles of the same age sug-
gested the effect of PCP stress on microbial community
composition.

The band number in bacterial DGGE profiles changed clearly for
both piles in the whole process. It peaked on day 1 (42) for pile A,
and then significantly decreased during the thermophilic phase,
trending afterwards towards stabilization. Similar shifts occurred
for pile B except an obvious fluctuation during the thermophilic
phase. The final number was 33 and 32 for pile A and pile B, respec-
tively. On the other hand, the band number in fungal DGGE profiles
was rather low for both piles. It did not significantly change until
the thermophilic temperature was reached for pile A. However,
this number decreased to its minimum (13) after one day for pile
B, and then slightly increased for 3 days, ranging afterwards be-
tween 17 (day 15) and 24 (day 60) (Table 2).

S-30 A1 A3 A6 A9 A15A21 A36A60B1B3 B6 B9 B15 B21B36 B6O

Fig. 2. Denaturing gradient gel electrophoresis (DGGE) profiles of amplified 16S
rDNA fragments for raw soil, piles A and B. The letter denotes the type of the raw
soil and different piles, the number refers to the age of the sample.

Al

Fig. 3. DGGE profiles of amplified 18S rDNA fragments for raw soil, piles A and B.

The letter denotes the type of the raw soil and different piles, the numbers refers to
the age of the sample.

Table 2
The band number of DGGE profiles for each compost sample.

Pile  Days of composting
-30 1 3 6 9 15 21 36 60

Bacterial community profiles

A 33.0 42.0 33.0 31.0 24.0 30.0 29.0 32.0 33.0
B 33.0 36.0 240 33.0 19.0 26.0 31.0 32.0 32.0
Fungal community profiles

A 17.0 18.0 20.0 21.0 23.0 220 20.0 22.0 21.0
B 17.0 13.0 14.0 22.0 20.0 17.0 19.0 22.0 24.0

Statistical analysis of the DGGE profiles for bacterial and fungal
communities in the raw soil and compost samples was performed
by PCA. The PCA loading plot of the bacterial community profiles
was shown in Fig. 4. Raw soil (S-30), early stage compost samples
(A1, B1, A3, A6, A9, B3, B6 and B9) from the two piles were sepa-
rated from the later stage and mature ones along axis 1, explaining
36.0% of the variance. Samples from the two piles grouped closer
together with time, showing an increasing similarity in bacterial
community composition. In addition, samples from the different
piles separated along axis 2, indicating significant difference be-
tween the two piles. This axis explained an additional 18.0% of
the variance. In total, the two axes of the PCA plot explained
54.0% of the total variance of the data.

Fig. 5 shows a PCA loading plot of the fungal community pro-
files, whereby the two first axes explain 42.2% of the variance.
Samples from pile A of the different ages separated along axis 1,
explaining 25.2% of the variance, while the positions of samples
from pile B were located separately on the PCA loading plot, indi-
cating a clear succession of fungal community. Compost samples
from the different piles were separated from each other, which
indicated the existence of difference between the two piles in fun-
gal community composition throughout the whole process.

4. Discussion
4.1. Assessment of compost maturity

It is critical to the successful use of composts for agricultural
purposes (Bernal et al., 2009). Classical parameters for the evalua-
tion of compost quality such as TOC/TN ratio, WSC, DA and GI
showed a proper functioning of the process and a good degree of
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Fig. 5. PCA of fungal community profiles.

maturity of the end products for both composts. Initial values of
TOC/TN ratio were consistent with values determined by Goyal
et al. (2005) for a wide range of organic wastes, while final values
for the two piles were lower than 20, which is thought to be the
threshold limits for compost maturity (Garcia et al., 1992). The im-
pact of existing PCP in pile B resulted in an inferior degree of matu-
rity, as indicated by the higher levels of TOC/TN ratio and OM
percentage for the final compost.

The WSC represents the most easily biodegradable C fraction
during the composting process. In agreement, Goyal et al. (2005)
commented that the WSC content decreased to 2.1-4.1% when
the composts were mature. These values were significantly differ-
ent from others suggested by Bernal et al. (1998) (WSC < 1.7%), Hue
and Liu (1995) (WSC < 1.0%) and Benito et al. (2003) (WSC < 0.5%).

There cannot be a single limit for WSC to judge compost maturity,
and a stable low value of WSC is acceptable. In this study, the low
values of WSC were stabilized around 0.8% after 36 days of com-
posting for piles A, while a longer composting period was needed
to reach these values for pile B. This observation revealed that
the compost without PCP stress was mature earlier than that con-
taminated with PCP.

DA as a very reliable indicator of maturity was suggested by
Tiquia (2005), and a value of below 35 g TPF g~ ! for highly mature
composts also was proposed. The decrease of DA to low levels to-
wards the end of composting for the two piles indicated that less
active decomposition was going on and the compost was getting
mature. However, highly mature composts were not obtained until
the composting process was accomplished, suggesting that a
longer period was recommended for the bioremediation of PCP-
contaminated soil.

Previous reports (Jiang et al., 2006; Campittelli and Ceppi, 2007;
Saidi et al., 2009) have demonstrated that GI is a sensitive param-
eter to evaluate compost phytotoxicity and maturity, and the val-
ues greater than 80% are generally thought to be phytotoxin-free
and completely mature. The GI showed different trends of decreas-
ing phytotoxicity in the presence of PCP in pile B. It was related to
the content of PCP, as indicated by the significant correlation
(r=0.95, p<0.01). The depletion of PCP became slower but the
GI increased up to higher than 80% after 36 days of composting.
This observation implied that lower concentration of PCP
(<17.1 mg kg~') had almost no toxic effect on seeds and the com-
post was almost mature at the same time.

For accurately evaluating compost maturity, correlation tests
were conducted among the four criterions previously reported.
The GI and TOC/TN ratio shared the highest correlation coefficients
(r>0.93) at the significant level of 0.01. WSC was best correlated to
the other indexes tested with the high correlations found for GI
(r=0.90, p<0.01 for both piles) and TOC/TN ratio (r=0.89,
p<0.01 and r=0.90, p < 0.01 for piles A and B, respectively). These
results proved that compost maturity characterized jointly by
WSC, TOC/TN ratio and GI is acceptable. In contrast, DA may be
an inappropriate criterion for uniformly evaluating the maturity
of compost with polluted and unpolluted substances, as the pollu-
tant strongly hinders the activity of dehydrogenase (Saidi et al.,
2009).

Discriminant analysis based on all parameters data indicated
that composting for the two piles was proceeding differently. It
clearly revealed the differentiation of compost samples from the
different piles in the whole process, especially at the mesophilic
and thermophilic phases. The reason was due to the presence of
PCP-contaminated soil in pile B, which resulted in an inferior de-
gree of maturity of the end composts than those for pile A.

4.2. Response of microbial community composition to PCP-
contaminated soil during the composting process

PCR-DGGE was conducted to assess the effect of PCP-contami-
nated soil on the microbial community composition during the
composting process. The resulting DNA band profiles provided a
fingerprint of the microbial community structure, in which each
band represented a group of bacterial or fungal species (Ovreas
et al., 1997). The bacterial and fungal communities were affected
after PCP addition, as difference between the treatment and the
control in DGGE profiles was interpreted.

DGGE band numbers were compared between the two piles in
this study (Table 2). The lower number for pile B implied that
PCP stress had an inhibitory effect on the microbial abundance.
As the composting progressed, the band number reached the levels
close to pile A, due to a drop in PCP concentration. In fact,
according to the results obtained by Liu et al. (2008), microbial
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abundance shifted obviously with PCP concentration changed. The
lowest numbers of bacteria were consistently found in treatment
piles with the highest chlorophenol concentrations (Laine and Jor-
gensen, 1997).

In addition, we only found the correlation between the band
number in fungal DGGE profiles and PCP removal (r=0.72,
p <0.05). The lack of significant correlation between the band
number in bacterial DGGE profiles and PCP removal may be due
to its predominance of bacterial communities in the composting
system (Khalil et al., 2001). Usually, microbial community succes-
sion is significantly affected by kinds of composting factors, espe-
cially by temperature (Antizar-Ladislao et al., 2007). As a
consequence of PCP contamination, microbial abundance of com-
posts was reduced but not consistent with PCP concentration.

Succession of bacterial communities during the composting
process was reflected in the PCA loading plot (Fig. 4), and the com-
post samples were divided into 5 groups based on their ages and
types. The bacterial communities between the two piles were sim-
ilar with those in the raw soil at the beginning of composting.
However, the greatest difference occurred at the thermophilic
phase was mainly attributed to the differentiation of the compost-
ing temperature. This conclusion is supported by Goyal et al.
(2005), who reported that the microflora succession from meso-
philic to thermophilic depending on the pile temperature. Another
reason may be that the higher temperature at the thermophilic
stage is favorable for the increase of water-soluble fraction of the
toxic compound (Leita and DeNobili, 1991), thus resulting in an
inhibited effect on bacterial communities.

Another important observation is that towards the end of the
process the bacterial community composition in the two piles be-
came similar. It suggested an adaptation of the compost bacteria to
the PCP contaminant (Cea et al., 2010). Changes in bacterial com-
munities were consistent with the previously reported composting
factors such as temperature, pH, moisture content and substrates.
This behavior reflected the significant effects of those factors on
bacterial communities. The similar bacterial community composi-
tions towards the end of the process in both piles could be consid-
ered as an indicator of mature composts, as appearance of some
microorganisms reflects the quality of maturing compost (Ishii
et al., 2000).

In contrast to bacteria, the fungal communities from the same
age samples of those two piles were different throughout the
whole process according to the PCA loading plot (Fig. 5). The fungal
community composition in pile A at the beginning of the compost-
ing was closer to raw soil than pile B, and what is more, the fungal
communities in PCP contaminated pile changed substantially com-
pared to an uncontaminated pile. In consideration of the previous
results about the significant correlation between fungal abundance
and PCP removal, the shifts in fungal communities were related to
the PCP contamination. The fungal community composition could
be more appropriate for a response to the degree of PCP contami-
nation than bacterial community composition.

5. Conclusions

The present experiments showed a proper functioning of the
composting mixed with PCP-contaminated soil. However, the addi-
tion of PCP led to an inferior degree of maturity, and accordingly a
longer composting period was recommended for obtaining highly
mature composts. Of particular interest were the different roles
of compost microbial community composition in the evaluation
of compost maturity and PCP contamination. The bacterial com-
munities could be considered as a potential indicator of mature
composts, while the fungal communities were more useful for
evaluating the PCP contamination of compost due to their higher
susceptibility to PCP.

Acknowledgements

This research was financially supported by the Program for
Changjiang Scholars and Innovative Research Team in University
(IRTO719), the National Natural Science Foundation of China
(50608029, 50808072, 50978088, 51039001, 50908078,
50978087), the Hunan Provincial Natural Science Foundation of
China (10JJ7005) and the Hunan Key Scientific Research Project
(2009FJ1010).

References

Alexander, M., 1995. How toxic are toxic chemicals in soil? Environ. Sci. Technol. 29,
2713-2717.

Antizar-Ladislao, B., Beck, AJ., Spanova, K., Lopez-Real, ]., Russell, N.J., 2007. The
influence of different temperature programmes on the bioremediation of
polycyclic aromatic hydrocarbons (PAHs) in a coal-tar contaminated soil by in-
vessel composting. J. Hazard. Mater. 144, 340-347.

Barrena, R. Vazquez, F. Sanchez, A. 2008. Dehydrogenase activity as a
method for monitoring the composting process. Bioresour. Technol. 99,
905-908.

Benito, M., Masaguer, A., Moliner, A., Arrigo, N., Palma, R.M., 2003. Chemical and
microbiological parameters for the characterisation of the stability and
maturity of pruning waste compost. Biol. Fertil. Soils 37, 184-189.

Bernal, M.P., Paredes, C., Sinchez-Monedero, M.A., Cegarra, J., 1998. Maturity and
stability parameters of composts prepares with a wide range of organic wastes.
Bioresour. Technol. 63, 91-99.

Bernal, M.P., Alburquerque, J.A., Moral, R., 2009. Composting of animal manures and
chemical criteria for compost maturity assessment. A review. Bioresour.
Technol. 100, 54447-55453.

Cahyani, V.R, Matsuya, K, Asakawa, S., Kimura, M., 2003. Succession and
phylogenetic composition of bacterial communities responsible for the
composting process of rice straw estimated by PCR-DGGE analysis. Soil Sci.
Plant Nutr. 49, 619-630.

Campittelli, P., Ceppi, S., 2007. Chemical, physical and biological compost and
vermicompost characterization: a chemometric study. Chemometr. Intell. Lab.
Syst. 90, 64-71.

Cayuela, M.L.,, Mondini, C., Insam, H., Sinicco, T., Franke-Whittle, L., 2009. Plant and
animal wastes composting: effects of the N source on process performance.
Bioresour. Technol. 100, 3097-3106.

Cea, M., Jorquera, M., Rubilar, O., Langer, H., Tortella, G., Diez, M.C., 2010.
Bioremediation of soil contaminated with pentachlorophenol by
Anthracophyllum discolor and its effect on soil microbial community. J. Hazard.
Mater. 181, 315-323.

Chikae, M., Ikeda, R., Kerman, K., Morita, Y., Tamiya, E., 2006. Estimation of maturity
of compost from food wastes and agro-residues by multiple regression analysis.
Bioresour. Technol. 97, 1979-1985.

Garcia, C., Costa, H.F., Ayuso, M., 1992. Evaluation of the maturity of municipal
waste compost using simple chemical parameters. Commun. Soil Sci. Plant Anal.
23, 1501-1512.

Goyal, S., Dhull, S.K., Kapoor, KK., 2005. Chemical and biological changes during
composting of different organic wastes and assessment of compost maturity.
Bioresour. Technol. 96, 1584-1591.

Hoshino, Y.T., Morimoto, S., 2008. Comparison of 18S rDNA primers for
estimating fungal diversity in agricultural soils using polymerase chain
reaction-denaturing gradient gel electrophoresis. Soil Sci. Plant Nutr. 54,
701-710.

Hue, N.V., Liu, J., 1995. Predicting compost stability. Compost Sci. Util. 3, 8-15.

Ishii, K., Fukui, M., Takii, S., 2000. Microbial succession during a composting process
as evaluated by denaturing gradient gel electrophoresis analysis. J. Appl.
Microbiol. 89, 768-777.

Jiang, X.Y., Zeng, G.M., Huang, D.L,, Chen, Y., Liu, F., Huang, G.H., Li, J.B., Xi, B.D,, Liu,
H.L., 2006. Remediation of pentachlorophenol-contaminated soil by composting
with immobilized Phanerochaete chrysosporium. World J. Microb. Biot. 22, 909-
913.

Khalil, A.L, Beheary, M.S., Salem, E.M., 2001. Monitoring of microbial populations
and their cellulolytic activities during the composting of municipal solid
wastes. World J. Microb. Biot. 17, 155-161.

Laine, M.M., Jorgensen, KS., 1997. Effective and safe composting of
chlorophenol-contaminated soil in pilot scale. Environ. Sci. Technol. 31,
371-378.

Leita, L., DeNobili, M., 1991. Water-soluble fractions of heavy metals during
composting of municipal solid waste. ]. Environ. Qual. 20, 73-78.

Liu, H, Li, GW,, Li, X.F, Chen, ], 2008. Molecular characterization of bacterial
community in aerobic granular sludge stressed by pentachlorophenol. J.
Environ. Sci. 20, 1243-1249.

MacNaughton, S.J., Stephen, J.R., Venosa, A.D., Davis, G.A., Chang, Y.J., White, D.C,,
1999. Microbial population changes during bioremediation of an experimental
oil spill. Appl. Environ. Microb. 65, 3566-3574.

Mahmood, S., Paton, G.I, Prosser, J.I, 2005. Cultivation-independent in situ
molecular analysis of bacteria involved in degradation of pentachlorophenol
in soil. Environ. Microbiol. 7, 1349-1360.



G. Zeng et al./Bioresource Technology 102 (2011) 5905-5911 5911

Miller, M.N., Stratton, G.W., Murray, G., 2004. Effects of nutrient amendments and
temperature on the biodegradation of pentachlorophenol contaminated soil.
Wat. Air Soil Poll. 151, 87-101.

Muyzer, G., Brinkhoff, T., Niibel, U., Santegoeds, C., Schafer, H., Wawer, C., 1998.
Denaturing gradient gel electrophoresis (DGGE) in microbial ecology. In:
Akkermans, A.D.L, van Elsas, ].D., de Bruijn, FJ. (Eds.), Molecular Microbial
Ecology Manual. Kluwer, Dordrecht, pp. 1-27.

Nakasaki, K., Tran, L.T.H., Idemoto, Y., Abe, M., Rollon, A.P., 2009. Comparison of
organic matter degradation and microbial community during thermophilic
composting of two different types of anaerobic sludge. Bioresour. Technol. 100,
676-682.

Ovreas, L., Forney, L., Daae, F.L.,, Torsvik, V., 1997. Distribution of bacterioplankton
in meromictic Lake Saelenvannet, as determined by denaturing gradient gel
electrophoresis of PCR-amplified gene fragments coding for 16S rRNA. Appl.
Environ. Microbiol. 63, 3367-3373.

Saidi, N., Kouki, S., M'hiri, F., Jedidi, N., Mahrouk, M., Hassen, A., Ouzari, H., 2009.
Microbiological parameters and maturity degree during composting of
Posidonia oceanica residues mixed with vegetable wastes in semi-arid pedo-
climatic condition. J. Environ. Sci. 21, 1452-1458.

Scelza, R, Rao, M.A,, Gianfreda, L., 2008. Response of an agricultural soil to
pentachlorophenol (PCP) contamination and the addition of compost or
dissolved organic matter. Soil Biol. Biochem. 40, 2162-2169.

Semple, K.T., Reid, B.J., Fermor, T.R., 2001. Impact of composting strategies on the
treatment of soils contaminated with organic pollutants. Environ. Pollut. 112,
269-283.

Tang, J.C., Kanamori, T., Inoue, Y., Yasuta, T., Yoshida, S., Katayama, A., 2004. Changes
in the microbial community structure during thermophilic composting of
manure as detected by the quinone profile method. Process Biochem. 39, 1999-
2006.

Tang, L., Zeng, G.M,, Shen, G.L, Li, Y.P,, Liy, C,, Li, Z., Luo, ]., Fan, C.Z,, Yang, C.P., 2009.
Sensitive detection of lip genes by electrochemical DNA sensor and its
application in polymerase chain reaction amplicons from Phanerochaete
chrysosporium. Biosens. Bioelectron. 24, 1474-1479.

Tiquia, S.M., 2005. Microbiological parameters as indicators of compost maturity. J.
App. Microbiol. 99, 816-828.

Vivas, A., Moreno, B., Garcia-Rodriguez, S., Benitez, E., 2009. Assessing the impact of
composting and vermicomposting on bacterial community size and structure,
and microbial functional diversity of an olive-mill waste. Bioresour. Technol.
100, 1319-1326.

Yang, Z.H., Xiao, Y., Zeng, G.M., Xu, Z.Y., Liu, Y.S., 2007. Comparison of methods for
total community DNA extraction and purification from compost. Appl.
Microbiol. Biot. 74, 918-925.



