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Abstract Increasing molecular evidence points to a wide oc-
currence of laccase-like multicopper oxidase (LMCO)-
encoding genes in bacteria. Most researches mainly focused
on the bacterial LMCO diversity, whereas the processes and
the environmental factors responsible for structuring bacterial
LMCO communities remain relatively unknown in a
composting system. Six gene libraries were constructed from
samples in representative stages during composting. A total of
185 sequences obtained from sample DNA extracts were clas-
sified to 59 operational taxonomic units (OTUs) based on
10% cutoff. The distribution profile of bacterial LMCO genes
showed that proteobacterial- and actinobacterial-associated
species were the dominant communities during composting.
Pearson correlation analysis indicated that the pile temperature
and water-soluble carbon (WSC) content were significantly
positively correlated with bacterial LMCO gene OTU num-
bers, Chao1 and Shannon index, whereas the humic acid
(HA)-like carbon content had the most significant effect on

the distribution of the bacterial LMCO genes during
composting by redundancy analysis. These findings will im-
prove the understanding of the mutual relationship between
environmental factors and bacterial LMCO community com-
positions in composting.
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Introduction

Composting is an effective and productive process of
decomposing solid organic waste into simpler nutrients by
mixed microorganisms (Lu et al. 2014; Zhang et al. 2013).
As the quickest way to produce high-quality compost, aerobic
composting is a widely used way of stabilizing organic wastes
and converting them to a final product that can be used as a
soil conditioner or good-quality fertilizer (Xiao et al. 2011a;
Zeng et al. 2011; Zhang et al. 2011). Numerous indigenous
microorganisms in compost play a major role in the decom-
position and transformation of degradable organic compounds
(Belyaeva and Haynes 2009). In nature, lignocelluloses ac-
count for the major part of biomass; consequently, the degra-
dation process is essential for the global carbon cycle. Lignin
is an integral cell wall constituent, which provides plant
strength and resistance to microbial degradation, and it also
slows biodegradation of cellulose and hemicellulose because
it is closely associated with the cellulose component of plant
cell walls (Huang et al. 2010).

As the vital functional enzymes for lignocelluloses degra-
dation, laccases (benzenediol/oxygen oxidoreductases,
EC1.10.3.2) or laccase-like multicopper oxidases (LMCOs),
members of the multicopper oxidoreductase family, can
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catalyze the oxidation of a wide range of aromatic substrates,
by coupling with the reduction of molecular oxygen to water
(Kellner et al. 2009; Majeau et al. 2010). Traditional fungal
LMCOs were most widely studied for their significance in
various biotechnological applications (Couto and Herrera
2006), such as degradation of xenobiotics (Johannes and
Majcherczyk 2000), decolourization of dyes (Peralta-Zamora
et al. 2003), the development of biosensors (Jarosz-
Wilkołazka et al. 2005), and the effluent treatment (Jaouani
et al. 2005). However, based on bioinformatics searches, in-
creasing evidence suggests that LMCO-encoding genes may
be widespread in bacteria (Ausec et al. 2011b). Strong laccase
activities have been detected in diverse bacteria like
Stenotrophomonas maltophilia (Ryan et al. 2009),
Sinorhizobium meliloti (Rosconi et al. 2005), Streptomyces
sp. C1 (Lu et al. 2013) and Pseudomonas desmolyticum
(Kalme et al. 2009). The possibility that bacterial laccases play
a role in the breakdown of recalcitrant biopolymers has been
presented recently (Ahmad et al. 2010; Bugg et al. 2011), and
bacterial laccases may have several properties that are not
characteristic of fungal enzymes, such as stability at higher
temperatures and alkaline pH values. Laccase of Streptomyces
sp. C1 isolated from composting systems showed high thermo
and pH resistance and the CotA laccase from Thermus
thermophiles had a half-life of inactivation at 80 °C over
14 h (Lu et al. 2013; Miyazaki 2005). These properties prob-
ably make bacterial laccases preponderant during composting.

Instead of monitoring bacterial species based on their ribo-
somal RNA genes, studies analyzing functional genes
encoding laccases could monitor changes in bacterial LMCO
communities and provide information on their potential role in
lignocelluloses degradation processes during composting.
Changes in microbial community composition are often cor-
related with the dynamics of environmental factors. Most re-
searches focused on analyzing the laccase gene diversity in
ecosystems (Ausec et al. 2011a; Kellner et al. 2009), whereas
the corresponding studies about changing environmental fac-
tors responsible for driving the diversity and distribution of
bacterial LMCO-encoding communities during composting
were still missing in the previous researches (Freedman and
Zak 2014; Luo et al. 2015; Van der Gucht et al. 2007). The
compositions of bacterial LMCO genes are likely to be influ-
enced by several physicochemical parameters in composting
systems. It is of interest to conduct such research to correlate
the environmental factors and the bacterial LMCO gene abun-
dance for identifying the factors that are important in structur-
ing bacterial LMCO gene assemblages during composting.
The potential response of environmental factors on bacterial
LMCO community would highlight the susceptibility of
composting microbes to environmental change (Dumbrell
et al. 2010).

This study aims to identify the possible environmental
factors shaping the distribution, diversity, and abundance

of bacterial LMCO genes in the composting system. Es-
tablishing the interactions between the environmental fac-
tors and bacterial LMCO genes would broaden our
knowledge of driver mechanism of bacterial LMCO com-
munity dynamics and lignocellulose biodegradation pro-
cess during composting.

Materials and methods

Composting and sample collection

The source materials for composting consisted mainly of
corn stalks, soil, cattle manure, grass clippings, and saw-
dust. The physicochemical properties of composting mate-
rials used in this study were displayed in Table 1. The
composting experiment system was designed as described
previously (Lu et al. 2013) and included packing 100 kg of
source materials into a pilot-scale reactor. Air from a com-
pressor was supplied at the bottom at a constant flow rate
of 0.25 L min−1 kg−1 (wet weight) to maintain aerobic
conditions throughout the experimental run. Three sub-
samples of 50 g on days 0, 4, 8, 15, 30, and 50 (defined
as D0, D4, D8, D15, D30, and D50) were taken from the
top, middle, and bottom layers at each sampling occasion.
Three subsamples for evaluating bacterial LMCO gene di-
versity were mixed thoroughly and stored immediately at
−20 °C before use at each sampling time. Moisture content
was adjusted to about 50–60 % during composting by
adding sterile deionized water after sampling. The mixture
was turned twice a week during the first 2 weeks and once
a week afterwards.

Physicochemical parameters and humic-like fraction
determination

The pile temperature during composting was determined dai-
ly. The pH, moisture content, C/N ratio, and water-soluble
carbon (WSC) of the selected samples during composting
were analyzed according to Zhang et al. (2011).

The extraction and fractionation of humic-like fraction
were carried out according to the method described by Lopez
et al. (2006). Humic extract (HE) was obtained by shaking a 1-
g sample with pyrophosphate-NaOH solution for 24 h. The
dark-colored extract was filtered through a 0.45-μmMillipore
filter until transparent solution was obtained for HE carbon
analysis. The insoluble fraction that contained humic acid-like
carbon (HA) was separated by centrifugation. The fulvic acid
(FA)-like carbon was calculated as subtracting the HA from
HE. Results are presented as carbon content per unit dry
weight in each fraction.
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Analysis of bacterial laccase activity

Phenol oxidase activity was analyzed according to the method
described by Lu et al. (2014) using L-dihydroxyphenylalanine
(L-DOPA) as substrate. Total 5 g compost samples were shak-
en with 95 mL of sterile 0.9 % NaCl solution at 25 °C for 1 h.
The resulting suspension was used for measuring the phe-
nol oxidase activity. Each reaction contained 50 μL of
compost suspension, 150 μL of citrate phosphate buffer
(pH 8.0, 50 mM), and 50 μL of substrate (25 mM). The
mixtures were centrifuged at 3500 rpm for 4 min and then
the supernatant was transferred to a 96-well microplate.
Negative control samples were autoclaved beforehand and
prepared in the same way. The absorbance was measured
at 475 nm by a Multiskan Spectrum spectrophotometer
(Thermo, Vantaa, Finland). The enzymatic activity was
calculated with extinction coefficient of 3600 M−1 cm−1

(Sinsabaugh 2010). Enzyme activity was defined as mi-
cromoles per hour per gram dry matter.

Genomic DNA extraction, PCR, cloning, and sequencing

Total genomic DNA was extracted in triplicate with a
FastDNA® SPIN Kit for Soil (MP Biomedicals, Santa Ana,
CA, USA) from approximately 0.5 g of freeze-dried compost
samples according to the instructions. The DNA extracts were
pooled for each sample to reduce sample variability for the
following research.

Fragments of the bacterial LMCO genes were amplified by
the degenerate primer pair Cu1AF/Cu2R (Ausec et al. 2011a).
PCR mixtures contained 25 μL of 2× Power Taq PCR
MasterMix (Bioteke, Beijing, China), 1 μL of each primer
(25 μM), 10 ng of the DNA extracts in a total volume of
50 μL. PCR amplification was run on a MyCycler (Bio-Rad,
Hercules, CA, USA) with an initial cycle of denaturation
(5 min at 94 °C) followed by 35 cycles (45 s at 94 °C, 30 s
at 58 °C, and 80 s at 72 °C) and a final elongation step (7 min
at 72 °C). The PCR products were cloned into pGEM®-T
Easy Vector System I (Promega, Madison, USA) after gel

purification with TIANgel Midi Purification Kit (TianGen,
Beijing, China) as described by the manufacturers. A total of
240 clones obtained from PCR products of compost DNA
extracts were selected from the plates (six samples×40
clones). Finally, the nucleotide sequences obtained were de-
posited in the European Molecular Biology Laboratory
(EMBL, http://www.ebi.ac.uk/) with an accession number of
LN559483-LN559616.

Real-time quantitative PCR

Real-time PCR was performed on an iCycler iQ5
thermocycler (Bio-Rad, Hercules, CA, USA) to determine
the abundance of bacterial LMCO genes in the samples. The
25 μL qPCR mix contained 2 ng of compost microbial DNA,
0.5 μL of each primer (25 μM, Cu1AF/Cu2R), 10 μL of 2.5×
RealMasterMix (TianGen, Beijing, China), and 1.5 μL of 20×
SYBR solution (TianGen, Beijing, China). The protocol was
as follows: 2 min at 94 °C; 40 cycles consisting of 10 s at
94 °C, 30 s at 50 °C, and 30 s at 72 °C; followed by a final
extension of 7 min at 72 °C; end at 4 °C. The fluorescent
signal was measured at the end of each extension step. A
negative control without the template DNA was included in
every qPCR assay. The standard curve of bacterial LMCO
genes was linear over six orders of magnitude from 1.0×103

to 1.0×108 copies. The presence of PCR inhibitors in DNA
extracted from composting samples was examined by diluting
DNA extract and mixing a known amount of standard DNA to
a DNA extract before qPCR (Kramer et al. 2009). In none of
the cases, inhibition was detected.

Phylogenetic and statistical analyses

The operational taxonomic units (OTUs)-based analyses (the
Shannon-Wiener index (H), Chao1 and ACE richness estima-
tors) were performed using the Mothur program (http://www.
mothur.org/) (Schloss et al. 2009). The representative
sequences based on 10 % cutoff, and sequences with high
identity were retrieved from National Center for

Table 1 The common
characteristics of the materials
used in the composting

Materials pH TOCa (g kg−1) TKNb (g kg−1) C/Nc Moisture (%)

Stalks NDd 501.18 (10.33) 10.22 (0.38) 49.04 (2.55) 12.45 (0.69)

Cattle manure ND 84.25 (2.80) 2.15 (0.15) 39.19 (0.22) 82.04 (2.47)

Grass clippings ND 438.77 (11.1) 42.23 (1.39) 10.39 (0.35) 14.36 (0.51)

Soil 4.96 (0.86) 62.13 (3.36) 2.51 (0.24) 24.75 (1.36) 40.68 (0.41)

Sawdust ND 45.66 (2.23) 0.39 (0.02) 117.08 (1.36) 10.33 (0.22)

Means are shown with standard deviation in parentheses
a Total organic carbon
b Total Kjeldahl nitrogen
c Total organic carbon to total Kjeldahl nitrogen
dND Sample not determined
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Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.
gov/) for phylogenetic analysis. A neighbor-joining (NJ) tree
was constructed using the Kimura two-parameter model as
implemented in MEGA 5 program (Tamura et al. 2011).
Branch support was assessed using 1000 bootstrap replicates.
Three replicates were performed on each sample day for
assaying physicochemical parameters, humic-like fractions,
phenol oxidase activity, and bacterial LMCO gene abundance.
The mean values of three replicates were compared by one-
way analysis of variance (ANOVA) using post hoc Tukey’s
test to assess the significant differences (P<0.05). All univar-
iate data were analyzed using the software package SPSS 16.0
(SPSS Inc, Chicago, Illinois, USA).

The correlation between the distributions of bacterial
LMCO communities and environmental factors during
composting was assayed by redundancy analysis (RDA) using
CANOCO software V4.5 (Biometris, Wageningen,
The Netherlands) (Lepš and Šmilauer 2003). Forward selec-
tions were used to find out the parameters that had significant
influences on the microbial community compositions. More-
over, to differentiate the sole influence of each significant
parameter, partial RDAwas performed following the forward
selection. Additionally, a Pearson correlation analysis (signif-
icance level [α=0.05]) was used to test univariate correlations
between the bacterial LMCO gene diversity, abundance, and
environmental factors by SPSS 16.0 (SPSS Inc, Chicago, Illi-
nois, USA).

Results

Physicochemical parameters and humic-like substances

The pile temperature higher than 50 °C was kept for at least
8 days, in which the pathogens from original materials
were thoroughly disinfected. The six representative sam-
ples from the mesophilic stage (day 0), the thermophilic
stage (day 4), the earlier cooling stage (days 8 and 15),
and the maturation stage (days 30 and 50) were selected
for the following experiments. The physicochemical prop-
erties of composting samples used in this study were
shown in Table 2.

The pH value increased mainly due to the mineralization
of organic nitrogen and release of ammonium. The WSC
that represents the most easily biodegradable carbon had
slightly increased firstly and then decreased rapidly in the
maturation phase of composting. Transformation of humic
substances in the compost could be assessed by the humi-
fication index (HI), which increased rapidly in our study.
Jouraiphy et al. (2005) attributed such an increase to the
formation of humic substances resulting from polymeriza-
tion of simple molecules.

Phenol oxidase activity and abundance of bacterial
laccase-like copper oxidases genes during composting

Generally, the total bacterial LMCO activity was always at a
high level in the composting process. The L-DOPA-oxidizing
activity showed a rapid increase in enzyme activity in the first
4 days and reached a peak on the fou r t h day
(4.26 μmol h−1 g−1), followed by a slight decrease in the
maturation phase of composting. The changing trend of bac-
terial LMCO gene abundance is according with that of phenol
oxidase activity during composting. Bacterial LMCO gene
copy numbers increased rapidly in the thermophilic phase,
which might be ascribed to the high substrate availability in
the pile and the thermostability of the bacterial laccase-
producing species (Drenovsky et al. 2004). During the whole
composting, a significant relationship between bacterial
LMCO gene abundance and laccase activity was observed
(R2=0.895, P=0.004), suggesting a potential link between
bacterial LMCO community and phenol activities (Fig. 1).

Distribution of laccase OTU types and phylogenetic
analysis

Six small gene libraries were constructed from three rep-
licates of composting samples D0, D4, D8, D15, D30, and
D50, and 40 clones of each were analyzed. A total of 185
laccase gene sequences were retrieved from the six select-
ed composting samples, the 51 loss being due to nontarget
fragments, another four due to repetition. Based on the
10 % cutoff, the obtained sequences of bacterial LMCO
genes were assigned to 59 OTUs. The representative
sequences of 59 OTUs from this study and the ones from
NCBI resulted in an unrooted NJ tree of 102 gene
sequences (Fig. 2). As suggested by Kellner et al.
(2008), a cysteine residue (position 25 in their amino
acid sequence alignment) is characteristic of fungal
laccases. The cysteine residue was absent from sequences
obtained in this study, indicating these sequences were
indeed genes from bacterial origin. The aligned sequences
were assigned to 14 different lineages: Proteobacteria
clades (clades I ~VIII and X~XII), Actinobacteria/
Firmicutes clade IX, Chlamydiae clade XIII, and
Bacteroidetes clade XV. As within the clade IX, these
sequences were assigned to either of these two phyla,
indicating that laccase genes of Actinobacteria and
Firmicutes are not well separated. A laccase-like sequence
of Phenylobacterium zucineum (α-proteobacteria) was
clustered in clade VII with those of Burkholderiales (ß-
proteobacteria), thus OTU14, OTU15, OTU23, OTU24,
OTU26, OTU29, and OTU32 in clade VII were uncertain-
ly defined as of α-proteobacteria/ß-proteobacteria origin.

Total 11 distinct proteobacterial clades were identified,
each with referenced sequences from a different order of
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Proteobacteria. Nucleotide sequences within these groups
were >70 % identical to the reference sequences from the
databases, which mostly resembled like genera such as
Rhizobium, Sinorhizobium, Caulobacter, and Tistrella
(α-proteobacteria), Phenylobacterium, and Burkholderia
(ß-proteobacter ia ) , Pseudomonas , Escher ichia ,
Xanthomonas, and Stenotrophomonas (γ-proteobacteria),
Sorangium (δ-proteobacteria). Sequences referred to
Enterobacteriales (clade I) were only present in samples
D0 and D4 (Fig. 2), suggesting most of the pathogens
from the source materials had been killed by the heat
generated in the thermophilic phase. The sequences of
actinobacterial-associated group (clade XI) mainly resem-
bled Thermobacillus composti, Streptosporangium
roseum, Kytococcus sedentarius, and Micrococcus luteus,
suggesting the high resistance to high temperature and
alkaline condition of this group.

Temporal variation of bacterial laccase-like genes
during composting

The temporal variations in bacterial laccase-like genes were
analyzed. The total 185 sequences were distributed in the li-
braries as follows: D0 (32 sequences), D4 (35 sequences), D8
(33 sequences), D15 (31 sequences), D30 (27 sequences), and
D50 (27 sequences). Shannon-Wiener indexes (H),
NP-Shannon index, Chao1 and ACE richness estimators,
and Simpson index of the each clone library were listed in
Table 3. The Shannon diversity indices, including the individ-
ual sequence types and OTU numbers at each sample, varied
basically consistently with the richness of bacterial LMCO
gene population. The Shannon diversity of the laccase gene
population reached the peak in D4 (H value 3.48 at the genetic
distance of 0.02), the lowest value in D30 (H value 2.99). An
obvious increase of LMCO gene richness was observed in the

Table 2 Physicochemical
parameters of the samples
selected

Sampling days Ta pH C/Nb Moisture (%) WSCc (mg L−1) HAd FAe HIf

0 35.6 6.85 29.5 58.8 170.2 35.7 55.2 0.65

4 64.5 6.32 25.9 53.6 242.5 39.6 46.8 0.85

8 52.3 7.28 22.0 52.2 150.3 45.2 40.6 1.11

15 32.8 7.85 18.8 48.5 76.2 60.8 35.2 1.73

30 32.3 7.77 16.6 49.8 68.2 72.5 30.6 2.37

50 31.9 7.80 14.9 48.9 62.2 76.5 28.2 2.71

a Temperature
b Total organic carbon to total Kjeldahl nitrogen
cWater-soluble carbon
dHumic acid-like carbon
e Fulvic acid-like carbon
f Humification index

Fig. 1 Linear regression analysis
between phenol oxidase activity
and bacterial LMCO gene
abundance during composting.
D0, D4, D8, D15, D30, and D50
indicated the sampling time, and
the R square (R2) and probability
(P) value of the linear regression
analysis were shown
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Escherichia coli (CP003301.1)

Enterobacter cloacae (FP929040.1)

OTU9 [D0(3), D4]

OTU44 [D4]

OTU16 [D0(2), D4], OTU19 [D0, D4], OTU42 [D0], OTU43 [D0, D4] 

OTU40 [D8, D15, D30, D50] 

Pseudomonas cichorii (CP007039.1)

OTU41 [D8, D15, D30, D50] 

OTU39 [D30, D50]

Pseudomonas putida (CP002870.1)

OTU21[D4, D8, D15]

OTU6[D8, D15, D30, D50], OTU53[D30, D50], OTU59[D8, D15, D30, D50] 

Xanthomonas campestris (CP002789.1)

OTU38 [D4]

OTU11 [D8,D15,D30]

Pseudoxanthomonas suwonensis (CP002446.1)

OTU12 [D15, D30, D50]

OTU37 [D4, D8, D15]

Stenotrophomonas maltophilia (HE798556.1) 

OTU13 [D0, D4, D8]

Bordetella petrii (AM902716.1)

OTU36 [D4, D8, D15]

Alteromonas macleodii (CP003845.1)

OTU27 [D0, D4, D8, D15, D50]

Burkholderia multivorans (AP009385.1)

Phenylobacterium zucineum (CP000748.1)

OTU25 [D4, D8, D15, D30]

OTU10[D8, D15, D30], OTU20[D8, D15], OTU35[D30, D50], OTU55 [D4, D50] 

OTU56[D0]

Parvularcula bermudensis (CP002156.1)

OTU2[D0, D4(2), D8(2), D15(2), D30(2), D50(2)], OTU22[D4, D8], OTU33[D8], OTU34[D8]

OTU14[D0(2), D30, D50]

Phenylobacterium zucineum (CP000747.1)

Caulobacter segnis (CP002008.1)

OTU23[D0, D4], OTU30[D30], OTU31[D15]

Tistrella mobilis (CP003236.1)

OTU15 [D0, D4], OTU24 [D0, D4], OTU26[D50(2)], OTU29[D50], OTU32[D4]

OTU29[D50]

OTU46[D50]

OTU49[D0]

Sinorhizobium medicae (CP000739.1)

Micrococcus luteus (CP001628.1)

Kytococcus sedentarius (CP001686.1)

OTU7[D0, D4, D8, D15, D30, D50]

OTU28[D4, D8, D15]

Thermobacillus composti (CP003255.1)

Streptosporangium roseum (CP001814.1)

OTU17[D4, D8, D15], OTU54[D0, D4, D8, D15], OTU58[D0, D4, D8, D15, D30, D50]

OTU57[D15]

OTU1 [D0(2), D4(3), D8(3), D15(3), D30(3), D50(2)] 

Sorangium cellulosum (AM746676.1)

OTU4 [D0(2), D4(3), D8(3), D15(3), D30(3), D50(2)], 

Pseudomonas mendocina (CP002620.1)

OTU47 [D30]

OTU51 [D50]

OTU5 [D0(2), D4(2), D8]

Ochrobactrum anthropi (CP000759.1)

Polymorphum gilvum (CP002568.1)

OTU48 [D0]

Rhizobium etli (CP001074.1)

Sinorhizobium morelense (AM231146.1)

OTU45 [D50]

OTU50 [D0]

Rhizobium leguminosarum (CP001191.1)

OTU18 [D0, D50]

OTU52 [D0]

Verrucomicrobiaceae bacterium (HM453208.1)

OTU3 [D0, D4(2), D8(2), D15(2), D30(2) D50], OTU8 [D0, D4, D8, D15, D30 D50]

Flavobacterium johnsoniae (CP000685.1)

Pedobacter saltans (CP002545.1)

93

93

87

99

99

81

89

98

91

52

99

97

64

94

87

96

98

57

74

85

99

75

97

97

93

75

80

92

92

58

52

50

98

85

66

67

77

71

0.05

Clade I

Enterobacteriales
γ -proteobacteria

Clade II

Pseudomonadales
γ -proteobacteria

Clade III

Xanthomonadales
γ -proteobacteria

Clade IV

Alteromonadales
γ -proteobacteria

Clade V

Burkholderiales
ß-proteobacteria

Clade VI

Parvularculales
a-proteobacteria

Clade VII

a-proteobacteria/
ß-proteobacteria

Clade VIII

Rhizobiales
a-proteobacteria

Clade IX

Actinobacteria/

Firmicutes

Clade X

δ -proteobacteria
Myxococcales

Clade XI

Pseudomonadales
γ -proteobacteria

Clade XII

Rhizobiales
a-proteobacteria

Clade XV

Bacteroidetes

Clade XIII

Chlamydiae
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initial 4 days, which was followed by a steady decrease in the
following days.

The distribution profiles of laccase genes suggested that
138 (74.59), 17 (9.19 %), 29 (15.68 %), and 1 (0.54 %) of
the 185 laccase genes were clustered in Proteobacteria,
Bacteroidetes, Actinobacteria/Firmicutes, and Chlamydiae,
respectively. The dominance structure of LMCO genes in
composting samples was also analyzed in this research. Of
the 59 different OTUs obtained, 12 OTUs were detected at
least four times in all samples, which were considered as
dominant in this study. Especially sequences resembled
laccase-l ike genes of Myxococcales (clade X, δ-
proteobacteria) , Xanthomonadales (clade III , γ-
proteobacteria), Actinobacteria/Firmicutes (clade IX),
Burkholderiales (clade V, ß-proteobacteria), and clade VII
(α/ß-proteobacteria) were present in all six libraries, indicat-
ing the potential important role of those groups in organic
compound decomposition in the whole process of
composting. Among them, 12 sequences (6.49 %) affiliated
with Sorangium cellulosum in δ-proteobacteria were only
classified to OTU1 and found in all six samples (clade X).
OTU7, OTU54, and OTU58 were related to sequences in

Actinobacteria/Firmicutes (clade IX) and found in all six sam-
ples. Thus, proteobacterial- and actinobacterial-associated
species were considered as the dominant communities during
composting.

Environmental factors shaping the bacterial laccase-like
multicopper oxidases microorganisms during composting

The linear relationships between different environmental fac-
tors and bacterial LMCO gene OTU numbers, abundance,
Shannon index, and Chao1 index were characterized by the
Pearson correlation coefficient, as shown in Table 4. Interest-
ingly, both the pile temperature and WSC content were sig-
nificantly positively correlated with bacterial LMCO gene
OTU numbers, abundance, Shannon index, and Chao1 index
(P<0.05), indicating that those two factors are the most two
important ones influencing the bacterial LMCO gene diversity
and richness. The laccase-producing bacteria grew rapidly
when the concentration of easily available WSC was high in
the warming period of composting. The pH value was nega-
tively correlated with all the variations of bacterial LMCO
genes. Additionally, the HA content was significantly nega-
tively correlated with the Shannon index (P<0.05).

To identify the potential relationship between the commu-
nity structure of bacterial LMCO communities and environ-
mental factors during composting, RDAwas conducted based
on the bacterial LMCO gene community structures and the
variation of the environmental factors. The first two canonical

�Fig. 2 Neighbor-joining tree of representative bacterial LMCO gene
fragments obtained from composting samples together with the
reference sequences retrieved from GenBank. Branch support was
assessed using 1000 bootstrap replicates. The occurrence times of each
obtained laccase OTU is given in brackets, if >1. D0(3), for example,
indicating the OTU appear for three times in the sample on day 0

Table 3 OTU-based analyses of NP-Shannon, Shannon diversity index (H), Simpson index, and richness estimators (Chao1 and ACE) of bacterial
LMCO genes from each composting sample

Days No. of gene sequences Distance OTU NP-Shannon H Simpson Chao1 ACE

D0 32 0.01 30 5.49 3.38 0.004 156 (72–412) 240 (43–3305)

0.02 29 5.07 3.34 0.006 110 (56–270) 154 (44–1102)

0.10 25 4.14 3.15 0.016 54 (34–113) 62 (40–112)

D4 35 0.02 33 5.68 3.48 0.003 188 (85–494) 289 (48–4306)

0.03 32 5.36 3.42 0.007 249 (102–704) 330 (107–1211)

0.10 27 4.19 3.21 0.017 69 (41–155) 75 (43–170)

D8 33 0.01 31 5.56 3.41 0.004 166 (76–439) 256 (45–3620)

0.03 28 4.61 3.27 0.009 97 (51–237) 117 (56–316)

0.10 26 4.25 3.14 0.021 103 (50–273) 119 (55–328)

D15 31 0.01 28 5.10 3.28 0.009 191 (79–544) 253 (84–934)

0.03 26 4.48 3.19 0.013 84 (45–205) 101 (49–273)

0.08 23 3.92 3.03 0.024 74 (38–197) 68 (37–167)

D30 27 0.01 27 4.69 3.09 0.004 114 (62–259) 153 (52–776)

0.03 25 4.14 3.01 0.006 109 (52–293) 169 (36–1978)

0.09 19 3.60 2.83 0.031 49 (27–131) 46 (27–115)

D50 27 0.01 27 4.76 3.22 0.003 85 (50–183) 111 (50–367)

0.03 26 4.24 3.12 0.008 176 (73–507) 351 (36–10787)

0.07 22 3.74 2.83 0.014 45 (29–95) 41 (36–48)

The numbers in brackets represent 95 % confidence intervals of the indices
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axes explained 43.2 and 28.2 % of the variation in bacterial
LMCO species data (Fig. 3). Of all the environmental factors
investigated, the FA content appeared to make the most sig-
nificant influence on the community distributions of bacterial
LMCO genes during composting (P=0.005), following by
C/N ratio, moisture, and HA content. FA content, C/N ratio,
moisture, and HA content solely explained 10.9, 9.7, 8.3, and
7.9% of the variation in the bacterial LMCOgene community,
respectively. The RDA model statistically explained up to
39.6 % of the variation (P<0.05) in the bacterial LMCO gene
composition (Table 5). The variation shared by FA content, C/
N ratio, moisture, and HA content was 7.5 %. The pH, WSC
content, and temperature also contributed to the bacterial
LMCO gene composition-environment relationship during
composting, although the significance level was lower
(P<0.10). The distributions of bacterial LMCO genes in D0,

D4, and D15 were positively correlated with biodegradable
WSC content and pile temperature, and distributions in the
maturation phase (D30 and D50) corresponded to the forma-
tion of HA.

Discussion

Very few studies have focus on the bacterial LMCO genes in
agricultural waste composting ecosystem. This study is the
first investigation and evaluation of the diversity, population
compositions, and impact factors on bacterial LMCO commu-
nity distribution during agricultural waste composting. Bacte-
rial LMCO genes were detected in 14 clades representing a
wide phylogenetic range. This broad distribution of LMCO
genes among prokaryotes might be nuanced because some
bacteria species have at least two different LMCO genes in
their genome. Interestingly, sequences with known bacterial
LMCO genes retrieved from totally sequenced genomes of
Phenylobacterium zucineum (from plasmid and chromosome,
respectively) were absolutely different and formed several
mixed clusters (clades V and VII). This possibility is also
supported by the relatively high genetic distance found be-
tween the two LMCO gene types in Sinorhizobium morelense
(Kellner et al. 2008). Therefore, distinct clades could reflect
phylogenetic distance between different bacteria with LMCO
genes or genetic distance between distinct genes within one
species with isoenzymes (Kellner et al. 2008). Horizontal gene
transfer possibly could give some explanations as to why
laccases from the same organism can be so diverse (Ausec
et al. 2011b).

The lignin degradation ability of bacteria is, at present, not
well understood compared with the fungi, but the observations
provide important clues that bacteria also contain similar types
of extracellular lignin-degrading laccase enzymes, and
laccase-producing bacterial microorganisms were potentially
involved in lignocellulose breakdown during agricultural

Table 4 Correlation analyses of
environmental factors and
bacterial LMCO gene OTU
numbers, relative abundance,
Shannon index, and Chao1
estimator

Environmental factors Pearson correlation coefficient

Temperature pH C/Na WSCb Moisture HAc FAd

No. of OTUse 0.926* −0.879* 0.668 0.927* 0.021 −0.836 0.658

Gene abundance 0.945* −0.848 0.599 0.916* −0.088 −0.603 0.481

Shannon index 0.901* −0.912* 0.782 0.923* 0.247 −0.944* 0.802

Chao1 0.886* −0.82 0.548 0.883* −0.044 −0.722 0.501

*P=0.05, significant level
a Total organic carbon to total Kjeldahl nitrogen
bWater-soluble carbon
cHumic acid-like carbon
d Fulvic acid-like carbon
eOperational taxonomic units

Fig. 3 Redundancy analysis of bacterial LMCO gene composition and
environmental factors during composting. Environmental factors are
indicated by a continuous line; Numbers refer to sampling days by solid
circles; The OTUs were represented by open triangles
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waste composting. Bacterial laccases could offer advantages
over their fungal counterparts, such as stability at higher tem-
peratures or at an alkaline pH, which will make them keep
activity under the extreme conditions of composting environ-
ments (Ausec et al. 2011b; Kirby 2006). It was described that
the bacterial strains identified to have lignin degradation ca-
pacity mainly divide into three classes: Actinobacteria, α-
proteobacteria, and γ-proteobacteria (Bugg et al. 2011). In
the present study, 15.68 % of the 185 laccase genes (results
not shown) were clustered in Actinobacteria/Firmicutes,
which is consistent with the results of Xiao et al. (2011b) that
a diverse actinomycetal community was detected in the con-
tinuous thermophilic composting. Sequences classified to
OTU7 were found to be affiliated with Micrococcus
spp. (Actinobacteria/Firmicutes) in the clade IX. Sequen-
ces in clades II, III, and XI appeared to be affiliated
with Pseudomonas spp. in Pseudomonadales and
Stenotrophomonas in Xanthomonadales. Extracellular
laccases from Stenotrophomonas and Pseudomonas spp. were
extensively studied for their significance in degrading various
industrial dyes (Galai et al. 2009; Kalme et al. 2009; Kalyani
et al. 2008). Additionally, Ryan et al. (2009) have summarized
that S. maltophilia have an outstanding range of activities,
including the breakdown of natural and artificial pollutants
that are vital to bioremediation. Polyphenol oxidase from
S. meliloti also showed strong in vitro enzyme activity and
great alkaline and thermal stability (Rosconi et al. 2005).
Due to their stability at an elevated temperature, enzyme re-
actions are faster and less susceptible in composting environ-
ment, suggesting a potential vital role of bacterial LMCO
community in decomposing lignocelluloses.

The temperature and theWSCwere significantly positively
correlated with bacterial LMCO gene OTU numbers,
abundance, Shannon index, and Chao1 index in Pearson
correlation analysis. The reason for this phenomenon might
be that the changing trends of temperature, the WSC content
were consistent with the bacterial LMCO gene abundance,
diversity, and richness. The results obtained in this study

were basically in agreement with the obvious findings.
Cahyani et al. (2003) indicated that pile temperature and
substrates available to bacteria were considered as the main
factors determining the bacterial community. Zhang et al.
(2011) commented that WSC showed a predominant effect
on the bacterial community composition during composting.
The reason for the significant effect of WSC might be that the
biodegradable WSC can rapidly promote microbial activity
and then alter microbial communities by selecting for the most
competitive populations during decomposition (Said-
Pullicino et al. 2007). The abundance of bacterial LMCO
genes reached the peak on day 4 when the temperature were
the highest whereas the pH value was the lowest, which indi-
cated the appropriate high temperature was favorable for the
propagation of the bacterial LMCO community.

RDA ordination clearly indicated three phases: the
mesophilic stage (D0), the thermophilic and the earlier cooling
stage (D4 and D15), and the maturation stage (D30 and D50).
Generally, in this study, the HA content appeared to be the
most significant factor on the bacterial LMCO gene distribu-
tions among these chosen factors in multivariate analysis. The
other significant factors were C/N ratio, moisture content, and
FA content. As suggested by Caricasole et al. (2010), the
significance of HA content may be because the degraded lig-
nin fragments are building units for humic substances, and the
mineralization of lignin by compost microorganisms could
probably provide an evaluation of the humification process
in compost (Caricasole et al. 2011). Kögel-Knabner (2002)
also explained that lignin undergoes a gradual oxidative trans-
formation process during biodegradation, thus introducing
carboxyl groups into the molecule, which is found in the HA
fraction extractable by NaOH. This might be indications that
the bacterial LMCO community played a vital important role
in the lignocellulose degradation during composting.

The discrepancy of the two-analysis method was that the
temperature was not the significant factor in the multivariate
analysis. This is probably due to the multicollinearity interac-
tions between environmental factors, and it is difficult to

Table 5 Partial redundancy analysis results of the influence of each significant parameter on the bacterial LMCO gene community

Parameters included in the model Eigen value Variation explained solely (%) P value Pseudo-F value

FAa 0.098 9.8 0.005 3.22

C/Nb 0.083 8.3 0.012 2.94

Moisture 0.074 7.4 0.036 2.78

HAc 0.066 6.6 0.048 2.75

All the above parameters together 0.396 39.6 0.024 2.64

Partial RDAs were based on the Monte Carlo test (n=499), kept only the significant factors in the models. For each partial model, the other significant
factors were used as covariables
a Fulvic acid-like carbon
b Total organic carbon to total Kjeldahl nitrogen
cHumic acid-like carbon
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distinguish between the separate effects of these factors by
studying each of them as an independent variable (Zhang
et al. 2011). Thus, the method of RDAwas more appropriate
in identifying the most significant factors that influence the
distribution of bacterial LMCO gene compositions among
large sets of environmental factors. In conclusion, the HA
substances had the most significant effect on the distribution
of the bacterial LMCO genes during composting, whereas pile
temperature and WSC content were significantly positively
correlated with bacterial LMCO gene OTU numbers, abun-
dance, Shannon index, and Chao1. The environmental factors
were shaping the distributions and abundance of bacterial
LMCO community in the composting process.

In summary, the present study demonstrates that direct am-
plification of laccase gene sequences from compost DNA
extracts allows tracing the distribution and diversity of bacte-
rial specific groups potentially involved in lignocellulose
degradation. The results showed proteobacterial- and
actinobacterial-associated species were the dominant commu-
nities in the composting system. This research also gives some
clues of identifying the significant environmental factors de-
termining the abundance and distribution of bacterial LMCO
genes during composting. However, the responses of environ-
mental conditions to bacterial LMCO gene distributions and
the ecological role of bacterial LMCO community still remain
poorly understood. The challenge at this point is to strengthen
investigations on detection of clearly verifiable extracellular
laccases (e.g., by screening of ecologically relevant bacteria
for all potential laccases and linking their genetic potential to
produce laccase exoenzymes under laboratory and natural
conditions), with a combined analysis of gene expression
and protein synthesis in order to clear which genes correspond
to which functions (Bugg et al. 2011; Theuerl and Buscot
2010), and next-generation sequencing to obtain high-
throughput sequencing results for more comprehensive anal-
yses of bacterial LMCO diversity (Luo et al. 2015).
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