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suitable to the practical application. A fungus strain, which could produce many kinds of
lignocellulosic enzymes including CMCase, FPase, xylanase and laccase, was isolated from the soil
of Tibet in this study. The fungus was identified as Trametes sp. W-4 by morphological and mo-
lecular characterization. The optimum culture temperature was 30 °C and the optimum nitrogen
source was peptone. Under the optimum fermentation condition, the activity of CMCase, FPase,
xylanase and laccase could reach 2.73 U/mL, 0.41 U/mL, 0.29 U/mL, and 1.11 U/mL, respec-
tively. The results of pretreatment of Trametes sp. W-4 on the mixtures of high land barley straw,
cow manure and pig manure for enhancement of biogas production showed that a very short time
pretreatment of 3 days could obtain the highest cumulative methane production of 111.51 mL/g-
VS, which was 63.81% higher than that of the control group of 68.07 mL/g-VS. The finding
indicated that Trametes sp. W-4 pretreatment could be a candidate for the improving of biogas
production from lignocellulosic waste.

1. Introduction

Due to the abundance and easy accessibility of lignocellulosic material, converting lignocellulosic waste into biofuel increasingly
attracts the worldwide interest in recent years as it might be one of the ways to response the energy crisis [1]. Among various biofuel
producing ways, biomethane production through anaerobic digestion is a promising option as which not only could eliminate the
harmful environmental effect of the waste but also could obtain fertilizer since the residue produced during anaerobic fermentation
consists of a great amount of stabilized organic matter and many kinds of plant nutrients, like N, P, K, and micro-nutrients [2].
Generally, process of anaerobic digestion takes place through four successive stages: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis [3]. Among the four stages, stage of hydrolysis needs many kinds of enzymes to break down the substrate and if there
is refractory organics in the feedstock, hydrolysis will be very slow, and this step will restrict the overall rate of anaerobic digestion [4].

Lignocellulosic material, which is mainly composed of cellulose, hemicellulose, and lignin, is such a recalcitrant compound during
the anaerobic fermentation. Previous studies showed that pretreatment to lignocellulosic material prior to anaerobic digestion could
increase the yield of biogas production since the pretreatment could change the chemical composition and structure of lignocellulose
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and make natural lignocellulose macromolecules susceptible to degrade [5]. Currently, pretreatment technologies can be roughly
classified into physical, chemical, and biological method [6,7]. Among these pretreatment methods, biological pretreatment with
advantages of environmentally benign, less energy consumption and fewer inhibiting compounds production attracts more and more
attention [8]. Biological pretreatment usually can be divided into two categories: microbial pretreatment and enzyme pretreatment.
The former primarily involves using single or multi-organisms to treat lignocellulose, while the latter has not been scaled-up into
industrial level due to the high cost of commercial enzymes [9]. Even though microbial pretreatment has many advantages compared
with other pretreatment methods, the long time pretreatment process is unfavorable to the practical application. Many reports in the
literature showed that several weeks were commonly needed for the microbial pretreatment [10-12]. In order to short the pre-
treatment time and increase the performance, several strategies could be used, such as using mixed microorganism, combining with
other pretreatment methods, or screening new strains with peculiar characterizations [13]. Recently, the method of combination
biological pretreatment with other pretreatment has been studied by many researchers [14-17]. Though they obtained desirable
biogas production, the process was either energy excessive consumed or less environmentally friendly since the combination was
mostly conducted with physical or chemical method. Since mixed culture could produce much more kinds of lignocellulosic enzymes
compared with single culture, mixed culture pretreatment was considered more effectively [2]. However, the pretreatment time of
mixed culture was still much longer than that of the physical or chemical pretreatment as far as the authors know. Most cases of mixed
culture pretreatment in the literature also need several days or weeks, although many of them are shorter than the pure culture
pretreatment. For examples, Ali et al. [12] pretreated creosote oil-treated pine sawdust using two constructed microbial consortia,
significant reduction in lignocellulosic content and increasing in methane yields were obtained after 12 days of biological pretreat-
ment. Another case comes from the results of Zhao et al. [18], when they studied the effects of the pretreatment via microbial con-
sortium on the methane production from stover, they found that the total methane production was highest after 6 days of pretreatment.

The ultimate advantage of single culture pretreatment over mixed culture pretreatment would be due to the fact that the growth
condition of single culture is easier to control and could form stable characterizations no matter how many generations have been
produced. However, the microbial structure of mixed culture could be changed during the long time cultivation and thus decrease the
ability of degradation [2]. Therefore, if the pretreatment time of single culture could be shortened, it would be significant to the
biological pretreatment. Screening new strains with particular characterization such as high titer lignocellulosic enzymes production is
one of the possible ways to the application of single culture pretreatment in the future. Recently, there are some researchers set focus
on the isolation of lignocellulose-degradation microorganism for enhancing the biogas production [19-21]. However, most of the
limited studies focused on the performance of the pretreatment and methane yield but not on the time of pretreatment. In nature
environment, there are many kinds of microorganism that could degrade lignocellulosic material, such as bacteria, actinomycetes and
fungi. Hence, peculiar lignocellulose-degradating strain could be possibly isolated from the nature environment. In this study, a novel
fungus which could produce several kinds of lignocellulosic enzymes was isolated, and most importantly, 3 days of pretreatment by
this strain could reach the highest biogas production. The pretreatment time by single strain that could obtain the highest performance
of anaerobic digestion in this study is the shortest as far as the authors know. This strain could be a candidate for the biological
pretreatment in practical application.

2. Materials and methods
2.1. Materials

Soil samples were obtained from Sangri County, Shannan Prefecture, Tibet province (92°28 *2.13 "E, 29°15’ 18.27" N, altitude
3379 m). Highland barley straw and cattle/pig manures were collected from the campus of Tibet Agriculture & Animal Husbandry
University with an altitude of 3000 m above mean sea level in Linzhi, China. Highland barley straw, cattle and pig manures were air-
dried, ground into powder and sealed in laboratory for later use. Anaerobic inoculum was obtained from an anaerobic sequence batch
reactor (about 30 L) which had been fed with cattle manure and operated under 30 °C temperature condition for a long time (over 2
years) in the laboratory. Characterizations of feedstocks and inoculum are shown in Table 1.

2.2. Strain isolation and determination

For the isolation of cellulase-producing microorganism, about 1 g soil was suspended in 100 ml sterile saline water (0.85% NacCl),
agitated for 30 min under room temperature and then 0.1 ml suspension was spread over sodium carboxyl methyl cellulose (CMC-Na)

Table 1
Characterizations of the feedstock and inoculum.
Highland barley straw Cow manure Pig manure Inoculum

TS (%) 91.4 +£ 4.2 91.6 + 3.7 93.4 +£29 21.48 £ 1.1
VS (%TS) 96.41 + 2.1 68.14 + 2.4 57.80 £ 1.8 38.52 + 0.9
TOC (%TS) 53.56 £ 2.1 37.86 £ 1.6 3211 +£1.7 21.4 + 0.9
pH 5.60 £ 0.02 6.84 £ 0.02 6.32 £ 0.01 7.53 £ 0.03
Cellulose (% TS) 39.23 £2.31 9.04 £0.11 3.09 £ 0.08 /
Hemicellulose (% TS) 26.71 £+ 2.94 7.18 £ 0.28 1.09 + 0.03 /
Lignin (% TS) 13.11 £ 1.97 10.44 + 1.31 0.46 £+ 0.08 /
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agar plates, which contained 2 g/L peptone, 0.5 g/L MgSO4, 2 g/L KHyPOy4, 1 g/L KoHPO4, 0.5 g/L NaCl, 2 g/L CMC-Na, and 15 g/L
agar. The plates were incubated at 25 °C until sufficient growth appeared, then were stained with Gram’s Iodineto to visualize the halo
around each colony [22]. Strains showed clear zones were picked and subcultured repeatedly to obtain pure cultures. The pure isolates
were spot cultured on the CMC-Na agar medium plate, and were kept under the desired temperature conditions including 5 °C, 10 °C,
15°C, 20 °C, 25 °C, 30 °C, and 35 °C to determine the temperature range of growth. After incubation for 6 days, the plates were taken
out and the diameter of the colony was measured. Each plate was repeated three times and the average values were plotted. After the
growth temperature test, the strain was cultured at the different nitrogen source condition of peptone, yeast extract, urea, NH4Cl and
NaNOj3 to determine the optimal nitrogen source for producing CMCase. The medium was the same as the screening medium except
that no agar was added, the nitrogen source was equally added in weight, respectively. Then the strain was cultured at the optimal
temperature and nitrogen source conditions for the later determination. 5 mL fermentation broth was taken out at the desired time to
analyze the activities of CMCase, FPase, xylanase, and laccase.

Strain identification was based on morphological and molecular taxonomy. The former was performed according to the colony
morphology, shape and size of conidiophores, metulae, phialides, and their texture and color as well, whereas the latter was performed
by using Internal Transcribed Spacer (ITS) gene sequencing as reported by Li et al. [23]. The genomic DNA from the fungal isolate was
extracted and amplified using the forward primer for ITS 1 (5'-TCCGT AGGTG AACCT TGCGG - 3') and reverse primer for ITS 4 (5
-TCCTC CGCTT ATTGA TATGC - 3'). The amplified gene product was purified using Polymerase Chain Reaction (PCR) purification kit
(Qiagen) and followed by sequencing. The resulting sequences were submitted to the Basic Local Alignment Search Tool (BLAST)
search program (http://www.ncbi.nlm.nih.gov/BLAST) of the National Center for Biotechnology Information (NCBI) to find similar
sequences [24]. Several homologous sequences from BLAST results were aligned and used to make a phylogenetic tree by
neighbor-joining method using MEGA 7.0 software.

2.3. Pretreatments and anaerobic digestion

The pretreatment experiments were conducted in beakers with effective volume of 1000 mL. Highland barley straw, cow dung, and
pig manure were used as substrates and mixed according to 1:1:1 (dry weight ratio). Moisture content was adjusted to 70-80% by
adding tap water [9]. The beakers containing the mixture of substrates were divided into two equal groups. One was subjected to
sterilization in an autoclave for killing the indigenous microorganisms [10]. Then both the sterilization group and the unsterilization
group were inoculated with the isolated fungus which had been spot cultured on the agar plates at 30 °C for 6 days in advance. Each
beaker was inoculated with two discs of fungal mycelia which were cut along the edge of fungal colonies. After thoroughly mixed, the
beaker was covered with gauze and placed in a incubator with consistent temperature of 30 °C. The beakers were shaken by hand for
about 1 min once a day to increase the oxygen content and make substrate well-mixed. The pretreatment time was setas 3d, 7 d, 14 d,
respectively, and O d treatment group inoculated with heat-inactivated fungal mycelia was used as control. After pretreatment, the
substrate was subjected to anaerobic digestion for biogas production.

Anaerobic digestion experiments were carried out in 500 mL serum bottles with working volume of 350 mL. The pretreated
feedstock and anaerobic inoculum were well mixed with a dry weight ratio of 1:1, and then bottled. All bottles were purged with
nitrogen gas for 3-5 min to make an anaerobic condition. Thereafter, these bottles were placed in a thermostat incubator at 30 °C and
shaken for about 1 min by hand once a day to ensure that the substrates were fully mixed. The control bottles were a mixture of
anaerobic inoculum and feedstock from the control pretreatment groups. The anaerobic digestion was terminated when no significant
biogas production was observed. Before and after the pretreatment and anaerobic digestion, thoroughly mixed samples were taken out
and stored at —20 °C for the later composition analysis. All experiments were done in duplicates.

2.4. Analytical methods

The activities of CMCase, FPase, and xylanase of the fermentation solution were measured using dinitrosalicylic acid (DNS) assay
method [25-27]. 5 mL fermentation solution was centrifuged at 10,000 rotations per minute for 5 min, and the supernatant was used
for the enzyme assay. One unit of CMCase or FPase or xylanase activity was defined as the amount of enzyme that released 1 pmol of
reducing sugar (measured as glucose, xylose equivalent) from the substrate per min under assay conditions. Laccase activity was
determined according to the method of Qiu er al [28]. One unit (U) of laccase activity was defined as the amount of enzyme required to
catalyze the oxidation of 1 pmol substrate 2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) per
minute.

For the determination of total solids (TS) content, 5 g samples were dried in a drying oven at 105 °C to constant mass. The dry
matter was then burned in a furnace at 550 °C for 2 h, and the loss of weight was considered as the volatile solids (VS) content [29]. The
biogas was collected with an aluminum foil bag and monitored at a fixed time of each day. The volume was measured using water
displacement method and corrected to the standard pressure and temperature condition (1 atm, 273 K) [30]. CH4 content was
determined by a gas chromatograph (GC122, Shanghai, China) [31]. All biogas yield were expressed in N mL/g-VS ipitia1- Lignin,
cellulose, and hemicellulose were analyzed according to the method of Van Soest et al. [32]. Dry matter loss and the degradation of
lignin, cellulose, and hemicellulose were calculated using the equations reported by Zhao et al. [33].

Statistical analyses were carried out by using SPSS version 17.0 (SPSS China Inc.).
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3. Results and discussion
3.1. Isolation and identification of cellulolytic fungus

Soil samples obtained from Tibet were used for the isolation of cellulolytic microorganisms at 25 °C. More than 20 cellulolytic
strains were obtained, among them, 5 strains with larger hydrolytic circle were preserved, and the others were discarded due to slow
growth or very small hydrolytic circle. The strain with largest halo of cellulolytic activity was subjected to morphology and molecular
identification. Colony morphology results showed that mycelium of the strain was white, and the colony on the agar plate was fluffy.
Molecular identification showed that this strain was highly affiliated to Trametes sp. 4267 (Gen bank No. AY968077) by fungal 55-18S
sequences comparison with the data of NCBI (Fig. 1). The strain was thereafter named as Trametes sp. W-4. The ITS gene sequence of
this strain was deposited in the GenBank nucleotide database with accession number of MN809326 (http://www.ncbi.nlm.nih.gov).

3.2. Characterizations of Trametes sp. W-4

The effects of temperature on the growth of Trametes sp. W-4 are shown in Fig. 2a. The results showed that Trametes sp. W-4 had a
very wide growth temperature range and the optimum temperature was 30 °C. When the strain was cultivated on the agar plate for 6
days at 30 °C, the diameter of the colony could reach 61 mm. Additionally, Trametes sp. W-4 could grow well even at very low
temperature condition. At 10 °C temperature condition, the diameter of the colony on the agar plate could reach 4 mm after 6 days
incubation. However, when the environment temperature dropped below 4 °C, Trametes sp. W-4 could not grow any more. According
to the classification on organisms that inhabit environments by Morita [34], Trametes sp. W-4 is a kind of mesophilic organism and
could grow under low temperature condition.

Besides carbon source, nitrogen source is another important factor that could affect the strain growth and enzyme production [35].
Therefore, the influence of various nitrogen sources including yeast exact, peptone, urea, NH4Cl and NaNO3 on the CMCase activity of
Trametes sp. W-4 during different growth phase was analyzed in this study. The results showed that the CMCase activity in peptone and
yeast groups was significantly higher than that of the other groups, indicating that yeast exact and peptone are two more suitable
nitrogen sources for the producing of lignocellulosic enzymes of Trametes sp. W-4. Additionally, CMCase activity with peptone as
nitrogen source was significantly higher than that of yeast extract (Fig. 2b). The CMCase activity increased with the developing of
cultivation, and reached peak of 2.73 U/mL at 3 days when using peptone as the nitrogen source. However, when using yeast as the
nitrogen source, CMCase activity reached a lower peak (2.45 U/mL) in longer time (4 days). It seems obviously that peptone is the best
nitrogen source for the CMCase production of Trametes sp. W-4. Besides CMCase, other lignocellulosic enzymes including FPase,
xylanase, and laccase were also determined under the optimum nitrogen source condition. The results showed that the observed
highest activities of FPase, xylanase and laccase of Trametes sp. W-4 were 0.41 U/mL, 0.29 U/mL, and 1.11 U/mL, respectively.
Compared with the results in the literature, these four enzymes produced by Trametes sp. W-4 were at very high level [19] (Fig. 2c).
Therefore, Trametes sp. W-4 could be used as a potential candidate for the treatment of lignocellulose waste for the further utilization.

3.3. Effect of Trametes sp. W-4 pretreatment on biogas production

Daily biogas yield and cumulative biogas production from the pretreated feedstock by Trametes sp. W-4 are shown in Fig. 3. It could
be easily observed that both sterilization and pretreatment by Trametes sp. W-4 could significantly affect the biogas production. When

96 Trametes sp. W-4(MN809326)
99 Trametes sp. 4267(AY968077)
o8 Basidiomycete (AF461413)
Basidiomycete sp. LC3(AY605706)
Trametes hirsuta (MF377430)
Trametes hirsute (KF573024)
Trametes hirsuta (HQ891292)
Trametes hirsute (JX861099)
Trametes sp. (MF687399)
Trametes hirsute (MH141999)
87 Trametes hirsute (MH142007)

0.001 43 Trametes hirsute (MF377438)

Fig. 1. Phylogenetic dendrogram of Trametes sp. W-4 using neighbor-joining method. (Bootstrap values are shown at the nodes. The sequence
accession numbers are given in parentheses following the species name. The scale bar represents the number of substitutions per site.)
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Fig. 2. Growth characteristics and enzymatic activity of Trametes sp. W-4. (a. Diameter of strain colony on solid agar plate at different temperatures;
b. Effect of nitrogen sources on CMCase activity of Trametes sp. W-4; c. Enzymatic activity of Trametes sp. W-4 under the optimum fermentation
conditions: 30 °C, peptone as nitrogen source, cultured for 4 days in the liquid medium.)

the feedstock was sterilized, the pretreatment by Trametes sp. W-4 could significantly increase the biogas production (Fig. 3 a and b),
whereas under unsterilized condition the pretreatment was negative to the biogas production (Fig. 3 c and d). This result indicated that
the native microrganism in the feedstock would consume the nutrition during the pretreatment stage and thus decrease the subsequent
biogas production. Fig. 3 also shows that the pretreatment time was not as long as good. Under sterilized condition, daily biogas yield
and cumulative biogas production decreased with the developing of pretreatment when the pretreatment time exceeded 3 days. The
highest cumulative biogas production of 248.29 mL/g-VS and the highest daily biogas yield of 35.58 mL/g-VS was obtained from the
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treatment of 3 d group, then was the 7 d group of 196.01 mL/g-VS and 18.67 mL/g-VS, respectively, whereas the biogas production of
14 d treatment group was just comparable to the control group. Expectedly, the methane production was similar with biogas pro-
duction. The highest methane production of 111.51 mL/g-VS was also obtained from the 3 d group, which was 63.81% higher than that
of the control group of 68.07 mL/g-VS, then was the 7 d group (Fig. 4).

The decreasing of biogas production under longer time pretreatment condition might be due to the fact that more nutrient
consumed or more phenolic compounds produced with the continuing of pretreatment by Trametes sp. W-4 since this strain could
produce high titer laccase (Fig. 2¢) and thus inhibited the activity or growth of methanogens. This result is consistent with that in the
literature, in which the pretreatment is considered as a kind of tradeoff between treatment time and “dry matter loss” [2]. However, the
pretreatment time of 3 days was so short that it was able to comparable to the physical or chemical pretreatment. The so short pre-
treatment time might result from the characterizations of the enzymes produced by Trametes sp. W-4. As shown in the above results,
Trametes sp. W-4 could produce versatile lignocellulosic enzymes including a very high titer laccase (Fig. 2¢). The enhancing of biogas
production by pretreatment does not need the thorough degradation of lignocellulosic material and excessive degradation of lignin
might release a mount of lignin-derived phenolics that was harmful to the biogas production [36]. Partial degradation of the lignin may
enoughly expose cellulose and hemicellulose for the later anaerobic digestion and thus result in the higher biogas production under
shorter time pretreatment condition.

Compared with the biogas production in control groups between sterilization and unsterilization, it could be found that both daily
biogas yield and cumulative biogas production of sterilized control group were lower than that of the unsterilized control group,
respectively. Additionally, pretreatment to the unsterilized feedstock by Trametes sp. W-4 did not show positive effect on the biogas or
methane production. It could be easily observed that the cumulative biogas production as well as the methane production of all the
pretreatment groups were lower than that of the control group under the unsterilized condition (Figs. 3 and 4). This result indicated
that sterilization alone could negatively affect the biogas production although many researchers in the literature showed that ster-
ilization had no influence on the anaerobic digestion or could enhance biogas production when combined with acid or alkaline
pretreatment method [5]. The increased biogas production by sterilization combined with Trametes sp. W-4 pretreatment in this study
might result from the degradation of Trametes sp. W-4 and the inhibition of sterilization to the nutrition consuming of the native
microorganisms.

3.4. Effects of Trametes sp. W-4 pretreatment on the composition of feedstock

The degradation of lignocellulosic component and dry matter loss during the pretreatment by Trametes sp. W-4 and anaerobic
digestion process are shown in Fig. 5. Trametes sp. W-4 could obviously decompose all of the components (i.e., cellulose, hemicellulose
and lignin) of the feedstock during the pretreatment, and the degradation was increased with the prolonging of pretreatment time
(Fig. 5 a and b). The dry matter loss and degradation under sterilized condition were higher than that of under unsterilized condition,
indicating that the effect of indigenous microorgaisms in the feedstock on the pretreatment was not neglected. When Trametes sp. W-4
was inoculated into feedstock, the propagation of indigenous microorganisms might inhibit the growth of Trametes sp. W-4 and thus
decrease the degradation of lignocellulosic content, as many researchers have confirmed that sterilization was necessary to the fungus
pretreatment for increasing biogas production [19,37]. Although the degradation of lignocellulosic component was very low under
unsterilized condition, the dry matter loss was still very high (Fig. 5b), which might result from the consuming of easily degradable
materials like proteins and soluble sugars by indigenous microorganisms and thus leading to the lower biogas production in the latter
anaerobic digestion stage (Fig. 3d).

Compared with the degradation between pretreatment stage and anaerobic digestion stage, it could be found that cellulose,
hemicellulose and lignin could be degradated continuously during the anaerobic digestion except that the degradation was very low
(Fig. 5). This result might be related to the characterization of Trametes sp. W-4, as which is aerobic, could not grow during the
anaerobic digestion stage. The degradation of lignocellulosic component under anaerobic condition might result from the function of
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lignocellulosic enzymes secreted during the pretreatment stage. However, the dry matter loss during the anaerobic digestion stage was
significant different from that of the pretreatment stage. With the increasing of pretreatment time from 3d to 14d, the dry matter loss
decreased during the anaerobic digestion stage (Fig. 5 ¢ and d), and it could be found that the dry matter loss was consistent with the
biogas production (Fig. 6 a and b). This result confirmed that long time pretreatment was not good for increasing the biogas pro-
duction. It is worth noting that the degradation of cellulose, hemicellulose and lignin was almost not detectable in control groups, i.e.
0d treatment groups during both the pretreatment and the anaerobic digestion stages, indicating that there was no lignocellulosic
enzymes activity in these groups.

4. Conclusions

A lignocellulosic enzymes-producing strain, named as Trametes sp. W-4, was obtained from the soil of Tibet. The optimum growth
temperature of this strain was 30 °C and it could grow well even at very low temperature condition (10 °C). Trametes sp. W-4 could
produce many kinds of lignocellulosic enzymes. Among various nitrogen sources, peptone is the best nitrogen source for the CMCase
production of Trametes sp. W-4. Under the optimum fermentation conditions, the activity of CMCase, FPase, xylanase and laccase of
this strain could reach 2.73 U/mL, 0.41 U/mL, 0.29 U/mL and 1.11 U/mL, respectively. The results of pretreatment of Trametes sp. W-4
on lignocellulosic materials for increasing biogas production showed that a very short time pretreatment of 3 days could obtain the
highest cumulative methane production of 111.51 mL/g-VS, which was 63.81% higher than that of the control group of 68.07 mL/g-
VS, while the longer time of pretreatment was not good to the biogas production due to more nutrient was consumed and more lignin
was degradated. In addition, the pretreatment need the combination with sterilization, other wise, eighter of them could not obtain the
highest biogas production.
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