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Abstract The present study evaluated the effect of dif-

ferent pretreatments on unlocking the lignocellulosic

composition of pine needle litter biomass followed by

performance under aerobic/anaerobic digestion. The

pretreatment strategies employed were milling, steam

explosion, and chemical treatment with acid–base–acid.

The results revealed that the most effective method of

pretreatment of pine needle litter was the physico-

chemical treatment (milling ? steam treatment ? acid–

base–acid hydrolysis), which resulted in 65.92% increase

in holocellulose content with a corresponding 21.34%

decrease in total lignin content as compared to untreated

control. The effect of pretreatments on anaerobic

digestion using digested sludge as inoculums was eval-

uated through biochemical methane generation. During

the liquid-phase anaerobic digestion process of different

pretreated pine needle litter, the mechanically milled

pine litter yielded a methane level of 5.53 ± 0.11 mmol

CH4/g VSin in 40 days, which was 40.7% higher than

during anaerobic digestion of untreated pine needle lit-

ter. The physico-chemical pretreatment resulted in

21.4% higher methane levels as compared to untreated

pine litter. Additionally, the aerobic digestion of pre-

treated pine needle litter with white rot fungal strain,

Cotylidia pannosa for 60 days at 30 �C, resulted in

95.5% decrease in holocellulose content and 52.3%

decrease in total lignin content. Findings in the present

study suggest that in spite of significant reduction in

lignin content during the pretreatment, the addition of

pine litter as a substrate inhibits anaerobic digestion

process.

Keywords Pine needle litter � Anaerobic digestion �
Aerobic solid-state fermentation � Cotylidia pannosa

Introduction

Lignocellulosic complexities and autochthonous micro-

flora associated with pine needle litter account for

extremely slow rates of natural degradation of biomass

on the forest floors (Mahajan et al. 2016). As a result of

its accumulation, it has long been considered as an

unutilized biomass (Tsavkelova et al. 2012; Azman et al.

2015). However, the recent scientific breakthroughs,

especially in the last decade, have resulted in paradigm

shift in thinking and action, especially in forest residue

management policies world over, whereby the forest

biomass is now considered as potential feedstock for

meeting global renewable bioenergy needs (Paredes-

Sánchez et al. 2016).

The Himalayan subtropical Pine forests are the largest in

the Indo-Pacific region and are widely spread in different

regions of India with Chir pine (Pinus roxburghii), as the
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dominant species. In India, the total area under Chir forests

is estimated to be 8,90,000 hectares and occurs between

450 and 2300 m altitude. Considering the Indian scenario,

estimates suggest that biomass production from agricul-

tural and forest residues accounts for about 565 million

tonnes per year. An estimated 189 million tones of this

biomass remains unutilized, which, if used judiciously, can

result in renewable power that in turn can sustain up to 25

GW of installed capacity of power generation (Joshi et al.

2016).

The present study focuses on the effective utilization of

pine forest needle residue, which can significantly con-

tribute to sustainable forest litter management. The pine

needle residue used in the present study was selected

because of the environmental concerns related to its

excessive accumulation on forest floors, which often

becomes a reason of extensive ground fires, especially near

settlements as reported in a published report from the

Ministry of Renewable Energy, Government of India (Jain

and Srinivas 2012). Under natural conditions, pine litter

decomposes very slowly because of the release of allelo-

chemicals; there is a significant hindrance in the estab-

lishment of other plant species in forest ecosystem. The

chemical composition of pine litter of different coniferous

species varies, but its main components are lignin, cellu-

lose, and hemicellulose. As a substrate for the microbio-

logical processes, pine litter is characterized by the

presence of a large number of essential oils, resin acids,

tannins, phenolic and terpene compounds, and a high

acidity (pH 4–5) (Isidorov et al. 2010; Lacourt 2011). The

tannins, terpenes, resin acids, and products of their

hydrolysis have a significant toxic effect on the aerobic and

anaerobic microorganisms (Kayembe et al. 2013). The high

amount of aromatic compounds complicates the treatment

of pine litter and limits the applicability of the standard

pretreatment and further use of litter biomass as a substrate

for microbial processes (Isidorov et al. 2010; Lacourt

2011).

The anaerobic digestion of pine needles without any

pretreatment resulted in lower biogas yield (Brown et al.

2012); therefore, this study primarily evaluated the effect

of different pretreatments on substrate availability fol-

lowed by its performance in anaerobic digestion. The

findings in the present manuscript, under the joint

research initiative from Government of India and RFBR

(Russian Foundation for of Basic Research), are pri-

marily aimed at developing microbial strategies for

unlocking the hidden potential of lignocellulosic-rich

forest residue for conversion of biomass to renewable

bioenergy (biogas). The present study was conducted in

two phases: (a) evaluation of different pretreatment

strategies to unlock the lignocellulosic complexities in

the pine needle and (b) evaluation of pretreated pine

needle as substrate under aerobic solid-state fermentation

and anaerobic digestion.

The study was carried out jointly at Department of

Biotechnology and Bioinformatics, Jaypee University of

Information Technology, Waknaghat, Solan, India (June

2014–December 2015) and Winogradsky Institute of

Microbiology, Research Center of Biotechnology of the

Russian Academy of Sciences, Moscow, Russia (Novem-

ber 2014–January 2016).

Materials and methods

Lignocellulosic substrate

The study was conducted in subtropical Kandaghat pine

forest range, one of the five forest ranges of Solan forest

Division of Himachal Pradesh, known for frequent forest

fires, where pine needles being the primary cause, espe-

cially during summers. Naturally dried pine needle litter of

Pinus roxburghii was used as a substrate for microbial

degradation. The pine litter was collected during the

summer in the area of Kandaghat (India, 31�0005700N;

77�04075 17 00E).

Pretreatment of pine needles

The overall pretreatment procedure was divided into three

stages (‘‘Stage I’’: milling pretreatment; ‘‘Stage II’’: stream

explosion pretreatment; and ‘‘Stage III’’: acid–base–acid

pretreatment process), and changes (percent increase/de-

crease) in lignin and holocellulose content of pine needle

litter were monitored.

The collected pine needle litter was milled using a

blender and then sieved through a sieve No 20 (skip

particle size B 0.85 mm). The mechanically milled litter

was treated by steam explosion involving the treatment

of pine needle aliquots of 250 g at 121 �C for 30 min.

The physically pretreated substrate was treated with 1N

HCl for 30 min at 70 �C, followed by treatment with 1N

NaOH, for 30 min at 70 �C. The step with NaOH

treatment was repeated until a clear solution was

obtained. The substrate was once again treated with 1N

HCl for 30 min at 70 �C followed by repeated washings

with water (10 min at 70 �C) until pH reached neutrality

(Demirbas 2007) and as reviewed by Jonsson and Martı́n

(2016).

Holocellulose and lignin estimations

In order to evaluate the effectiveness of pretreatment

methodologies, pine needles were evaluated for holocel-

lulose content as described in TNI-A-9 test method;
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laboratory manual of CPPRI (TAPPI Standard Methods

2009) and lignin content: acid-soluble lignin (ASL) and

acid-insoluble lignin (AIL) as described in method T222 of

the Technical Association of the Pulp and Paper Industry

(TAPPI, Atlanta, GA, USA). The total lignin content in a

sample was expressed as the sum of ASL and AIL and

calculated in mg/g of dry weight or in %. The holocellulose

content was expressed as a percentage per gram of dry

weight (DW) (ASTM D1104-56 1978; Johnson et al. 1961;

Tappi 2002).

Anaerobic liquid-phase digestion

To evaluate the impact of pine needle litter on anaerobic

digestion, the untreated pine needle litter (control) along

with the pretreated pine needles was used as substrate.

Pretreated substrate samples were mixed with distilled

water in the ratio 1:5–1:10 (on the basis of weight) to

achieve moisture up to 93–94%. Food waste (FW) was

thoroughly blended and used as a co-substrate for anaero-

bic digestion. A thermophilically digested sewage sludge

(DSS) previously used for the digestion of the organic

fraction of municipal solid waste (OFMSW) and FW

(Nikitina et al. 2015) was used as inoculum.

The experiments were carried out in glass bottles

(500 mL) containing 100 mL volume of digesting mix-

ture, which were tightly closed with rubber stoppers and

aluminum caps. The inoculum to substrate ratio (ISR) of

1:1 was selected based on the total organic content of

the mixture. On addition of FW as co-substrate, the ratio

of inoculum:pine needle litter:food waste was 2:1:1. The

bottles were flushed with argon gas to create anaerobic

conditions, and incubation was carried out at 50 �C for

60 days (Nikitina et al. 2015). The composition of gas

phase (CH4, H2, CO2), the amount of volatile fatty acids

(VFA) in the liquid phase, pH, dry weight (DW), and

volatile solids (VS) content, and humidity of mixtures

were measured regularly in accordance with the proce-

dures described earlier (Nikitina et al. 2015). The

author’s modification of the method of preparation of

samples for measurement of VFA by gas chromatogra-

phy was created in order to prevent contamination of

sites of chromatograph with products of the pine litter

degradation, which adversely affect the reproducibility

of the analysis results. Samples for VFA analysis were

centrifuged at 10,000 rpm for 5–10 min, and then, the

supernatant was transferred to a clean test tube and

acidified with 10% solution of H3PO4 up to pH of

1.0–2.0. The absorbents added were: 0.01 g of aerosil

(SiO2, amorphous silica with a specific surface area of

300 m2/g) and 0.01 g of silica gel (high-dispersive

powder, mSiO2*nH2O) in 0.2 mL of sample and vor-

texed. The obtained suspension was centrifuged at

10,000 rpm for 5 min, after which the supernatant was

transferred to a clean tube. It was shown that aerosil and

silica gel do not absorb VFA and alcohols (C1–C5), and

therefore, there was no adverse effect on the accuracy of

the analysis.

Aerobic solid-state co-digestion of pine needle litter

and digested sludge

To increase the efficiency of degradation, aerobic solid-

state co-digestion was set up using pretreated pine nee-

dle litter and digested sludge (DS) from thermophilic

bioreactor, digesting the mixture of organic fraction of

municipal solid waste (OFMSW) and sewage sludge. For

inoculum in solid substrate cultivation (SSC), a mixed

suspension (1:1) of soil (from a composting pile in a

farm yard) and dry mature, industrial compost [produced

from a mixture of pine sawdust and solid substrate (SS)

(Lipetsk, Russia)] was used. Inoculum was preactivated

with addition of cardboard (1.5%) and NH4Cl (0.25%)

and incubated at 30 ± 2 �C for a duration of 10 days

(Nikitina et al. 2015). The pine needle litter was mixed

with digested sludge in the ratio of 2:3 by weight (6:1

depending upon VS), and then, 20–25 mL of inoculum

was added. The nitrogen was added as a solution of

ammonium chloride, in the quantity required for opti-

mum ratio of C/N = 25–30/1, based on the theoretical

results that C/N ratio of pine litter is 80/1, and C/N ratio

of digested sludge is 10/1 (Hubbe et al. 2010; Kuhad

et al. 2011). The initial moisture of the mixtures was

kept at 67–70%. The experiment was carried out at a

temperature of 30 ± 2 �C for a period of 60 days.

During the experiment, the distilled water was added

regularly to maintain a humidity of mixtures up to

65–75%, and the mixtures were stirred to improve mass

transfer and aeration.
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Aerobic solid-state fermentation of pine needle litter

by Cotylidia pannosa

The culture of white rot fungus Cotylidia pannosa F6

isolated from soil samples of the Himalayas, having

lignolytic and cellulolytic activity (Sharma et al. 2015),

was used as an inoculum. The culture of C. pannosa was

grown on potato dextrose agar at 30 �C until full

sporulation and then washed with distilled water. The

resulting suspension was used as inoculum at a spore

concentration of about 3 9 108 spores/mL. Experiments

were performed in flat-bottomed 250-mL flasks with

cotton plugs according to the procedure described

Sharma et al. (2015). The pretreated pine needle litter

was moistened with buffer solution containing (g/L):

(NH4)2SO4, 10.0; KH2PO4, 3.0; MgSO4*7H2O, 0.5;

CaCl2*H2O, 0.5 and then mixed with the digested sludge

(2:3 by weight), and inoculum was applied (ISR 1:1 by

weight). The initial moisture content of the experimental

mixtures was 60%. The experiment was carried out for

60 days at a temperature of 30 ± 2 �C.

Results and discussion

Pretreatment of pine needle litter and evaluation

of the methodology for improved substrate

availability

The lignocellulosic complexities associated with pine

needle litter have been previously discussed and reported

from our laboratory (Mahajan et al. 2016). The

extraordinarily resistant nature of lignocellulose to

biodegradation is often attributed to the lignin, which

exists in a highly polymerized state; therefore, extensive

pretreatment strategies, viz. mechanical grinding, chem-

ical pulping, and physico-chemical processes like steam

treatment in the presence of alkali or acid, are required

in order for the cellulose and hemicelluloses to be bro-

ken down. In the present study, therefore, a comparative

evaluation of the pretreatment strategies for pine needle

litter was carried out. All of the pretreatment methods

were tested under mild conditions to avoid the formation

of the toxic intermediates due to the presence of

aromatic compounds in pine needles. The application of

higher temperature and harsh chemical treatments may

result in the production of other metabolites having

inhibitory effect on microorganisms (Cheng et al. 2011;

Lacourt 2011).

Obtained results demonstrate ‘‘Stage I’’ of pretreatment,

i.e., milling itself is a rather effective and simple way of

pretreatment and promotes remarkable release of cellulose

from the lignocellulosic fibers; a 84.82% increase in

holocellulose content was observed with a corresponding

0.32% decrease in total lignin content over untreated pine

needle litter. ‘‘Stage II’’ of the pretreatment, which

involved additional stream explosion to the milled pine

needle litter, resulted in 5.09% increase in holocellulose

content and a 4.46% decrease in total lignin content over

the ‘‘Stage I’’ pretreated substrate. Implementation of

‘‘Stage III’’ pretreatment process, i.e., the use of acid–

base–acid treatment on ‘‘Stage II’’ pretreated substrate,

resulted in 65.92% increase in holocellulose content with a

corresponding 21.34% decrease in total lignin content over

the holocellulose and lignin content of ‘‘Stage II’’ pre-

treated substrate.

According to previously documented reports, milling

allows significant increase in surface area of lignocellulosic

biomass, thereby making it more accessible to enzymes and

microorganisms. The milling-based pretreatment also

decreases the crystallinity of the cellulose without loss of

low molecular organic substrates and use of toxic and

expensive reagents (Lin et al. 2010). Milling process pro-

motes facilitation of mass transfer and increase in the

effectiveness of enzyme adsorption (Azman et al. 2015).

Mechanical milling of lignocellulosic wastes promotes

increase in hydrolysis rate to 5–25% and biogas production

to 10–60%; therefore, many researches consider that this

method of pretreatment is sufficient for the subsequent

aerobic treatment of pine needle litter (Hubbe et al. 2010;

Kuhad et al. 2011).

Pretreatment of lignocellulosic biomass with hot

steam promotes the release of hemicellulose and their

partial hydrolysis, making cellulose more accessible to

subsequent utilization. It also improves adsorption of

water by the substrate, thereby increasing its accessi-

bility to microorganisms (Elliston et al. 2015). Previ-

ously documented reports by Silva et al. (2012), in their
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study, suggested that pretreatment of milled wheat straw

with hot steam leads to 40% increase in hydrolysis rate.

According to Liu et al. (2002), hot steam treatment of

lignocellulosic fraction of OFMSW under pressure helps

to increase methane formation to 40%. In the present

study, the results were not much encouraging when

compared to the results obtained using only mechanical

milling. The findings are in corroboration with earlier

reports of Lawther et al. (1996), who demonstrated that

prolonged (6 h) hot steam treatment of wheat straw at

low pressure did not cause significant increase in

anaerobic digestion process of the feedstock. There are

also reports on 3–12% loss in VS when this method of

pretreatment was used (Elliston et al. 2015).

In the present study, the most effective method of

pretreatment of pine needle litter was the physico-

chemical treatment (milling ? steam explosion ? acid–

base–acid hydrolysis). Obtained data correlate with the

results of Lin et al. (2010), who demonstrated that up to

38% of total lignin was removed due to chemical pre-

treatment of rice straw. However, application of this

method has a number of limitations: loss of organics,

necessity of subsequent washing of the treated feedstock,

and implementation of corrosion-resistant equipment.

Also, the reagents that are used in this method are

expensive and require further utilization (Lin et al.

2010). Kim et al. (2013) showed that 14–34% of the

biomass is lost due to washing after chemical

pretreatment.

Aromatic substances and lignin derivatives, which

have inhibitory effect on the microorganisms, may be

removed using various methods of detoxification (Jon-

sson and Martı́n 2016). However, carrying out the pro-

cedure of detoxification requires implementation of

additional steps in the technical plan, and often, it is an

expensive and energy-intensive process. In addition, the

effect of detoxification on the anaerobic digestion is

poorly understood (Matsakas et al. 2015). Therefore, the

search of active microbial agents that can increase the

bioavailability of cellulose in lignin-containing waste

without the formation of inhibitory substances or

degrade produced toxicants remains an urgent task.

Liquid-phase anaerobic digestion of the pine needle

litter

Organic fraction of municipal solid waste is known to

contain up to 40–53% of cellulose, 9–12% of hemicel-

luloses, and 10–17% of lignin per DW (Staley et al.

2012). Therefore, using digested sludge (DS) as inocu-

lum for anaerobic digestion was hypothesized to be a

suitable strategy. It has been shown that DS contains

consortium of anaerobic microorganisms, necessary for

the decomposition of lignocellulose-containing substrates

(Tsavkelova et al. 2012; Nikitina et al. 2015). Therefore,

in the present study, DS was used as inoculum for ini-

tiation of thermophilic anaerobic digestion of untreated

and pretreated pine needle litter. Findings presented in

Table 1 reveal that 60 days after the experimental setup,

significantly lower amount of lignin was biologically

degraded irrespective of the nature of the pretreated

substrate. Digestion mixtures of DS and milled pine

needles after digestion process resulted in 5.9% lignin

reduction. It is important to note that degradation of

acid-soluble fraction of lignin was observed, while acid-

insoluble lignin was not degraded. These values for

reduction in lignin content were further reduced to 2.9%

when food waste was added into the digestion mixture.

Similar observations were recorded when physicochem-

ically pretreated substrate was used (Table 1). A lower

Table 1 Evaluation of the effectiveness of the process of anaerobic digestion in biodegradation of pine needle litter

Digesting mixtures Maximum methane production

rate (mmol/g VS*day)

Average methane production

rate (mmol/g VS*day)

Lignin

degradation

(%)

Removal of

organic matter

(%)

Digested sludge control 0.88c 0.168c – 35.3 ± 0.7c

Milled pine litter ? digested sludge 0.75d 0.135d 5.9 ± 0.1a 24.5 ± 0.5d

Physicochemically treated pine

litter ? digested sludge

0.56e 0.116e 4.9 ± 0.1b 19.1 ± 0.4e

Food waste ? digested sludge 1.35a 0.252a – 50.7 ± 1.0a

Milled pine litter ? food

waste ? digested sludge

0.74b 0.189b 2.9 ± 0.1b 42.3 ± 0.8b

Physicochemically treated pine

litter ? food waste ? digested sludge

0.76b 0.195b 2.0 ± 0.1b 34.9 ± 0.7c

a–e Means in the column with same superscript letter are not significantly different as measured by two sided Tuckey’s post hoc range test

between replications
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decrease in lignin content when food wastes were added

was probably due to the presence of a high number of

more preferred organic substrates for microorganisms.

The overall anaerobic digestion process (in terms of

methane yields) also seemed to have not worked effec-

tively when pine needles were added to the digestion

mixture. Anaerobic digestion of untreated pine needle litter

(control) during 40 days resulted in the formation of

3.93 ± 0.08 mmol CH4/g VSin. Only 0.99 ± 0.02 mmol

CH4/g VSin or 22.2 L CH4/kg VSin was formed from VS of

the litter. These results demonstrate that untreated pine

litter has a rather low methane potential (22.2 L CH4/kg

VS), as compared to mechanically milled pine pulp

(21–28 L CH4/kg VS) (Steffen et al. 2016) and birch

sawdust (17.5 L CH4/kg VS) (Matsakas et al. 2015). Pre-

viously documented reports reveal that methane yields in

other lignin-containing wastes are remarkably higher and

reach 217–360 L CH4/kg VS for rice straw, 290–336 L

CH4/kg VS for wheat straw, 375 L CH4/kg VS for pine

pulp after chemical hydrolysis, and 443 L CH4/kg VS for

pig manure (Cu et al. 2015). Mechanical milling was more

effective from the point of CH4 yield and methanogenesis

rate than complex physico-chemical pretreatment (Fig. 1,

Table 1).

During the anaerobic digestion process of different

pretreated pine needle litter, the mechanically milled pine

litter along with DS yielded a methane level of

5.53 ± 0.11 mmol CH4/g VSin in 40 days, which was

40.7% higher than during the digestion of untreated pine

needle litter. The physico-chemical pretreatment resulted

in 21.4% higher methane levels as compared to untreated

pine litter. The results indicate that the major contribution

toward methane generation in both cases is from the

organic fraction of pretreated pine litter contributing about

4.19 ± 0.08 mmol CH4/g VSin and 2.67 ± 0.05 mmol

CH4/g VSin, respectively. In both cases, the maximum

accumulation of VFA (acetate, propionate, and butyrate)

was observed on day 6 of incubation; the acetate and

butyrate were actively consumed by anaerobic microor-

ganisms; and propionate was accumulating. There was a

slight accumulation of hydrogen (0.1–0.2 vol%). Acidifi-

cation of digesting mixtures was not observed; however,

the pH level increased during the experiment from 6.0–6.5

to 7.5 units.

In the present study, addition of the pine needle litter

in ratio 1:1 inoculum adversely affected methanogenesis.

Methane yield and the percent of utilized organic matter

were higher in case of AD of milled pine litter than in

case of digestion of physicochemically treated litter,

indicating the absence of the positive effect of the

complex pretreatment on the anaerobic digestion of the

pine litter. The possible reasons could be the loss of

available organics (Kim et al. 2013; Elliston et al. 2015)

and formation intermediates, toxic for anaerobic

microorganisms during physico-chemical pretreatment

(Cheng et al. 2011). This is further confirmed by the

comparison of dynamics and rates of methane formation
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Fig. 1 Accumulation of methane during anaerobic digestion of pine

litter per gram of initial volatile solids (mmol CH4/g VSin): 1—

control-digested sludge, 2—control-untreated pine litter ? digested

sludge (1:1 on VS), 3—milled pine litter ? digested sludge (1:1 on

VS), 4—physicochemically treated pine litter ? digested sludge (1:1

on VS). The error of the calculations was 0.01–0.25 mmol/g VS
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Fig. 2 Accumulation of methane during anaerobic co-digestion of

pine litter and food waste per gram of initial volatile solids (mmol

CH4/g VSin): 1—control-digested sludge, 2—food waste ? digested

sludge (1:1 on VS), 3—milled pine litter ? food waste ? digested

sludge (1:1:2 on VS), 4—physicochemically treated pine lit-

ter ? food waste ? digested sludge (1:1:2 on VS). The error of the

calculations was 0.01–0.48 mmol/g VS
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in experimental variants and control (DS without litter).

It can be seen from the Fig. 1 and Table 1 that yield and

formation rate of methane are lower in experimental

variants indicating the negative effect of the litter con-

tent on methanogenic community of DS. Obtained

results correlate with the results of Lacourt (2011), who

reported the negative effect of pine litter on anaerobic

process. Brown et al. (2012) reported lower methane

yields of 2.5 L/kg VS in anaerobic digestion experi-

mentation with pine for 30 days. Previously documented

literature shows that the toxic effect of aromatic com-

pounds and products of the partial hydrolysis of lignin is

the main reason of inhibition of anaerobic digestion

(Cheng et al. 2009).

During the anaerobic co-digestion of pine litter with

food waste, the total yield of methane increased only due

to the digestion of food waste as the more accessible

substrate for microorganisms of inoculum (Fig. 2,

Table 1). Unlike digestion of pine needle litter, co-fer-

mentation with food waste smoothened the difference

between the applied pretreatment methods. Additionally,

the food waste also possesses high organic matter,

appropriate moisture content, and volatile solids

([ 95%) rendering it easily biodegradable (An et al.

2012). Dynamics and rates of methane formation at co-

digestion of both milled litter and litter after complex

pretreatment did not vary significantly. Methane yield on

the fortieth day reached 7.88 ± 0.25 mmol/g VSin,

regardless of the method of pretreatment. Some authors

have suggested that the low efficiency of the anaerobic

degradation of lignocellulosic feedstock may be associ-

ated with unsuitable inoculum. When comparing the

yield of methane in the thermophilic AD of cellulosic

feedstock, depending on the inoculum used, it was

shown that the microbial community taken from cattle

manure is the most effective inoculum (Tsavkelova et al.

2012). Of great interest from the point of view of future

research initiatives is the search of active lignolytic and

cellulolytic anaerobic microorganisms, especially from

the gastrointestinal tract of wild ruminants, such as

moose and beavers (Lacourt 2011). Using anaerobic

fungi of genera Neocallimastix, Piromyces, Ontomyces,

and other representatives of the family

Neocallimastigaceae, together with the bacteria, could

also increase the production of biogas, since micro-

mycetes due to their mycelial growth and large enzy-

matic complexes can efficiently break down

lignocellulose structure, thus making it more accessible

to bacteria (Cheng et al. 2009; Dollhofer et al. 2015). To

test this hypothesis, we further carried out experiments

using cow dung and digested sludge of bioreactor

digesting manure, cattle litter, and food waste as

inoculum. However, the results obtained (data not

shown) indicated the inhibition of anaerobic digestion of

the pine litter regardless of the inoculum used.

Aerobic co-fermentation of the pine litter

and digested sludge

Aerobic fermentation is a reliable way to manage lig-

nocellulosic waste and provides a bio-humus as a useful

product. To optimize and intensify the process of aerobic

treatment of organic wastes is necessary to maintain a

favorable ratio of C/N in the substrate mixture (25–30/1)

and the humidity not lower than 40%. The lignocellu-

losic wastes are characterized by a high C/N ratio that

makes them difficult to recycle (Hubbe et al. 2010;

Kuhad et al. 2011). Addition of other organic wastes

with low C/N ratio, for example, DS, waste of meat, and

dairy industry, is reported to improve the rate and effi-

ciency of degradation of lignocellulosic waste (Kuhad

et al. 2011; Nikitina et al. 2015) and increase humidity

of substrate mixture.

In the present study, experiments on aerobic fermen-

tation revealed that in samples containing a mixture of

mechanically milled pine litter or the litter after complex

pretreatment and DS, the removal of VS in 30 days

reached 14.5 and 13.3%, respectively. This was 2–3

times lower than in the mixtures without addition of

sludge. Thus, the addition of sludge stimulated the

removal of VS, but despite this, the overall process of

degradation of the pine needle litter was extremely slow.

The findings, therefore, indicated the use of a specialized

active inoculum that could possibly speed up the pro-

cess. Based on the leads from this experiment, we

explored the potential of fungi C. pannosa strain F6 in

Table 2 Decrease in lignin and holocellulose content during aerobic solid-state fermentation of pine needle litter with white rot fungi C.

pannosa as inoculum after 60 days

Substrate % decrease in holocellulose content % decrease in total lignin content

Milled pine litter ? C. pannosa 25.76 29.17

Milled and steam treated pine litter ? C. pannosa 71.02 8.91

Physicochemically treated pine litter ? C. pannosa 95.58 52.32
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degrading pine needle litter. The results are discussed in

the following section.

Aerobic solid-state fermentation of the pine needle

litter using culture of white rot fungi Cotylidia

pannosa

The efficiency of decomposition of recalcitrant ligno-

cellulosic waste under aerobic conditions could be

enhanced by the application of suitable culture (or

consortia) of aerobic microorganisms with high lig-

nolytic and cellulolytic potential. Recently, a strain of

basidial micromycetes, white rot fungi C. pannosa F6,

has been reported from our group as a potential producer

of lignocellulolytic enzymes involved in the decompo-

sition of lignin. This laccase, producing strain, does not

lose its activity at low pH (Sharma et al. 2015), which is

extremely important in the processing of substrates such

as pine litter, because they have a high acidity. In

addition, the strain C. pannosa F6 is indigenous, as it

was isolated from forest soil of the Himalayas. The

efficiency of using of culture C. pannosa F6 as inoculum

was evaluated in experiments on aerobic solid-state

fermentation of the pretreated pine needle litter and has

been documented in Table 2.

Perusal of data appended in Table 2 indicates ability

of the C. pannosa strain F6 to effectively degrade pine

needle litter because of its high lignolytic and cellu-

lolytic activity (Sharma et al. 2015). Pretreatment of the

pine needle litter resulted in better availability of cel-

lulosic and lignocellulosic components of the pine nee-

dle for degradation. The physicochemically treated pine

needle litter was the most biodegradable substrate. Out

of the 58.17% available holocellulose after treatment

with C. pannosa strain F6, only 2.57% remained unuti-

lized after 60 days, thus resulting in 95.58% decrease in

holocellulose content. The physico-chemical pretreat-

ment resulted in the separation of 37.33% lignin from

the pine needle. At end of 60 days of experimentation,

C. pannosa strain F6 was able to reduce this available

lignin to 17.80%, thus accounting for 52.32% decrease

in total lignin content. As representatives of other spe-

cies of micromycetes, agents of white rot are also cap-

able for efficient decomposition of different plant waste.

Zhi and Wang (2014) showed that 28.5% of lignin was

removed after inoculation of wheat straw with culture of

Phanerochaete chrysosporium in 12 days. Gupta et al.

(2011) observed the removal of 7.7–11.9% lignin in

aerobic solid-state fermentation of the crushed residues

of woody plants Prosopis juliflora with the culture of

Pycnoporus cinnabarinus in 15 days. Thus, the use of C.

pannosa strain F6 in the present study is highly effective

when compared to other fungal cultures as reported

earlier. The effectiveness of the decomposition of lignin

by white rot fungi is directly related to the activity of

laccase, and a maximum enzymatic activity is achieved

at 10–30 days of cultivation. Keeping this in mind, the

experiment in the present study was carried out for

60 days. It should be emphasized that aerobic fungi

promote the release (emission) of terpenes, essential oils,

and resins in the form of volatile compounds during the

decomposition of coniferous litter, and some species are

able to degrade aromatic compounds (Isidorov et al.

2010), thereby reducing the toxicity of the litter to aer-

obic and anaerobic microorganisms.

Conclusion

Pine needle litter is a complex substrate for microbial

degradation due to the high content of lignin and aro-

matics and therefore requires mandatory pretreatment.

The most efficient method of pretreatment in terms of

the removal of lignin and release of free cellulose from

pine needle litter is physico-chemical treatment. How-

ever, at the same time, in terms of simplicity, cost, and

comparable efficacy, the best way to pretreat the pine

litter is a mechanical milling. In spite of significant

reduction in lignin content during the pretreatment, the

addition of pine litter as a substrate inhibited the overall

anaerobic digestion process, regardless of the inoculum

used. This warrants for future endeavors, especially in

the area of development of specific microbial consortia

that could be used as inoculum in anaerobic digestion.

During the digestion process of different pretreated pine

needle litter, the mechanically milled pine litter along

with DS yielded higher methane levels than digestion of

untreated pine needle litter. The results suggested that

the co-digestion of pine needles with other organic waste

(FW, OFMSW, and others) is an effective strategy to

degrade these recalcitrant wastes with an active

inoculum.
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