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Abstract Anaerobic digestion of lignocellulosic waste is con-
sidered to be an efficient way to answer present-day energy
crisis and environmental challenges. However, the recalci-
trance of lignocellulosic material forms a major obstacle for
obtaining maximum biogas production. The use of biological
pretreatment and bioaugmentation for enhancing the perfor-
mance of anaerobic digestion is quite recent and still needs to
be investigated. This paper reviews the status and perspectives
of recent studies on biotechnology concept and investigates its
possible use for enhancing biogas production from lignocel-
lulosic waste with main emphases on biological pretreatment
and bioaugmentation techniques.

Keywords Biogas - Lignocellulosic waste - Biological
pretreatment - Bioaugmentation

Introduction

Producing biogas from waste organic material by anaerobic
digestion (AD) increasingly attracts the worldwide interest in
recent years. This technology not only could reply the increas-
ing of energy demands but also handle the problem of envi-
ronmental pollution (Poschl et al. 2010; Jiang et al. 2011).
Additionally, the residual produced during AD is a kind of
high quality organic fertilizer, which is rich in nitrogen, phos-
phorus, and other microelements (Surendra et al. 2014).
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Applying the digestate to land is the most attractive option
in terms of increasing agricultural production and control of
soil degeneration (Feng et al. 2009).

The feedstock used for biogas fermentation is very abun-
dant, in which, lignocellulosic material is the most common
and easily accessible, such as crop stalks, livestock manure,
domestic waste, and some kinds of industrial waste. However,
due to the recalcitrance of lignocellulosic material, the biogas
yield usually is not high (Wei et al. 2014). Therefore, in order to
increase biogas production from lignocellulosic material, some
measurements like pretreatment and/or bioaugmentation should
be adopted. At present, the pretreatment methods used for bio-
gas production can be divided into three categories: physical,
chemical, and biological pretreatments (Zhao et al. 2014b).
Physical and chemical pretreatments like microwave, steam
explosion, acid, alkali, or combined processes could destroy
lignocellulosic structure in a short time, thus increasing the
biological degradability. However, these methods make the pro-
cess more expensive and possibly generate environmental toxic
compounds or inhibitors (Zheng et al. 2014). Additionally,
some chemicals like acid or alkali are needed for recovery or
neutralization after pretreatment, which would make the pro-
cess more complicated. Biological pretreatment using enzyme
or microorganism to pretreat lignocellulosic material for pro-
ducing biogas is a promising technology due to its environmen-
tal friendliness and cost-effectiveness, although the process is
time-consuming compared with physical and chemical pretreat-
ment (Zheng et al. 2014). The biological pretreatment in terms
of enhancing biogas production will be discussed in more detail
in the “Biological pretreatment” section.

Biogas fermentation is a very complicated biochemical
process, which is commonly divided into four sequential
stages, i.e., hydrolysis, acidogenesis, acetogenesis, and
methanogenesis (Garcia et al. 2000). In the hydrolysis stage,
complex organic substrates are degraded into simple organic
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compounds by hydrolytic microorganisms, and in the second
stage, metabolites are converted into various volatile fatty
acids (VFAs) and other small molecular compounds by fer-
mentative bacteria; then homoacetogenic or syntrophic bacte-
ria produce acetate at the third stage; lastly, the small molec-
ular metabolites produced by bacteria, like H,, CO,, acetate,
formate, and simple methylated compounds are converted to
methane by methanogenic archaea (Fig. 1). It has been con-
firmed that each stage is carried out by different microorgan-
isms, the successive methanogenesis depends on the balance
of the four steps, and any rate-limiting step would limit the
overall rate of biogas production (Vanwonterghem et al.
2014). Therefore, using bioaugmentation technology to in-
crease the activity of microorganisms involved in the rate-
limiting stage is an attractive option to increase the biogas
yield. In this paper, I reviewed the progress in biotechnology
with more focus on increasing biogas production from ligno-
cellulosic materials of recent years.

Lignocellulosic biomass and the decomposers

Lignocellulosic biomass is mainly composed of cellulose (35—
45 %), hemicellulose (2540 %), and lignin (5-25 %) (Zhang
etal. 2015). The first two are carbohydrates while the last one
is an aromatic tridimensional polymer (Rodrjguez et al. 1997).
These components are tightly associated with each other to
form a rigid and recalcitrant structure. Structures of cellulose,
hemicelluloses, and lignin are described in several reviews
(see references (Nanda et al. 2013; Payne et al. 2015;
Kameshwar and Qin 2016; Kuhad et al. 2016)). The compo-
sition of lignocellulose varies from species to species, and
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Fig.1 Degradation pathways of organic waste under anaerobic condition
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even the same lignocellulose biomass may differ in composi-
tion between batches harvested in different seasons (Van Dyk
and Pletschke 2012). As reported by Vasco-Correa and Li
(2015), time of harvest had a great impact on the biogas pro-
duction from Miscanthus sinensis, and the performance of
delignification even if the pretreatment was carried out by
the same fungus.

Cellulose is a polymer consisting of glucose units that are
connected to each other by [3-1-4 glycosidic bonds (Li et al.
2014). The complete hydrolysis of cellulose is synergistic carried
out by at least three groups of cellulolytic activities, including
endoglucanase (EC 3.2.1.4), exoglucanase (E.C.3.2.1.176) (EC
3.2.1.91), and B-glucosidase (EC3.2.1.21) (Juturu and Wu
2014). The first two kinds of enzymes act together to hydrolyze
cellulose liberating cellobiose or cellooligosaccharides as major
products, and the (-glucosidase further hydrolyzes the soluble
oligosaccharides (mainly cellobiose) to glucose (Kuhad et al.
2016). Normally, cellulase-producing microbes produce two
kinds of cellulases; one is extracellular enzyme complex, which
is typically secreted by aerobes; the other is multienzyme cellu-
lase complexes, known as cellulosomes, and most are expressed
on the surface of anaerobes (Tsavkelova and Netrusov 2012).
Presently, the degradation mechanism of these two kinds of cel-
lulases still needs to be further studied, but it is clear that the
aerobes and anaerobes operate in different systems.

In natural environment, there are a wide variety of mi-
crobes that could produce cellulase, including fungi, bacteria,
actinomycetes, and yeast (Kuhad et al. 2016), but only rela-
tively few could produce high titers of cellulase required at
industrial scale and most are not capable of producing all the
three cellulases for complete degradation of crystalline cellu-
lose (Sukumaran et al. 2005). In present, thermophilic cellu-
lolytic fungi have been studied in detail due to their higher
cellulase productivity and the ability to produce thermostable
cellulases, which could be used in a variety industry including
animal feed, food, textiles, and detergents and in the paper
industry (Bhat and Bhat 1997). In recent years, psychrophilic
cellulolytic microorganisms are becoming more attractive be-
cause of their potential industrial applications. However, most
isolated cold active cellulase-producing microorganisms are
not true psychrophiles but facultative psychrophiles and can
grow at 30-35 °C (Kasana and Gulati 2011).

Hemicellulose, which includes xylan, glucuronoxylan,
arabinoxylan, glucomannan, and xyloglucan, is more varied
in structure and composition than cellulose (Van Dyk and
Pletschke 2012). It contains many different sugar monomers,
such as glucose, xylose, mannose, galactose, rhamnose, and
arabinose as well as sugar acids like methylglucuronic and
galaturonic acids (Perez et al. 2002). In contrast to cellulose,
hemicellulose is relatively easy for hydrolysis, and the pro-
duced monomeric sugars and acetic acid can be subjected to
bioconversion for biogas and other useful byproducts (Nanda
et al. 2013). Due to the complicated composition,
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biodegradation of hemicellulose requires a large number of
enzymes, including endo-xylanase, acetyl xylan esterase, [3-
xylosidase, endo-mannanase, [3-mannosidase, «-L-
arabinofuranosidase, o-glucuronidase, ferulic acid esterase, -
galactosidase, and p-coumaric acid esterase. These enzymes
can be divided into two categories: one is depolymerising en-
zymes, which cleave the backbone, and the other is to remove
substituents, which may pose steric hindrances to the
depolymerising enzymes (Van Dyk and Pletschke 2012). The
major hemicellulose-degrading enzymes are endo-xylanase and
endo-mannanase (Singh et al. 2010). Many species of fungi and
bacteria including actinomycetes could produce these kinds of
enzymes (Beg et al. 2001).

Lignin is a complex polyphenyl aromatic compound linked
with ester bonds and tightly binds with cellulose and hemicel-
lulose to form plant primary and secondary cell wall (Nanda
et al. 2013). The monolignol monomers of lignin
are p-coumaryl alcohol, coniferyl alcohol, and sinapyl alco-
hol, which are assembled through the dehydrogenative in
varying proportions (Chen et al. 2012). Under anaerobic con-
dition, lignin is resistant to degradation and thus forms a major
obstacle for the effective utilization of cellulose and hemicel-
lulose (van Kuijk et al. 2015). Therefore, destroying the struc-
ture of lignin is one of the key ways to enhance the degrada-
tion efficiency of cellulose and hemicellulose and thus facili-
tate biogas production. A wide range of microorganisms such
as bacteria, actinomycetes, cyanobacteria, and fungi are found
to be efficient in degrading lignin (Kuhad et al. 2013). Among
them, white rot fungi are most effective in delignification due
to their unique ligninolytic systems (Kuhad et al. 2013). Up to
now, five major groups of extracellular oxidative enzymes,
which play a key role in lignin decomposition, have been
discovered; they are lignin peroxidases (EC1.11.1.14), man-
ganese peroxidases (EC 1.11.1.13), versatile peroxidases
(EC1.11.1.16), laccases (EC 1.10.3.2), and a new class of
enzyme of dye-decolorizing peroxidases (EC 1.11.1.19) (van
Dyk and Pletschke 2012). Besides, several accessory enzymes
including glyoxal oxidases and alcohol oxidases have been
found to play a role in the lignin degradation (Furukawa
etal. 2014).

Since lignin is a source of aromatics, the degradation of
lignin will release phenolic compounds and furan derivatives
like furfural and 5-hydroxymethyl-2-furaldehyde (HMF),
which have been proven to have an inhibitory effect on biogas
production (Schroyen et al. 2015). Hernandez and Edyvean
(2008) confirmed that biogas production from the digestion of
glucose, yeast extract, and nutrient broth could be reduced
with 20 % by 25 mg phenolic compounds per gram volatile
suspended solids. However, the amount of inhibitors released
from the destruction of lignin varies between different feed-
stocks due to different lignin content. Schroyen et al. (2014,
2015) compared the effects of ligninolytic enzymes pretreat-
ment on the production of phenolic compounds and the

biomethane potential of various lignocellulosic substrates.
Their results showed that the individual phenolic compounds
did not reach the reported inhibition levels even though the
initial concentration of total phenolic compounds was higher
in the substrates containing more lignin. Despite this, the an-
aerobic digestion of the substrates containing more lignin re-
sulted in a significantly lowered biomethane production.
Although some kinds of fungi could digest phenolic com-
pounds released from the decomposition of lignin and reduce
the potential inhibition to the subsequent biogas production
(Wan and Li 2012), the higher lignin concentrations are still
disadvantageous to AD due to the inhibiting compounds, act-
ing as toxins, together with the remaining lignin seal around
the cellulose structure (Kudahettige et al. 2016). Therefore,
when using lignin-containing material for biogas production,
the lignin content as well as the pretreatment method is very
important.

Biological pretreatment

Currently, the biological pretreatment used for enhancing bio-
gas production from lignocellulosic material can be divided
into three categories: pure culture, mixed culture, and enzy-
matic pretreatment. Table 1 shows these three biological pre-
treatments along with their advantages and disadvantages.
Enzymatic pretreatment, compared to microbial pretreat-
ment, is attracting more interest in treating lignocellulosic ma-
terial for biogas production due to several merits of enzymes:
(1) the working condition of enzyme is simpler than that of

Table 1 Advantages and disadvantages of various biological
pretreatments

Pretreatments ~ Advantages Disadvantages

Enzyme Faster process (several High cost. Usually needs

hours). Does not
consume the nutrition.
Can work in the
presence of some kinds
of inhibitors and
microbial metabolism.

Slow process (several

weeks). Can regenerate
and produce many kinds
of enzymes.

Mixed culture  Fast process (several days

to weeks). Does not need
sterilization. Can
regenerate and produce
many kinds of enzymes.

many kinds of
enzymes or combined
with other
pretreatment. Needs
sterilization.

Needs long-time.
Degradation of
monosaccharide
sugars. Needs to
combine with other
pretreatment. Needs
sterilization.

Degradation of
monosaccharide
sugars.
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living cells since enzymes do not need nutrient for growth; (2)
enzymes can work in the presence of bacteriophage, various
toxins, and inhibitors of some kinds of microbial metabolism;
and (3) it is easy for enzymes to access the substrate due to
their smaller size, higher solubility, and mobility than mi-
crobes (Romero-Giiiza et al. 2016). Presently, crude or com-
mercial enzymes, which mainly produced by fungi, have been
frequently used to pretreat lignocellulosic biomass for enhanc-
ing biogas production (Table 2). In which, cellulase, xylanase,
pectinase, and laccase are the most commonly used (Rouches
et al. 2016a). Due to the complication of feedstock, enzymes
are always used in combination or with other pretreatment
method, like alkali pretreatment. As an example, Michalska
et al. (2015) pretreated two species of energy crops of
Miscanthus giganteus and Sida hermaphrodita with sodium
hydroxide solution followed by enzymatic pretreatment of
cellulase and cellobiase. The AD results showed that the
two-step pretreatment process was more efficient with regard
to biogas production by about 30 % higher than the sole en-
zymatic hydrolysis. However, how to combine the enzymes
and ascertain the ratio are dependent on the components of
feedstock, since the content of cellulose, hemicellulose, and
lignin is different in different lignocellulosic materials. The
biogas yield would be different using different feedstocks
even if pretreated with the same enzymes. For example, since
the lignin content of sugar beet pulp is lower than that of spent
hops, after pretreatment by the same enzymes, the former
produced much higher reducing sugars and as a result, much
higher biogas production (Zieminski et al. 2012). In addition,
the biogas yield from the same feedstock might be different if
it was pretreated with different enzymes. Passos et al. (2016)
studied the biogas production from microalgal biomass
pretreated with commercial enzymes of cellulase,
glucohydrolase, and an enzyme mix composed of cellulase,
glucohydrolase, and xylanase; their results showed the meth-
ane yield was significantly higher for the enzyme mix (15 %)
and cellulase (8 %) as compared to that for the control.
Actually, the performance of enzymatic pretreatment is de-
termined by many factors including species of enzymes, sub-
strates, incubation time, system configuration, and the envi-
ronmental conditions, like pH and temperature (Romano et al.
2009). The pretreatment conditions could be configured ac-
cording to the characterization of the enzyme, while other
factors may require a great deal of research to address for
obtaining higher biogas production. For instance, a lot of re-
searchers in the literature have studied the effects of enzyme/
substrate ratio on saccharification and the biogas production,
and their results showed that appropriate ratio was needed due
to the fact that the cost of enzyme is high and higher enzymes
concentration do not always cause further increase in soluble
carbohydrate concentrations (Antonopoulou and Lyberatos
2012). Another situation that should be considered during
the enzymatic pretreatment is that reducing sugars released
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from the hydrolization might be consumed by indigenous
feedstock microorganisms. Therefore, sterilization might be
important. However, this process is energy-consuming and
would increase the overall cost of enzymatic pretreatment.

In comparison to enzymatic pretreatment, directly adding
enzyme to the digesters is an attractive design because it elim-
inates the need of additional reactors or equipments, although
this method is not considered to be a pretreatment. However,
the situation in the literature is not optimistic. Romano et al.
(2009) added an enzyme mixture of cellulase, hemicellulase,
and (3-glucosidase directly to a single-stage digester using
wheat grass as substrate for AD at 50 °C; results showed that
the enzymes had no significant effect on methane generation.
Likewise, a negligible improvement was found by Sutaryo
et al. (2014) after adding a mixture of enzymes to batch and
continuous anaerobic reactors treating dairy cattle manure.
Donoso-Bravo et al. (2016) even obtained negative results
when using a commercial enzyme mixture containing
hemicellulase, cellulase, xylanase, and pectinase, and other
activities to treat olive mill waste; their results showed that
less methane production was attained with more addition of
the enzymatic mix. Other studies using sludge as the feedstock
for AD reported different results on the effectiveness of en-
zyme addition, with some positive results (Donoso-Bravo and
Fdz-Polanco 2013; Yu et al. 2013) and some negative results
(Diak et al. 2012). This may be explained by the low specific-
ity of those commercial enzyme mixtures as well as by the
presence of other degradable compounds (Donoso-Bravo
et al. 2016).

Presently, the effect of enzymatic pretreatment on enhanc-
ing biogas production in most cases is still lower than that of
physical or chemical pretreatments, but it is still promising
due to its low energy requirement and environmental friend-
liness. Another drawback of enzymatic pretreatment that
should be noted is the high enzyme cost, additional research
for improving enzyme production on strain mutation, genetic
engineering, protoplast fusion, and process optimization
might be helpful. Interestingly, a number of lignocellulase
genes with thermostability, alkalostability, overcoming feed-
back inhibition, and other economically important traits have
been cloned and expressed (Kuhad et al. 2016). Lima et al.
(2016) used four Aspergillus nidulans recombinant strains to
simultaneously produce a multi-enzymatic cocktail of
arabinofuranosidase, endo-1,4-xylanase, endo-1,5-
arabinanase, and xyloglucan-specific endo-f3-1,4-glucanase;
the recombinant enzymatic pretreatment was residue-free
and seemed to be more efficient than the applied alkaline
method. With the developing of biotechnology, the use of
enzymatic pretreatment for enhancing biogas production from
lignocellulosic materials could be unquestionable economi-
cally wise in the future.

The ultimate advantage of microbial pretreatment over free
enzymes is due to the fact that microorganism can regenerate
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Table2 Comparison of methane yield from various lignocellulosic substrates pretreated by different lignocellulolytic enzymes or the combination of
enzymes with other methods
Enzymes Pretreatment Biogas Substrate Reactor type Methane yield References
conditions fermentation (ml CHy/g VS)
temperature
Test Control
Cellulase 37°C,6h 35°C Microalgal biomass ~ Batch 203.0 188.6 (Passos
Cellulase, 217.3 etal. 2016)
glucohydrolase,
and xylanase
{3-glucosidase, 50°C,2h 37°C Marine macroalgae ~ Batch 1175 760 (Karray
pectinase, and etal. 2016)
carboxy-methyl--
cellulase
Hemicellulase, /*,24 h 37°C Olive pomace Batch 207 160 (Donoso-Bravo
cellulase, xylanase, etal. 2016)
pectinase, and others
Endoglucanase, 50 °C, 7 days 37°C Sugar beet pulp Batch 465.4 350.5 (Zieminski and
xylanase, and silage and vinasse Kowalska-
pectinase 3:1) Wentel 2015)
Laccase, versatile 30°C,6h 30 °C Corn stover Batch 238.4 191.7 (Schroyen et al.
peroxidase Wheat straw 250.5 223.0 2015)
Flax 2204 207.0
Hemp 241.0 184.1
Miscanthus 138.1 139.0
Willow 87.0 82.7
Ensilaged maize 394.8 3933
Pectate lyase, cellulase, 50 °C, 3 days 50°C Dairy cattle manure  Continuously 141 135 (Sutaryo
and protease fed digesters et al. 2014)
Laccase 30°C,6h [* Corn stover Batch 271 276 (Schroyen
30°C24h 344 293 et al. 2014)
Versatile peroxidase, 30°C,6h 309 276
manganese 30°C,24h 263 293
peroxidase
Laccase, versatile 30°C6h 318 276
peroxidase, 30°C,24h 314 293
manganese
peroxidase
B-glucanase with some 50 °C, 5 h 35°C Chlorella vulgaris ~ Batch 217.3%  190.6®  (Mahdy
other side activities Chlamydomonas 255.7 263.1 et al. 2014)
including arabanase, reinhardtii
hemicellulase, and
xylanase
Xylanase 53 °C, 2 days 53°C Rhizoclonium Batch 118® 100® (Ehimen
Cellulase complex 133 et al. 2013)
Endoglucanase, 50°C24h 37°C Spent hops Semi-batch 121.47 110.13 (Zieminski
xylanase, and Sugar beet pulp 183.39%  163.12¢ et al. 2012)
pectinase
Cellulase and cellobiase 50 °C, 24 h 37°C Miscanthus Batch 13209/ (Michalska
NaOH 5 %, 121 °C, giganteus 0 et al. 2015)
30 min
NaOH+ (cellulase 257.0
and cellobiase)
Cellulase, and 50 °C, 24 h Sida hermaphrodita 135.0
cellobiase
NaOH 5%, 121 °C, 5.7
30 min
NaOH+ (cellulase 198.0
and cellobiase)
B-glucosidase 50 °C, 2 h. 37°C Ulva rigida Batch 60290  471.02"  (Karray
50°C,2h. 626.5 et al. 2015)
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Table 2 (continued)

Enzymes Pretreatment Biogas Substrate Reactor type Methane yield References
conditions fermentation (ml CHy/g VS)
temperature
Test Control

Crude broth of
Aspergillus niger

Sonication 40 kHz, 120 519.23

W, 5 min
Catalytic acid H,S04, 2 min 203.17
100 °C
Thermo-alkaline NaOH, pH 10, 368.42
30 min, 105 °C
Cellulase, cellobiase 50°C,72h 50°C Spirulina platensis Batch 463.84 371.58 (El-Mashad
algae 2015)

Cellulase, cellobiase 50°C,72h switchgrass 27428 197.39

NaOH 12h, 1 %, 50 °C 25535

NaOH+ (cellulase and 373.03
cellobiase)

Cellulase, 3-glucanase, 50°C,72h 35°C Ensiled sorghum Batch 304 265 (Rollini
hemicellulase, and forage et al. 2014)
xylanase

NaOH 10 %, 40 °C, 24 h 343

NaOH + (cellulase, 362
[3-glucanase,
hemicellulase, and
xylanase)

Cellulase and 24 h, 50 °C. 38°C Scenedesmus Batch 1425 265  (Ometto
endogalactouronase obliquus et al. 2014)

Thermal 165 °C, 30 min 381

Thermal hydrolysis 165 °C, 30 min 548

Ultrasound 100 W, 24 kHz, 333

8 min

Cellulase and 24 h, 50 °C Chlorella 1158 273
endogalactouronase sorokiniana

Thermal 165 °C, 30 min 393

Thermal hydrolysis 165 °C, 30 min 461

Ultrasound 100 W 24 kHz, 375

20 min

Cellulase and 24 hat 50 °C Arthrospira maxima 1461 185
endogalactouronase

Thermal 165 °C, 30 min 250

Thermal hydrolysis 155 °C, 30 min 235

Ultrasound 100 W 24 kHz, 214

20 min

Note: (1) biogas yield, ml/g COD_ (2) methane yield, ml CH,/g COD, (3) methane yield, ml CH4/g TS, (4) biogas yield, ml/day/g COD, (5) biogas yield,

ml/gVS

/*Temperature was not provided

and produce different enzymes depending on the given sub-
strate (Parawira 2012). Additionally, microbial pretreatment
avoids the fussy steps to isolate and purify enzymes.
However, the regeneration and growth of microorganism re-
quires extended time periods (usually several days to weeks)
and would consume the substrates, thus negatively affect the
performance of subsequent AD. Numerous researchers have
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observed the dry mass loss of feedstock after pretreated with
microorganism, and dry mass loss increases with the
prolonging of pretreatment time. For instance, Liu et al.
(2014a) pretreated corn stover silage using Phanerochaete
chrysosporium in solid-state fermentation to enhance methane
production. The highest methane yield was achieved on the
25th day of pretreatment, which was 23.0 % higher than that
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of the untreated corn stover silage, while the maximum dry
mass loss of 14.2 % was reached at the 30th day of pretreat-
ment. Thus, an effective pretreatment time requires a tradeoff
between the dry mass loss and the degradation of lignocellu-
losic material.

The performance of microbial pretreatment varies ac-
cording to the stains, cultivation conditions, and the type
of lignocellulosic materials (Table 3). Inappropriate pre-
treatment could not increase or even decrease the biogas
production compared with the untreated group. For in-
stance, Lopez et al. (2013) pretreated four kinds of ligno-
cellulosic wastes (wood fiber, grass, corn stover, and
wheat straw) with fungus Phanerochaete flavidoalba to
improve the AD. The pretreatment had a positive effect
on improving anaerobic biodegradability of corn stover,
grass, and wheat straw, but failed to improve the
subsequent biogas production; the biogas production was
enhanced only in wood fiber group. Nuchdang et al.
(2015) observed a negative effect on biogas production
when using fungi Coprinopsis cinerea and Polyporus
tricholoma to pretreat paragrass, although the fungi could
shift the maximum methane production rate to an earlier
date compared to the control; the methane yield of the
pretreated paragrass was approximately 15 % lower than
that of the untreated paragrass.

Due to the highly efficient lignocellulolytic enzyme sys-
tem, the pure culture pretreatment mainly focus on fungal
pretreatment. Rot fungi, including brown-, white-, and soft-
rot, are the most usually used for pretreatment of lignocellu-
losic material (Zheng et al. 2014). In addition, some kinds of
mushrooms also can be used for pretreating and improving
biogas production (Miiller and Trfisch 1986; Bisaria er al.
1990; Mackul'ak et al. 2012). The other specific species,
which can produce high titer lignocellulase, also can be used
for pretreatment. Munoz et al. (2014) showed a microalgal
pretreatment method using cellulolytic bacteria that naturally
degrades microalgae in their native habitat. They pretreated
Nannochloropsis gaditana with Raoultella rnithinolytica
strains MC3 and MAS for improving biogas production, and
the results showed that the pretreatment could increase the
yield of methane by 140.32 and 158.68 %, respectively, over
that from nonpretreated microalgae. Besides, ensilage, which
is mainly carried out by Lactobacillus species, is also consid-
ered to be a potential pretreatment method to stimulate biogas
production. During the ensiling process, silage bacteria act on
the cellulose and carbohydrates to produce VFAs such as
acetic, propionic, lactic, and butyric acids. Many researchers
have proved that silage is a useful feedstock for AD. For
instance, Liu et al. (2014b) investigated the effects of
Phanerochaete chrysosporium pretreatment on the
biodegradability and subsequent anaerobic production of
biogas from corn stover and corn stover silage. Their results
showed that the peak levels of daily biogas production and the

CH, yield from corn stover silage were approximately twice
that of corn stover.

Since the type of lignocellulolytic enzymes produced by
single stain is limited, one of the strategies to increase the
biogas production of pure culture pretreatment is to combine
it with other pretreatment methods. For example,
Alexandropoulou et al. (2016) compared the biogas produc-
tion from willow sawdust pretreated with different methods,
i.e., fungal pretreatment via the white rot fungi Leiotrametes
menziesii and Abortiporus biennis, alkaline, and the combined
alkaline and fungous. The maximum methane production was
observed for the combined alkaline and A. biennis pretreat-
ment and was 12.5 and 50.1 % higher than the corresponding
alkaline and fungal pretreatment alone and 115 % higher than
the raw willow sawdust.

In order to decrease the dry mass loss and prevent
indigenous feedstock microorganism from consuming the
reducing sugars released from the hydrolization in the
pretreatment process, pure culture pretreatment is usually
conducted under sterilized conditions. However, the research
carried out by Zhao et al. (2014a) showed that methane yields
from fungal pretreatment of unsterilized yard trimmings using
yard trimmings pre-colonized with Ceriporiopsis
subvermispora as an inoculum were comparable to those ob-
tained by using the traditional method requiring feedstock
sterilization. The technique can save about 501-789 kl/kg of
dry yard trimmings processed, which is about half of the total
biogas energy produced by the AD. Another strategy of de-
creasing the dry mass loss is to use anaerobic microorganism
to pretreat the feedstock; as under anaerobic condition, the
loss of carbon dioxide is usually lower than that of at acrobic
condition. The prevalent approach presently is to add the an-
aerobic lignocellulolytic microorganism directly into the bio-
gas reactor, which is known as bioaugmentation, and will be
discussed in the “Bioaugmentation” section.

Mixed cultures, i.e., microbial consortium, increasingly at-
tracts more attention in pretreating lignocellulosic material for
AD due to several advantages: (1) microbial consortium con-
tains complex enzymes needed in the degradation of lignocel-
lulosic material and thus could effectively improve the degra-
dation rate, while most pure culture only contains one or some
of the enzymes, and thus makes the degradation inefficiently;
(2) each microbe in the microbial consortium works synergis-
tically and comes into being a functional microecosystem with
a wide range of tolerance to various physical and chemical
conditions; and (3) it is not necessary to sterilize feedstock
for mixed culture pretreatment, as the activity of indigenous
feedstock microorganism is inhibited by the strong function of
microbial consortium (Yu et al. 2016). Presently, there are two
strategies to obtain the microbial consortium; one is screened
and constructed from natural environments, and the other is
directly obtained from some specific environments, like ru-
men and anaerobic digesters. Several efficient microbial

@ Springer
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consortiums in terms of improving biogas production have
been constructed by different research groups. MC1, a struc-
turally stable, thermophilic consortium, was constructed by a
succession of enrichment cultures from compost, and it was
found to be capable of effectively increasing methane produc-
tion from various lignocellulosic materials such as cotton
stalk, rotted silage maize straw, municipal solid waste, filter
paper, office paper, newspaper, and cardboard (Yuan et al.
2012, 2014, 2016; Hua et al. 2016). In another research
group’s work, Poszytek et al. (2016) isolated over 100 strains
of cellulose-degrading bacteria from sewage sludge, agricul-
tural biogas sludge, cattle slurry, and manure, and chose 16
strains with high cellulolytic activity (consisting of Bacillus,
Providencia, and Ochrobactrum genera) to construct a micro-
bial consortium, called MCHCA, which is capable of efficient
hydrolysis of maize silage, and increases biogas production by
even 38 %. In addition, a mesophilic lignocellulolytic micro-
bial consortium BYND-5, mainly composed of Firmicutes,
Bacteroidetes, Deferribacteres, Proteobacteria,
Lentisphaerae, Fibrobacteraceae, and uncultured bacterium,
was established by successive subcultivation by Yan et al.
(2012). BYND-5 can degrade more than 49 % of rice straw
within 7 days at 30 °C under static conditions and increase
total biogas yield by 9.3 % more than control.

The use of natural microbial consortium like rumen lig-
uid and liquid fraction of some special digestates should be
cost-effective, as which avoids the steps of screening and
isolation. Zhang et al. (2016) reported that rice straw was
pretreated for 24 h at 39 °C with rumen fluid under anaer-
obic conditions, resulting in 66.5 % more biogas produc-
tion, 82.6 % more methane yield, and 40.0 % shorter tech-
nical digestion time compared with those under the control.
Baba et al. (2013) evaluated the effect of rumen fluid-
pretreatments on the methane production of waste paper at
37 °C. Their results showed that 6-h pretreatment was con-
sidered the optimal, resulting in 2.6 times higher of the best
daily methane yield, 73.4 % of the theoretical methane
yield compared with the untreated paper. Hu et al. (2015)
used the liquid fraction of digestate from anaerobic digester
with corn stover as substrate to promote anaerobic
biogasification of corn stover at ambient temperature
(20 = 1 °C). Their results showed that 3-day pretreatment
was considered to be optimal, resulting in 70.4 % more
biogas production, 66.3 % more biomethane yield, and
41.7 % shorter technical digestion time compared with
those in the untreated stover. Wei et al. (2015) compared
the effects of liquid fraction of digestate, ammonia solution,
and NaOH pretreatments on the process of mesophilic an-
aerobic co-digestion of cattle manure and corn stover. The
results showed that the biological pretreatment not only
achieved the same effects as chemical pretreatment at the
performance of AD but also reduced the technical digestion
time and improved the buffer capacity of AD system.

@ Springer

Interestingly, the microbes in the mixed cultures are
not always lignocellulolytic. For example, Kato et al.
(2004) found the cellulose degradation performance of
Clostridium straminisolvens CSK1 was remarkably lower
than that of the original microflora. However, when
C. straminisolvens CSK1 was mixed with aerobic non-
cellulolytic bacteria isolated from the original microflora;
the cellulose degradation performance was increased sig-
nificantly. The non-cellulolytic bacteria might essentially
contribute to the cellulose degradation by supplying suit-
able environment conditions, and/or by consuming me-
tabolites, which otherwise deteriorate the cellulolytic ac-
tivity (Kato et al. 2004). Usually, the structures of micro-
bial consortium obtained both by the artificial screening
and from some specific natural environment conditions
are very stable, as the former is often screened for de-
cades of generations, like MC1 which composition did
not change after more than 20 subcultures (Kato et al.
2005), as well as the later, which had been screened un-
der the natural environmental conditions for a very long
time (Hu et al. 2015). However, when they were used to
pretreat the unsterilized feedstock, the microbial compo-
sition still could be changed little or more depending on
the ratio of the inoculums to the indigenous feedstock
microorganism. For example, when Yu et al. (2016) used
MCI1 to accelerate the acidification of corn stalks and
cow dung to improve the biogas production under unster-
ilized and sterilized conditions, the microbial composition
did not change obviously in the sterilized system, while
the abundance of members of MC1, such as Bacillus and
Clostridium, increased clearly on day 3 under unsterilized
system, and with the prolonging of pre-cultivation time,
MCI1 nearly disappeared from the unsterilized system.
Nevertheless, MC1 clearly improved the organic acid
production on day 3 and which was enough to improve
the biogas production (Yu et al. 2016).

Bioaugmentation

Bioaugmentation is the practice of adding selected strain/s or
mixed cultures to biological systems to improve the catabo-
lism of specific compounds, e.g., refractory organics. This
method is especially used in soil and water bioremediation
when indigenous microorganisms are rare or not able physio-
logically to perform the degradation process (Semrany et al.
2012; Herrero and Stuckey 2015). Recently, it was introduced
into AD processes as an alternative method to eliminate some
refractory compounds such as lignocellulosic materials and to
increase the yield of biofuel products like ethanol, hydrogen,
and methane.

Using bioaugmentation technique to improve biogas pro-
duction from lignocellulosic materials has several potential
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advantages over the biological pretreatment methods: (1) sav-
ing the time used for biological pretreatment; (2) simplifying
the process and thus reducing the costs, as the microorganism
used for bioaugmentation is added directly into the anaerobic
reactors, which eliminates the need of additional reactors or
equipments; (3) avoiding the problem of dry matter loss that
frequently appears in the aerobic pretreatment process, and this
would increase the potential methane production since the or-
ganic carbons would have more chances to be converted into
methane than carbon dioxide compared to that of under aerobic
pretreatment conditions; and (4) delimiting the toxicity result
from the accumulation of organic acids or ammonia
(Westerholm et al. 2012; Fotidis et al. 2013; Fotidis et al.
2014; Town and Dumonceaux 2016). Basically, there are two
options for performing bioaugmentation in anaerobic digester;
one is the addition of a pure strain, and the other is the addition
of a consortia. As mentioned above (“Biological pretreatment”
section), the use of microbial consortia might be a better choice
than pure culture.

Since the four sequential steps of biogas production are
carried out by different microorganisms, hydrolytic bacte-
ria/fungus, hydrogen-producing bacteria, acetate-type fer-
mentation bacteria, and methanogenic achaea, all could be
used theoretically for bioaugmentation in enhancing bio-
gas production, and many studies in the literature con-
firmed that this was indeed the case. However, when lig-
nocellulosic material is used as the sole feedstock, the step
of hydrolysis is considered to be rate-limiting; therefore,
bioaugmenting the lignocellulolytic microbes is consid-
ered to be able to accelerate acidification and significantly
increase the biogas production. Table 4 shows the perfor-
mance of recent studies on the bioaugmentation tech-
niques used for enhancing biogas production from various
lignocellulosic materials.

It should be noted that the successfulness of bioaugmenta-
tion requires that the introduced strain/s could survive for a
long time in the anaerobic digester. However, the selected
strain/s often fail to grow or to be active due to predation or
competition with the indigenous microorganism, presence of
bacteriophages and protozoa, or to a lack of acclimation to the
environmental conditions (Herrero and Stuckey 2015). Many
studies in the literature found that the positive effects of bio-
augmentation on the performance of bioreactor were only
maintained for a short time after inoculation. For example,
when anaerobic fungi isolated from feces or rumen fluid of
cows and deer were tested for their ability to integrate into the
anaerobic bacterial ecosystem used for biogas production
from energy crops, Prochazka et al. (2012) found that the
fungi improved the biogas production by 4-22 % depending
on the substrates and the fungi species used. However, all the
anaerobic fungi did not show long-term survival in the fer-
menters. Similarly, in Cater’s work, Pseudobutyrivibrio
xylanivorans Mz5T, Fibrobacter succinogenes S85,

Clostridium cellulovorans, and Ruminococcus flavefaciens
007C were used to bioaugment lignocellulosic substrate hy-
drolysis for enhancing the biogas production. The bioaug-
mentation was proved to be successful in methane produc-
tion enhancement but most of the introduced strains were
undetectable in the microbial community at the end of the
experiment (day 30) (Cater et al. 2015). In order to keep
the bioaugmented microorganism stable in the fermenta-
tion process, regular resupplementing of the introduced
microorganism would be a promising approach to elevate
the biogas production. In several recent researches, the
effects of different bioaugmentation patterns on the biogas
production were compared. For example, Martin-Ryals
et al. (2015) and Yang et al. (2016) reported that the rou-
tine and repeated batch bioaugmentation were more effec-
tive in improving methane production than the one-time
bioaugmentation pattern. Additionally, immobilization
technique of bioaugmented microbial cells is also an effi-
cient option to increase the survival time of introduced
strain/s, but this method is mostly used in wastewater
treatment (Weil} et al. 2010). As for the solid-state biogas
fermentation, immobilizing bioaugmented microorganism
is still difficult.

Another situation that should be pointed out is that the mi-
crobial community could be changed after the bioaugmentation
candidates are introduced into the bioreactor, and these changes
are dependent on the species of bioaugmented microorganism,
the ratio of bioaugmented microorganism to biogas inoculum,
and the bioaugmentation patterns. Neumann and Scherer
(2011) used compost to augment the continuous anaerobic di-
gestion of fodder beet silage; the results showed the addition of
compost induced a methanogenic community change towards
hydrogenotrophic methanogens. Acs et al. (2015) demonstrated
the mechanism of bioaugmentation by a single mesophilic
hydrogen-producing bacteria (Enterobacter cloacae) added to
the natural biogas-producing microbial community. After the
addition of E. cloacae, the community underwent pronounced
changes and a group of unknown Clostridiales and a close
relative of C. pasteurianum increased in abundance
spectacularly. Yang et al. (2016) studied the effects of bioaug-
mentation patterns and the ratio of enriched microbial consortia
to seed sludge on methane production from effluents of
hydrogen-producing stage of potato slurry, as well as on the
indigenous bacterial community; they found that bioaugmenta-
tion pattern strongly altered bacterial community structure, and
increasing the ratio of bioaugmented consortia to seed sludge
led to a stepwise increase in the relative abundances of some
kinds of bacteria and archaea, respectively. The changes of the
microbial community might be due to the competition for sub-
strate and/or specific ecological niches between bioaugmented
microorganism and indigenous populations, the inhibition from
antibiotics or some kinds of metabolic inhibitors (Veen et al.
1997).

@ Springer
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Table 4 (continued)

References

Methane yield (ml CHy/g VS)

Augmentation role

Condition Substrate Reactor type

Augmenting culture

Control

Test

37 °C, feeding rate:

4 g VS/l/day
37 °C, feeding rate:

590

800

8 g VS/I/day
37 °C, feeding rate 1

(Neumann and Scherer

4711®

531

Induced a methanogenic

Automated one-stage

Fodder beet silage

Compost suspension

2011)

community change towards

hydrogenotrophic

laboratory fermentors

times a day

methanogens, increased

biogas gas production,
shortened the hydraulic

retention time.
Improved biogas yields.

(Akila and Chandra 2010)

19.3©
20©

33©

Batch

Cattle manure

20 °C

Clostridium sp. PXYL1

46©

Clostridium sp. PXYL1 and

Methanosarcina sp.
PMETI1 (9:17)

Note: (1) methane yield, ml CHy/g TS, (2) methane yield, ml CH, /g cellulose, (3) methane yield, ml CH, /g COD, (4) biogas yield, ml/gVS, (5) biogas yield, ml/day/g VS, (6) biogas yield, ml/g TS.

Conclusions and future perspectives

The use of biological pretreatment and bioaugmentation tech-
nique to maximize biogas production from lignocellulosic
waste is attracting more attention due to their capacity of being
environment friendly and cost-effective. To date, using en-
zyme to pretreat lignocellulosic waste for increasing
biomethane production in the full-scale biogas plant is still
limited due to the high cost. How to greatly diminish the cost
of enzyme is urgently needed to be further studied, since the
enzymatic pretreatment is obviously advantageous compared
to the microbial pretreatment except the cost. Besides, the
addition of lignocellulolytic enzymes directly to biogas reac-
tor is very convenient, but which is little favorable to enhanc-
ing biogas production. The reason and the mechanism are not
clear yet. Hence, it will be interesting if the biogas production
could be greatly increased by adding the lignocellulolytic en-
zymes directly to anaerobic reactor.

Recombinant strains, which rely on plasmids for foreign
gene expression, can simultaneously produce various en-
zymes like cellulase, hemicellulase, and ligninase or achieve
new capability such as wide pH tolerance, toxin resistance,
etc. as required. Using recombinant strains to treat lignocellu-
losic waste or bioaugment, the hydrolysis for enhancing bio-
gas production is interesting although it is still scarce in the
available literature. However, this technique is gaining atten-
tions in other fields like biohydrogen and bioethanol produc-
tion. With the developing of biotechnology, recombinant
strains would be frequently used in the AD system since they
have the potential to increase the biogas production.
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