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Abstract Anaerobic digestion (AD) is a cost-effective treatment for management of
lignocellulosic substrates, viz., agricultural wastes and animal manures, which also
aids in generation of methane as biofuel. Although the application of AD technology
is increasing, one of the major limitations of the process is that the rate of fermen-
tation is higher than the rate of methanogenesis, which significantly affects process
stability and methane yield. Normally, the souring of digesters can be observed after
2–4 weeks after the initiation of the volatile fatty acids accumulation, which makes it
difficult for early detection and consequently resulting in acidification of digesters.
Of late, metagenomic approaches are gaining importance due to their ability to
reveal the microbial diversity and their dynamics in a relatively short time. However,
their functional nature could not be clearly explained due to the lack of data on their
activity. Recent advances in proteomic studies show its potential as a complemen-
tary technology to metagenomic studies for efficient management of digesters.
Metaproteomic analyses aid in identifying a shift in metabolic paths and in metabolic
networks under stress conditions. This provides insights on functionality, microbial
interactions, and provides data on spatiotemporal variations and their dynamics of
proteins crucial for efficient performance of the digester. Besides, this technique has
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led to identify novel phylotypes with novel functions among the microbial commu-
nities of the anaerobic digesters, which suggest the potential of proteomics in
bioprospection of novel enzymes for industrial purposes. How proteomics along
with metagenomics and transcriptomics data could aid in early detection of distur-
bances in the digesters helps in formulating recovery strategies as well as to increase
the methane content of biogas will be discussed in this chapter.

Keywords Anaerobic digestion · Metabolic networks · Methane · Proteomics

4.1 Introduction

The recent use of lignocellulosic biomass as a renewable energy source has been of
increasing interest due to the environmental crisis and alarming decline in fossil fuel
reserves. In the next few decades, bioenergy will be considered as one of the potential
renewable energy sources, in addition to other renewable energy sources, e.g., wind
and solar. Wide-scale practice of these technologies depends on the economics
involved in their infrastructure andmaintenance. Among all, bioenergy from biomass
is constantly investigated due to their easiness in installation and operation. Anaer-
obic digestion (AD) is one of the processes widely used to recover energy from
biomass sources, like animal manures, solid municipal wastes, paper industry wastes,
energy crops, or agricultural wastes, in the form of methane (Nallathambi Gunaseelan
1997).

Anaerobic digestion process degrade/oxidize organic matter under anaerobic con-
ditions by several consortia of different metabolic groups of microorganisms, where
methane (60–70%) and carbon dioxide (30–40%), and other trace gases (<1% hydro-
gen, nitrogen, ammonia, and hydrogen sulfide) are major end products. However,
methane is the most valuable product because it can be used to generate electricity
and heat (Angelidaki et al. 2003). Methane production in AD process involves four
different steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis.

Nevertheless, microorganisms carrying out this degradation/transformation reac-
tions differs in their physiology, nutritional requirement, growth kinetics, and are
sensitive to the environment. This characteristics lead to a delicate balance between
all group of microorganisms involved in AD, and any modification can cause
instability and consequently, low methane yield (Adekunle and Okolie 2015). For
this reason, over the last decade, there has been a rapid development in state-of-the-
art techniques to understand the microbial community dynamics, interactions, and
functionality to achieve a proper digester efficiency and stability. Besides, it is
necessary to study the non-culturable microorganisms involved in the process and
its proteome to fill the knowledge gaps in our understanding of the complex
microbial interplay and functionality in AD process.

The study of microbial diversity and gene expression in AD, through
metagenomic and metatranscriptomic analysis, has helped us to reveal “black box”
contents and their role to a certain level. Still, there is limited understanding of all the
possible metabolic pathways that are active throughout the biomethanation process
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and without which, successful operation and maintenance of biodigesters for higher
methane yield. Hence, the interest on metaproteomics of digesters is gaining atten-
tion. This tool can evaluate growth and activity of different microorganisms in
relation to their environment (protein expression and localization), to identify
posttranslational modification, to infer certain protein–protein interactions, amino
acid sequences, and genotypes, besides protein identification (Vanwonterghem et al.
2014). As well, metaproteomic databases can permit to examine targeted biomarkers
from microbial communities for evaluation of the biodigester functioning. In this
chapter, we focus on the contribution of metaproteomic approaches to gain an
insight on the composition of microorganisms sharing similar metabolic structure,
and the shift in their dynamics and functions under certain environmental or induced
conditions in biodigesters employing lignocellulosic substrates as main feedstock.

4.2 Anaerobic Digestion of Lignocellulosic Substrates

Global annual production of available lignocellulosic biomass is 181.5 billion
tonnes. In USA alone, about 1.25 billion tonnes of lignocellulosic biomass is
produced annually, while in Canada, about 69.25 million tonnes are generated
(Paul and Dutta 2018). The use of biomass residues as sources of renewable energy
has increased. Recently, the lignocellulosic-rich biomass feedstocks such as fibrous
food wastes, animal manures, paper industry wastes, agro residues, and energy crops
are mostly used as feedstocks for bioenergy production (Sawatdeenarunat et al.
2015). Apart from biogas production, ethanol and butanol production from ligno-
cellulosic biomass, such as wheat straw, corn cob, and sugarcane bagasse is also
being studied (Jiang et al. 2017).

The major components of the lignocellulosic biomasses are cellulose, hemicellu-
lose, and lignin, which are hydrolyzed through a series of reactions by microorgan-
isms. Cellulose and hemicellulose are the predominant polysaccharides in these
biomass materials. Whereas, lignin is conformed of phenolic polymers, which add
recalcitrance to the complex structure of lignocellulose substrates and limits the
accessibility of polysaccharides by microbial enzymes (Isikgor and Becer 2015;
Liu and Chen 2015). Li et al. (2018) reported the interaction of cellulose, hemicel-
lulose, and lignin components on biodegradability of different lignocellulosic bio-
masses and observed that methane production was favored and correlated with
decomposition of substrates rich in cellulose and hemicellulose, whereas, lignin
was not completely digested (Li et al. 2018).

Nevertheless, the lignocellulosic biomass shows low rate of polysaccharide
hydrolysis due to the presence of lignin (Cesarino et al. 2012). Therefore, to increase
hydrolysis rate, methods of pretreatment have been developed (Ariunbaatar et al.
2014) and becoming crucial to anaerobic digestion process. Pretreatments aid to
overcome limitations and eliminate the barriers to access polysaccharides for deg-
radation, augment digestibility, and consequently increase biogas production from
lignocellulosic biomass residues (Chen et al. 2014). Pretreatment techniques such as
physical (steam explosion, hydro-thermolysis, thermochemical), chemical (alkalis,
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acids, oxidants as organic solvents), nonconventional (ionic liquids), and biological
processes are mostly applied to polysaccharide decomposition (Singh et al. 2015;
Carrere et al. 2016).

Enhancement in methane yield has been reported for several lignocellulosic
residues, which reveal the significant improvements on lignin depolymerization.
However, type of pretreatment depends on the composition of lignocellulosic feed-
stocks (Table 4.1), since the type and accumulation of products after pretreatment
process can either be beneficial or harmful to the microbial consortium of AD process
(Poudel et al. 2012; Ahring et al. 2015).

Additionally, C:N ratio of lignocellulosic-rich substrates is an important param-
eter as high and low ratios were found to have negative impact on the process by
altering pH, and consequently inhibiting growth and activity of microbial commu-
nities in the biodigester (Rahman et al. 2017). In general, to overcome the limitations
due to C:N ratios, the addition of a co-substrate rich in carbon or nitrogen provide
optimum conditions for biomethanation and this process is known as co-digestion.
Selection of suitable co-substrate is important, in order to enhance synergisms, dilute
detrimental compounds, and optimize the methane yield without affecting digestate
quality (Mata-Alvarez et al. 2014; Siddique and Wahid 2018). Hence, research on
the AD process evolves continuously to identify optimum operational conditions and
their relation to the microbial diversity, their function to increase methane yield.

4.3 Recognizing Important Pathways of AD

In terms of energy, anaerobic digestion is a green technology, where biogas produc-
tion is a more efficient method for energy generation from biomass than other
biological and thermochemical conversion processes (Deublein 2009). AD is an
alternative to landfills as a means of organic waste management as AD process
generates energy apart from reducing methane emissions. Similarly, traditional
management of burning conventional forage residues results in atmospheric pollu-
tion and the application of AD process can recover energy from these lignocellulosic
biomass (Braun et al. 2008). The conversion of agricultural waste is commonly
performed in large parallel or serial biodigester systems of different sizes and
designs, known as biogas plants (BGPs). The biodigesters are classified depending
on some conditions; such as temperature of the process (psychrophilic, mesophilic,
or thermophilic), the type of substrate (e.g., silage, animal manure, or dung), and
consistency (e.g., Wet process with low solid content or Dry digestion process with
high solids content) (Mcinerney et al. 1979; Weiland 2010; Angelidaki et al. 2005).

AD is a complex multistep process that is performed by a large consortium of
microorganisms composed of four major groups as mentioned previously, hydro-
lytic, fermentative, syntrophic acetogenic bacteria, and methanogenic archaea
(Fig. 4.1) (Ferry 1993; Zheng et al. 2014).

First, hydrolytic bacteria hydrolyze biopolymers (lipids, proteins, and carbohy-
drates) to soluble oligomers and monomers (long-chain fatty acids, glycerol, amino
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acids, and monosaccharides) by extracellular enzymes. These compounds are further
converted to volatile fatty acids (VFAs; butyrate, propionate, acetate, among others),
alcohol (ethanol and methanol), H2, and CO2 by fermentative bacteria. Eventually,
VFAs greater than C2 and alcohols are oxidized to acetate, hydrogen (H2), formate,
and CO2 by syntrophic acetogens. Finally, the last group of methanogenic archaea
converts acetate and CO2 to methane (Gujer and Zehnder 1983).

In the last AD step (methanogenesis), a complex interplay among different func-
tional microorganisms occurs. Hydrogenotrophic methanogens oxidize H2 into meth-
ane (CH4) by using CO2.While themethyl group of acetate ormethylamines is reduced
to CH4 by acetoclastic methanogenesis (Schink 1997). Syntrophic acetate oxidation
(SAO) (Schnürer et al. 1999) also occurs under anaerobic conditions, yielding CO2 and
H2, which feed the hydrogenotrophic methanogens (Fig. 4.1). Methanogenic stage is
one of the rate-limiting steps as the growth rate of methanogens is low as well as they
are sensible to environmental fluctuations such as pH, temperature, and VFAs concen-
tration (Chen et al. 2008). In addition, several other factors influence biogas yield,
mainly the recalcitrant nature of the substrate, the binding of bacteria on the substrate
during the hydrolysis stage (Angelidaki et al. 2011) and high ammonia concentrations
(Appels et al. 2011).

It is worth to mention, methanogenesis involve an optimal organization and
interaction among different bacterial and archaeal communities, specific syntrophic
interactions, and an imbalance can affect growth and activity of the microbial
communities and could cause a deterioration in reactor performance, and thereby
decreasing the methane yield (Krause et al. 2008; Rastogi et al. 2008; Akuzawa et al.
2011). Understanding the structure of microbial communities, the possible interac-
tions among different microbial groups, and the active metabolic pathways could help
in improving the methane yield. As mentioned earlier, the metaproteomics is a useful

Fig. 4.1 General map of the four main stages of anaerobic digestion with the most abundant
intermediates influencing methane yield
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tool that can provide information on transcription and translation, giving discernment
between regulation of gene expression, protein synthesis, stability, and turnover of
mRNA and proteins synthesized in situ. Of late, this approach has been successfully
applied to laboratory- and full-scale anaerobic systems with potential in biogas
production from lignocellulose substrates, as seen in Table 4.2.

Laboratory-scale digesters systems are scaled-down models to investigate new
different substrate composition, microbial diversity, and its efficiency on organic
matter removal and consequently methane yield potential and for testing new reactor
configurations (Herrmann et al. 2011). These systems allow us to add control tools to
handle several operational parameters and to control a malfunction, if there is any. In
contrast, full-scale BGP represents a bigger challenge in operation and maintenance
and some disturbances are hard to manipulate (Gerardi 2003).

Table 4.2 Overview of metaproteomic studies on AD of lignocellulosic biomass

Reactor type Substrate Major findings References

Laboratory-scale reactors

Thermophilic 8 L-
stirred tank reactor
(55 �C)

Mixture of beet silage
(95%) and chopped rye
(5%)

Proteins involved in
acetoclastic and
hydrogenotrophic
methanogenesis, energy con-
servation, and a heat shock
protein were identified. Most
of them belong to
Methanosarcinales, and others
to Methanomicrobiales and
Synergistales

Hanreich
et al.
(2012)

Mesophilic 2 L
digester under acid
stress conditions
(35 �C)

Blended Taihu blue
algae

Proteins involved in methane
production and energy metab-
olism were identified (MCR:
methyl-coenzyme M reduc-
tase, alcohol dehydrogenase,
coenzyme-B sulfoethyl
thiotransferase) from
Methanosarcinales,
Methanomicrobiales, and
Clostridiales

Yan et al.
(2012)

Mesophilic 500 mL
batch digesters
(38 �C)

Cut straw and hay Members of Bacteroidetes
were responsible for carbohy-
drate metabolism, while fla-
gellins from Firmicutes
showed its prevalence among
the community. Otherwise,
abundant enzymes from
methanogenesis were detected
from Methanobacteriales,
Methanosarcinales, and
Methanomicrobiales

Hanreich
et al.
(2013)

(continued)
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Table 4.2 (continued)

Reactor type Substrate Major findings References

Thermophilic 1 L
digester (55 �C)

Unprinted office paper
and anaerobic sludge
from thermophilic
industrial digester fed
with municipal solid
wastes

Cellulose and hemicellulose
hydrolysis and fermentation
enzymes were strongly related
to Caldicellulosiruptor spp.
and Clostridium thermocellum.
Hydrogenotrophic pathway
enzymes assigned to
Methanobacteriales.
Coprothermobacter
proteolyticus recognized to
perform proteolysis and
fermentation

Lü et al.
(2014)

Mesophilic 5 L con-
tinuous stirred tank
reactors (CSTRs,
37 �C) designed as a
“bovid-like” digestive
system

Aerobic sludge from a
wastewater treatment
plant inoculated with
cow digestive tract
contents (RU) and cow
manure (CO)

Glycogen-accumulating
microorganisms
(Competibacteraceae with
two-phase metabolism from
aerobic to anaerobic) domi-
nated the CSTRs.
Hydrogenotrophic
methanogenic proteins domi-
nated the RU. While CO reac-
tor was affiliated to subunits
from acetyl-CoA
decarbonylase/synthase
(ACDS) complex and acetate
kinase from
Methanosarcinales and
Methanomicrobiales

Bize et al.
(2015)

Thermophilic digester
(2 L; 55 �C)

Fresh and digested
swine manure

The most abundant proteins
belong to energy production
and conversion, carbohydrates,
lipids, and amino acid metab-
olism, followed by information
storage and cellular processing
proteins. The proteins related
to energy production were
ATPases subunits, MCR, and
acetyl CoA decarbonylase

Lin et al.
(2016)

Mesophilic and ther-
mophilic anaerobic
digesters (5 L); 37 and
55 �C)

Acidified grass Both mesophilic and thermo-
philic reactors contained high
abundance of glycolytic pro-
teins, sugar transport systems,
and phosphotransferase sys-
tems affiliated to Firmicutes.
While in thermophilic condi-
tions chaperons and heat shock
proteins were overexpressed

Abendroth
et al.
(2017)

(continued)
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Table 4.2 (continued)

Reactor type Substrate Major findings References

Mesophilic 2 L batch
reactors (37 �C)

Reed straw (pretreated
with cellulase) and
swine manure sludge

Bacterial proteins (Firmicutes,
Proteobacteria,
Actinobacteria, and
Bacteroidetes) were mainly
affiliated to polymer metabo-
lism. Ferredoxin-NADP
reductase for H2 production
was assigned to Azotobacter.
The most abundant
metaproteins were acetyl-CoA
decarbonylase, MCR, and ace-
tate pathway from
Methanosarcinales

Jia et al.
(2017a)

Mesophilic 2 L reac-
tors (35 �C)

Food waste with short-
term hydrothermal
pretreatment

Carbohydrate and energy
metabolism were the most
active functions during the H2

production stage of Firmicutes
and Bacteroidetes. Proteins
from acetate metabolism,
methylotrophic and
acetoclastic pathways
increased during the
methanogenic stage were
assigned to
Methanosarcinales,
Methanobacteriales, and
Methanotococcales

Jia et al.
(2017b)

Mesophilic (R1-2),
thermophilic (R3-4),
and high ammonia
levels (R5-6) of
multibioreactor sys-
tem (500 mL)

Sludge from BGP fed
with corn, silage,
pressed and pulp turnip,
chicken dung, liquid
manure, and iron
sludge

Enzymes of glycolysis and
amino acid biosynthesis were
found in R1. In reactors 3 and
4 decreased MCR from
Methanosarcinales and
Methanobacteriales. While in
R5-6 increased the expression
of 5,10-ethylene H4MTP
reductase and subunits of
ACDS complex from
Methanobacteriales and
Methanosarinales

Kohrs et al.
(2017)

Mesophilic 500 mL
reactor

Cut filter paper The most upregulated proteins
included carbohydrates hydro-
lases, ABC transporter pro-
teins, outer binding proteins,
copper amine oxidases, trans-
lation elongation factors, car-
boxyl transferase,
glyceraldehyde 3-phosphate
dehydrogenase, and flagellins,
mostly belonging to
Firmicutes, Synergistetes, and
Bacteroidetes

Speda et al.
(2017)

(continued)
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Table 4.2 (continued)

Reactor type Substrate Major findings References

Mesophilic 4 L leach
bed reactors (37 �C)

Acidified ensiled rye-
grass and granular
sludge

Proteins related to carbohy-
drate hydrolysis, glycolysis,
and transport proteins were
assigned to Firmicutes,
Bacteroidetes, Spirochaetes,
and Proteobacteria. ATPases
and oxidoreductases belong
mostly to Firmicutes,
Proteobacteria, and
Bacteroidetes. Meanwhile,
proteins from lipid and amino
acid metabolisms and environ-
mental stress were affiliated to
Firmicutes and Bacteroidetes

Joyce et al.
(2018)

Mesophilic 10 L
stirred tank reactor
(37 �C)

Dried distiller grains
feedstock under trace
element deprivation

Trace element
(TE) deprivation causes a
decrease of hydrogenotrophic
metaproteins from
Methanomicrobiales. Only
coenzyme F420-reducing
hydrogenase and methyl-
H4MTP increased its abun-
dance upon the addition of
TE. Methylotrophic and
acetoclastic metaproteins
decreased while
formylmethanofuran dehydro-
genase from
Methanosarcinales increased

Wintsche
et al.
(2018)

Full-scale biogas plant

Mesophilic biogas
plants (BGPs;
270–2280 m3)

Corn-/grass-/rye whole
crop silages
Piglet manure/cattle
manure/cattle slurry

Peptidases, glycolytic
enzymes, glucose transporters,
ribosomal proteins, chaperons,
amino acid metabolism, and
energy conservation proteins
were identified from bacteria.
No cellulolytic enzymes were
detected. For Archaea,
hydrogenotrophic and
acetoclastic metaproteins from
Methanobacteriales and
Methanosarcinales were iden-
tified. Changes in protein pro-
files correlated to MCR
decrease upon acidification

Heyer et al.
(2013)

(continued)
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Table 4.2 (continued)

Reactor type Substrate Major findings References

Mesophilic (43 �C)
and thermophilic
(52 �C) BGPs
(1500–1600 m3)

M: Whole crop silages
of maize, forage rye,
cattle manure, and
slurry
T: Mix of maize whole
crop silage and poultry
manure

Carbohydrate hydrolases,
sugar transporters, glycolytic
enzymes, and primary fermen-
tation enzymes were identified.
Most of the mesophilic pro-
teins were affiliated to
Methanosarcinales. Whereas
Firmicutes and Thermotogales
were assigned to thermophilic
BGP, as well as
Methanobacteriales

Kohrs et al.
(2014)

Mesophilic BGP
(43 �C; 1500 m3)

Whole crop silages of
maize and rye, cattle
manure and cattle
slurry

Proteins as H4MPT
S-methyltransferase, V-type
H+-transporting ATPase and
MCR from both acetoclastic
and hydrogenotrophic path-
ways were dominant and
belonged to
Methanomicrobiales and
Methanosarcinales. Subunits
of ACDS complex were affili-
ated to Methanosarcinales

Theuerl
et al.
(2015)

35 mesophilic and
thermophilic BGPs
(min. 33 �C, max.
55 �C; 20–4000 m3)

Agricultural substrates,
industrial wastes,
slaughterhouse wastes,
sewage sludge, munici-
pal waste, mixed and
unknown substrates

The 40 BGPs were dominated
by methanogenic enzymes
related to nutrient transport and
one-carbon metabolism. The
most abundant metaproteins
(MCR and 5,10-methylene
H4MTP reductase) belonged to
Methanobacteriales and
Methanosarcinales. At 33 �C,
proteins from short fatty acid
metabolism, lipid and
one-carbon metabolism were
abundant. At 55 �C, proteins
from DNA recombination and
repair, and amino acid biosyn-
thesis were abundant

Heyer et al.
(2016)

Mesophilic and ther-
mophilic BGPs (1–3:
37 and 4: 54 �C;
105 m3)

BGP1: Maize silage,
sugar beet, and poultry
manure. BGP2: Maize
silage, grass, and
pig/cattle manure.
BGP3: Maize silage
and pig manure. BGP4:
Maize silage, grass, and
pig manure

ABC transporters, carbon and
methane enzymes were
assigned to BGP3. ABC trans-
porters were highly expressed
and affiliated to Firmicutes and
Bacteroidetes, as well as,
hypothetical substrate-binding
proteins. Glycolytic enzymes
were identified from
Firmicutes and Bacteroidetes.
While members of
Methanosarcinales and

Ortseifen
et al.
(2016)

(continued)
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4.4 Metaproteomics in AD of Lignocellulosic Substrates

Metaproteomics was first defined by Wilmes and Bond (2004) as “the large-scale
characterization of the entire protein complement of environmental microbiota at a
given point of time.” Through the years several denominations have been used
depending on the different experimental procedure, the complexity of the environmen-
tal sample or the outcomes. Terms include environmental proteomics,metaproteomics,
community proteomics, proteogenomics, and proteotyping. However, not all are syn-
onyms. Schneider and Riedel (2010) mentioned that environmental proteomics refers
to the proteome analysis of environmental samples, whilemetaproteomics is the study
of highly complex biological systems containing a large number of proteins, which is
hard to assign to species within a phylotype. In contrast, community proteomics infers
that most of the proteins identified are assigned specifically to members of the com-
munity. Proteogenomics links the gene function to the identified protein, giving the
accurate information about a biological system functionality. On the other hand,
proteotyping refers to a gel-free approach, supported by the rapid protein resolution
bymass spectrometers for the characterization ofmixedmicrobial communities (Kohrs
et al. 2017). Despite several definitions, proteomics englobes a large-scale study of
proteins, which allows the understanding the metabolic networks, syntrophic interac-
tions, carbon and nitrogen fluxes, and novel pathways.

Several analytical methods have been applied to provide an insight into microbial
communities in AD, commonly genomic approaches. Cloning and sequencing of

Table 4.2 (continued)

Reactor type Substrate Major findings References

Methanomicrobiales were
responsible for
hydrogenotrophic and
methylotrophic
methanogenesis

Thermophilic indus-
trial biogas reactor
(60 �C; 2200 m3)

Food waste with high
levels of free ammonia

Dictyoglomales and
Planctomycetes were highly
active in polysaccharide
hydrolysis. Proteins from obli-
gate hydrogenotrophic
methanogens dominated over
acetoclastic methanogens.
Novel phylotypes of
SAO-bacteria (unFi_c1 and
unFi_c2) were identified and
perform β-oxidation of buty-
rate and other longer chain
fatty acids, as well as in acetate
oxidation

Hagen
et al.
(2017)
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DNA or fingerprint target of 16S rRNA gene have been usually applied to explore
communities of Archaea and Bacteria (Clement et al. 1998; Schlüter et al. 2008).
However, metaproteomics emerged as a complementary approach to give a full
vision of the physiological and biochemical functions of microbial population.
General metaproteomic workflow comprises biogas community sampling, protein
extraction, protein gel separation, tryptic digestion of proteins, mass spectrometry of
resulting peptides, and database searching of mass spectra (Hassa et al. 2018).
However, as mentioned before, new gel-free approaches have led to rapid resolving
mass spectrometers (MS) for rapid identification and characterization of microbial
communities employing tandem MS and MS/MS-based shotgun proteomics
(Karlsson et al. 2015).

4.4.1 Hydrolysis

As mentioned previously, microbial communities degrade polymeric biomass into
monomers by hydrolytic enzymes during the first step of AD process in order that
simpler compounds are available for the next steps of biomethanation process. The
three primary substrates for hydrolysis are polysaccharides, lipids, and proteins,
which are generally present in majority of the wastes or feedstocks of anaerobic
digesters (Tong et al. 1990). In the case of polysaccharides, there exist two basic
types of enzyme system for its hydrolysis: complex systems as cellulosomes,
produced by anaerobic bacteria and nonassociated, free enzyme systems produced
by aerobic microorganisms (Fig. 4.2) (Felix and Ljungdahl 1993).

The first metaproteomic study conducted by Hanreich et al. (2013), demonstrated
the presence of α-amylase and glycoside hydrolase only. α-amylase is an
endoamylase, which acts on α-1,4 glycosidic bonds in amylose or amylopectin of
starch, releasing oligosaccharides of different length. While, glycoside hydrolases
are capable of hydrolyzing cellulose, hemicellulose, and starch. This study employed
maize-digestate from a biogas plant fermenting maize and a mix of cut straw and hay
as feedstock. The metaproteome was dominated only for few proteins from genus
Thermoanaerobacterum and Microscilla and in less abundance, the proteins of
Cytophaga, which synthetizes pectate lyase. This enzyme catalyzes the eliminative
cleavage of pectate, a main component of cell walls in plants. In contrast, a study of a
biogas plant treating silage or whole maize crop showed a set of hydrolytic enzymes
performing degradation of high-molecular carbohydrates like cellulose, hemicellu-
lose, xylan, and arabinan (Heyer et al. 2013).

Other nonagricultural substrates, as waste papers, with a composition of about
70% of cellulose and 30% of hemicellulose has led to the identification of structural
and catalytic components of C. themocellum cellulosome; CelS and CelJ, as well as
hydrolytic enzymes degrading high-molecular carbohydrates. Other enzymes as
β-mannanase, acetyl xylan esterase, and endoxylanase, specialized in hemicellulose
degradation were related to Caldicellulosiruptor genus (Lü et al. 2014). On the other
hand, food wastes as feedstock, with high levels of free ammonia, indicated that an
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uncultured Atribacteria was mainly responsible for the hydrolysis of polysaccha-
rides synthesizing enzymes as β-glucoside, galactose mutarotase, L-fucose isomer-
ase, and xylose isomerase potentially related with hemicellulose degradation.

For protein hydrolysis, proteases, and endopeptidases belonging to
C. proteolyticus are reported frequently, when protein-rich biomass is treated in

Fig. 4.2 Schematic diagram of the nonassociated and associated cellulase systems. Most aerobic
microorganisms degrade cellulose by secreting a set of complex enzymes viz., endoglucanase,
exoglucanase, and β-glucosidase. On the contrary, most of the anaerobic microorganisms produce
cellulosomes. The cellulosome is an extracellular multienzymatic complex present on the cell wall
and binds to the substrate for its hydrolysis. It can incorporate several hydrolases through cohesin–
dockerin interaction, while the carbohydrate-binding module keeps the cellulosome attached to the
lignocellulosic substrate. This figure was modified from Zhu and McBride (2017)
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thermophilic biodigester (Heyer et al. 2013). Other enzymes also related to protein
degradation are trypsin-like serine protease and it is reported that Planctomycetes
and Atribacteria groups are metabolically active in carbohydrate and protein degra-
dation (Hagen et al. 2017).

Recently, metaproteomics is employed as a bioprospecting tool for identifying
novel enzymes. Speda et al. (2017) showed this tool is useful to identify and select
novel enzymes from consortia, that are specifically upregulated upon its induction.
Cellulolytic activity was targeted in a defined medium containing filter paper, instead
of glucose, and compared with a non-induced sample. Cellulose induction led to the
identification of 1,4 β-cellobiosidase, 1,4 β-xylanase, cellobiose phosphorylase,
β-glucosidase, and hypothetical Ig domain proteins from several species.

4.4.2 Nutrient Transport

Substrate transporter systems are of great relevance for the following steps of
methanogenesis. The main mechanism by which a microorganism can obtain nutri-
ents from the environment is by means of these proteins. Diverse studies have
evidenced transport proteins in anaerobic reactors. Two classes of proteins involved
in nutrient transport are TonB-dependent receptors and ATP-binding cassette (ABC)
transporters. These proteins have been previously reported in AD from several
members of Bacteroidetes and Spirochaetes phylum (Hanreich et al. 2013). The
TonB-dependent transporter (TBDT) is a bacterial outer protein that can actively
transport siderophores, as well as, vitamin B12, nickel complexes, and carbohy-
drates. This receptor is part of a starch utilization system that has been recognized by
its efficiency to transport oligosaccharides to its further degradation. As mentioned
before, TBDT is deployed for more complex substrates and uses a proton motive
force for the uptake of oligomers that are too large to diffuse via porins (Lü et al.
2014). Interestingly, TBDT also can degrade polymers as polysaccharides, proteins,
proteoglycans and via substrate-binding hydrolytic proteins.

In contrast, ABC proteins are a family of primary transporters that hydrolyzes
ATP to transport organic and inorganic compounds. ABC systems are
bioenergetically expensive as ATP hydrolysis is needed to translocate the substrate
across the membrane. Consequently, investment of ATP in this transport mechanism
limits binding and transport, especially when higher concentration metabolites are
present. ABC transporters have been reported to be related to peptide transport,
maltose, and other metabolites, such as glycerol 3-phosphate (Speda et al. 2017;
Kohrs et al. 2014; Hagen et al. 2017). Ortseifen and colleagues (2016) showed in an
integrated metagenome-proteome research digesting maize silage and pig manure,
that mostly ABC-transporters of peptides, oligopeptides, monosaccharides, and iron
of the phylum Firmicutes were upregulated, and as well as other translocating
proteins from Spirochaetes, Thermotogae, and Thermococcus phylum. While Jia
and coworkers (2017a) made an extensive work of the metaproteome evaluating the
four different stages of methanogenesis (peak stage of hydrogen production, late
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stage of hydrogen production, peak methanogenic stage, and late methanogenic
stage) in a bioreactor fed with cellulase-pretreated reed straw. They found ABC
protein expression increased during the peak methanogenic stage where methane
production potentials and methane production rate reached 2709.94 mL and
9.71 mL/h.

Otherwise, components of sugar transport systems (like the phosphotransferase
system) were identified mainly from Firmicutes species, in a biodigester fed with
grass, and with a separate acidification step at thermophilic and mesophilic condi-
tions (Abendroth et al. 2017). This active transport is used by bacteria for uptake of
carbohydrates, particularly hexoses, hexitols, and disaccharides, where the source of
energy is from phosphoenolpyruvate (Roseman 1969).

4.4.3 Acidogenesis

After hydrolysis and nutrient transport, monosaccharides and amino acids are the
most abundant substrates for fermentation and a wide range of microorganisms can
metabolize both, mostly Clostridia and other Gram-positive bacteria (Madigan et al.
2008; Ramsay and Pullammanappallil 2001).

Monosaccharides are channeled to catabolic pathways for the production of pyru-
vate via the Embden–Meyerhof–Parnas (EMP; glycolysis) or Entner Doudoroff
(ED) pathway. During glycolysis, reducing equivalents like NADH and H2 are
produced, and pyruvate is further metabolized to acetate, CO2, and H2 (at low partial
pressure) or subsequently to C3 products (lactate or propionate), or C2/C4/C6 products
(acetate/butyrate/caproate) via acetyl-CoA (at high partial pressure). At low partial
pressure of H2, the flow of electrons (NADH) lead to H2 production which leads to
pyruvate degradation. As partial pressure increases, the flow of electrons shift to the
generation of reduced electron fermentation products (volatile fatty acids, VFAs) such
as propionate and long-chain fatty acids, lactate, or ethanol. Thus, in a system where
methanogens are effectively consuming H2, low concentrations of ethanol, lactate, and
butyrate are maintained (Bräsen et al. 2014).

At first evaluation of a full-scale agricultural BGP metaproteome, Heyer et al.
(2013) demonstrated the identification of metabolic enzymes involved in glycolysis as
glyceraldehyde-3-phosphate dehydrogenase (G3PD), enolase, phosphoglycerate
kinase, glycerol kinase, and lactate dehydrogenase (LDH), mostly associated to
Clostridia. Similar results were found in agricultural BGPs in mesophilic and thermo-
philic conditions assigning proteins from glycolysis as 6-phosphofructokinase, aldol-
ase, G3PD, 3-phosphoglycerate kinase, phosphoglycerate mutase, and enolase, as well
as enzymes from the primary fermentation: LDH (assigned to Lactobacillus), NADP-
dependent isopropanol dehydrogenase, and aldehyde dehydrogenase also related to
Clostridia (Kohrs et al. 2017). Jia et al. (2017a) also demonstrated the presence of
LDH in Streptococcus during the hydrogen production stage.

Other BGP digesting maize silage and pig manure revealed highly abundant
proteins in fermentation. In spite of the low abundance reported, the use of an
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integrated approach for combining metaproteomics and metagenomics tools aid in
the identification of glycolysis enzymes (enolase, aldolase, and G3PD) (Ortseifen
et al. 2016). Similar results were found in a case study evaluating a proteome from a
thermophilic reactor degrading swine manure, where enolase from different species
of phyla Proteobacteria were identified (Lin et al. 2016).

On the other hand, an industrial biogas reactor predominantly fed with food waste
and high levels of free ammonia, few enzymes from glycolysis were identified, and
attributed to uncultured phylotypes Atribacteria, Planctomycetes, and Dictyglomus
(Hagen et al. 2017). In contrast, a mesophilic reactor containing pretreated food waste
(under short-term hydrothermal) recorded a higher proportion of proteins of carbo-
hydrate metabolism to Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes,
and Cyanobacteria. The proteins involved belong to glycolysis, pyruvate, propio-
nate, glyoxylate, and dicarboxylate metabolism (Jia et al. 2017b).

In lab-scale models, anaerobic digestion of office paper, led to the identification
and assignation of all glycolytic enzymes to C. thermocellum, C. proteolyticus, and
Caldicellulosiruptor genus. Also, proteins involved in the synthesis of fermentation
products such as lactate, ethanol, butanol, acetate, formate, and butanoate were also
assigned to the same genus (Lü et al. 2014). Corresponding to the metabolism of
grass, as lignocellulosic biomass, a set of glycolytic enzymes were identified specif-
ically in the phase of sugar assimilation (Abendroth et al. 2017). Speda et al. (2017)
were able to identify carboxyl transferase (gluconeogenesis) and G3PD (glycolysis)
in a cellulose-rich (paper filter) biodigester. These findings showed that the EMP is
one of the key glycolytic pathways functional during anaerobic digestion, as well as
in the formation of intermediary products of fermentation, leading to the next step of
methane production (Wilmes and Bond 2009; Abram et al. 2009).

4.4.4 Acetogenesis

During this stage, syntrophic bacteria oxidize VFAs greater than C2 to produce key
intermediates (25% acetate and 11% H2) of the process. In this acetogenesis step,
obligatory hydrogen forming syntrophic bacteria can cause toxic effects by accu-
mulating high hydrogen pressure on the system. Consequently, the microbial con-
sortium is not capable to survive under those conditions. Hence, symbiosis, as a
syntrophic relationship, is necessary between acetogenic bacteria and autotrophic
methanogens or sulfate-reducing bacteria for hydrogen consumption. The
hydrogenotrophic methanogens keep the hydrogen pressure low, which contributes
to a thermodynamically controlled condition for the fermentative bacteria to con-
tinue oxidizing the organic compounds (e.g., ethanol, propionate, and butyrate into
acetate) (Barua and Dhar 2017). This oxidizing activity is related to the genera of
Syntrophomonas and Syntrophobacter, as well to Chloroflexi, Actinobacteria, and
Spirochaetes. Nonetheless, more or less abundance is related as well to Gelria,
Lachnospiraceae (uncultured), Ruminococcaeae, Incertae sedis, Sporanaerobacter,
and Petrobacter (Ziemiński and Frąc 2012; Wang et al. 2017; Jain et al. 2015).
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In the case of butyrate, the oxidizing pathways are through the β-oxidation, for
propionate oxidation will proceed through the methyl-malonyl-CoA (MMC) path-
way and for syntrophic oxidation will be associated to the Wood-Ljungdahl
(WL) pathway. According to Hagen et al. (2017), Syntrophomonas genus is the
major phylotype in AD, where S. wolfei required all classes of the β-oxidation
enzymes (acyl-CoA dehydrogenase, enoyl-CoA hydratase, 3-hydroxyacyl-CoA
dehydrogenase, and 3-ketoacyl-CoA thiolase). While for the propionate degradation,
Pelotomaculum thermopropionicum identification suggests the requirement of the
methyl-malonyl-CoA (MMC) cluster and propionate CoA transferase (PCT) cluster
in high abundance. Further, this study reported that Thermoacetogenium phaeum for
acetate oxidation by WL pathway (formyltetrahydrofolate synthase, 5,10-
methylenetetrahydrofolate dehydrogenase, methylenetetrahydrofolate reductase,
trimethylamine:corrinoid methyltransferase, carbon monoxide dehydrogenase/ace-
tyl-CoA, phosphotransacetylase, and acetate kinase) (Hagen et al. 2017).

Role of all enzymes participating in AD has been poorly reported, due to the large
amounts of proteins and other interfering substances present in the sample.Nevertheless, a
relatively high abundance of proteins involved in acetogenesis has been revealed.Mostly,
WL-like formyltetrahydrofolate synthase, 5,10-methylenetetrahydrofolate dehydroge-
nase, methylenetetrahydrofolate reductase, trimethylamine-corrinoid methyltransferase,
carbon monoxide dehydrogenase-acetyl CoA, phosphotransacetylase, and acetate kinase
have been identified as crucial for energy transport and microbial interactions performed
mainly in syntrophic acetate oxidizers. A protein cluster encoding Fe–S oxidoreductase
and an electron transfer flavoprotein were also identified, both related as well as electron
transfer mechanisms (Hagen et al. 2017).

4.4.5 Interspecies Hydrogen Transfer in Syntrophs

Interspecies hydrogen transfer mechanism is vital in syntrophic relationships, where
the latter groups such as hydrogen consumers are strongly influencing the syntrophic
bacteria (Gomez Camacho and Ruggeri 2018). Acetate produced in the process could
be converted to methane either directly by methyl reduction or by following a
two-step reaction, where acetate is first oxidized to CO2 and H2, by syntrophic acetate
oxidation (SAO), and then this hydrogen is used to reduce CO2 into CH4 (Mulat et al.
2014). Heyer et al. (2019) studied the interactions between microorganisms and the
metabolic interchangeability of the different microorganisms. This work suggested
that under specific anaerobic digestion conditions the thermodynamic equilibrium of
CO2, H2, and acetate will decide on the metabolic pathway shift, either between SAO
or homoacetogenesis. Understanding this will explain how some archaeal species
have major enzyme affinity on acetate and could suppress other acetate-consuming
phylotypes.

Thus, competition on the substrate between certain microorganisms such as
Methanosaetaceae may kill or suppress other species due to the expression of
bacteriocins, which inhibit the competitor (Heyer et al. 2019). The H2 produced by
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non-methanogenic syntrophic microorganisms from key fermentation products (eth-
anol and C2 and greater than C2 volatile fatty acids) are reduced to methane by
hydrogenotrophic methanogens or to H2S by sulfate-reducing bacteria. This inter-
species microbial exchange of hydrogen suggests that syntrophs are incapable of
independently oxidizing alcohols and C2 and greater than C2 volatile fatty acids
under anaerobic conditions and need a partner that consumes hydrogen to keep the
partial pressure of hydrogen under control and facilitate their metabolic activity.
Syntrophic interactions consist generally on the intercellular transport of reducing
equivalents, like H2 and/or formate, coupled with H2/formate consumers, also
referred as interspecies hydrogen transfer (IHT) (Shrestha and Rotaru 2014;
Summers et al. 2010).

In addition, formate often serves as a substitute for H2 in interspecies electron
transfer. The electron reduced carriers on this type of mechanism are additionally
regenerated to an oxidized state (Shrestha and Rotaru 2014; Kouzuma et al. 2015).
Westerholm et al. (2016) reported that SAO bacteria are principally classified in the
group of homoacetogens, which perform the Wood Ljungdahl (WL) pathway during
growth, in presence of autotrophic and/or heterotrophic substrates, and produce
acetate as main by-product. In this pathway, they suggest that the gene fhs encodes
the enzyme formyl tetrahydrofolate synthetase (FTHFS) to catalyze the
ATP-dependent activation of formate, postulating as well, the reverse WL perfor-
mance for acetate oxidation. Interestingly, the Pseudothermotoga lettingae acetate
oxidizer can combine the methyl branch of the latter pathway with a glycine
cleavage system (Westerholm et al. 2016).

Recent discoveries reported that some bacteria could directly transfer electrons to
methanogens, as a unique cell-to-cell electron transfer mechanism, in a thermody-
namically efficient manner (Cheng and Call 2016). The electron transfer, between
microorganisms mediating electron carriers, is referred as direct interspecies electron
transport (DIET), where three mechanisms have recently been suggested: (1) the via
conductive pili, by association from two bacteria with a conductive pili (conductive
nanowires), (2) the membrane-bound mechanism with electron transport proteins, by
electron transmission which represents close cell connections by using a multiheme
outer surface cytochrome (OmcZ), and finally (3), the more recently studied the
magnetite particle which form chains for electrically connecting cells involved in
DIET (Park et al. 2018).

4.4.6 Methanogenesis

Methanogenesis is one of the critical steps in the process of AD, characterized by slow
reaction rate on the energy workflow. Syntrophic interactions between acetogenic
bacteria and methanogens as well as methyl group reduction are essential to CH4

production. Thus, understanding the microbial community involved in electron trans-
ferring dynamics is key to biogas production improvement. Archaeal methanogens are
dominant groups in this phase, generally performing the aceticlastic, hydrogenotrophic
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and methylotrophic pathways. The microorganisms usually found are the strict
hydrogenotrophic Methanomicrobiales, Methanobacteriales, Methanococcales, and
the acetate-utilizing microorganisms Methanosarcinales with specific predominance
ofMethanosarcina andMethanosaeta. Methanogens are quite sensitive for changes in
environmental and operational conditions of AD process and many factors (i.e., high
concentrations of volatile fatty acids, ammonium, sulfide, sodium an heavy metals)
could inhibit the process (Al Seadi et al. 2008; Ziganshin et al. 2016).

As mentioned earlier, methane can be produced either by hydrogenotrophic
pathway by reducing CO2 using hydrogen, the methylotrophic pathway where
methylated compounds like methanol or methylamine are reduced, and in
acetoclastic pathway, methyl group of acetate is directly reduced to methane.
Recently, the class of Thermoplasmata has been described to be capable to reduce
methanol with H2 and may use methylamines as well, suggesting that methanogenic
diversity could be higher (Wintsche et al. 2018).

From the above three pathways, studies were performed using isotope assays to
know the metabolic contribution from each one. It was reported that syntrophic
acetogenic process and hydrogenotrophic methanogenesis accounted for 41 and
50% of methane formation at 37 �C and 55 �C, respectively (Yin et al. 2018).
Another study using isotopes indicated that the non-aceticlastic oxidizers performed,
approximately 80% of the pathway of the acetate decomposition in the reactor,
which indicated the role of syntrophic acetate-oxidizing bacteria. Pseudothermotoga
lettingae (previously as Termotoga lettingae) strain was reported to show syntrophic
acetate oxidizing activity without sulfate ions and under co-culture conditions in
relation with hydrogenotrophic methanogens (Sasaki et al. 2011).

Identification of the pathways and enzymes involved in the methanogenesis
networks via metaproteomic approach has been carried out (Table 4.2). During the
hydrogenotrophic pathway, CO2 is reduced to methane through the intermediates
formyl, methylene, and methyl. These residues are transferred to the coenzyme M,
forming a methyl-CoM molecule further reduced to CH4 by the key methyl coen-
zyme M reductase (MCR). Meanwhile, the energetically coenzyme F420 acts as an
electron acceptor for hydrogenase, formate dehydrogenase, and carbon monoxide
dehydrogenase, as well as donor electron for reductase NADP+. Moreover, this
coenzyme utilize H2 and formic acid, as electron donor to produce the methane by
CO2 reduction (Jia et al. 2017b). In the aceticlastic pathway, methyl group of acetate
is reduced to methane by methyl reductase enzyme. In the case of methylotrophic
pathway, the methyl groups are transferred to a methanol-specific corrinoid protein,
then reduced by the MCR (Jia et al. 2017b; Guo et al. 2015). It is important to
highlight that methyl-coenzyme M (methyl-CoM) reductase is active for all the three
pathways (Hanreich et al. 2012).

In a full-scale BGP, CODH/ACS and energy-converting hydrogenase (Ech), pro-
teins, and enzymes involved inmetabolism ofmethanol andmethylated amines, aswell
as, V-type ATP synthase for energy conversion were assigned to Methanosarcinales.
While F420-dependentN5,N10-methyleneH4MPT reductase (Mer),Mtr, and F420 reduc-
ing hydrogenase (Frh) were assigned toMethanobacteriales (Heyer et al. 2016). In the
hydrogenotrophic pathway, Lü et al. (2014) found proteins from strains of
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Methanothermobacter as H2-forming methylene H4MPT dehydrogenase, F420-depen-
dent methyleneH4MPT dehydrogenase, Mtr, Mer, MCR, Frh, and heterodisulfide
reductase. As well as from the methylotrophic pathway, monomethylamine
methyltransferase, and a large subunit of the corrinoid/iron–sulfur protein and
methylcobamide:CoMmetyltransferase were detected. In contrast, none of acetoclastic
enzymes were identified in this study.

Furthermore, trace elements on the anaerobic digestion have an impact on the
performance process to carry out cell metabolisms and is critical to the final stage of
the methane yield. For methanogens, the presence of Fe, Zn, Ni, Cu, Co, Mo, and
Mn are essential. First, Fe, is important in stimulant as growth factor and formation
of cytochromes and ferroxins vital for energy metabolism. Additionally, trace
elements form the active site in metalloproteins, act as a cofactor and give the
structure. Enzymes such as Mtr and MCR require Co and a nickel-containing
cofactor F430 in their active sites, respectively (Choong et al. 2016). Trace element
deprivation has shown to decrease hydrogenotrophic metaproteins abundance from
Methanomicrobiales and methylotrophic and aceticlastic metaproteins from
Methanosarcinales. However, trace elements may have negative impact when
present in high concentrations. It has been demonstrated to cause enzyme disruptions
and changes on functional structure, and microbial composition as well. Therefore,
effectiveness of the anaerobic digestion performance by using trace elements will
further depend on its optimum bioavailability fraction (Bourven et al. 2017).

4.5 Stress Responses and Biomarkers

Although AD is an economic way of waste management combining with renewable
energy production in the form of methane, the process has certain thresholds and one
of them is high sensitivity to the presence of certain substances at high concentrations
during the process. Most frequently, a reactor turns “sour” due to accumulation of
volatile fatty acids (VFAs). Further, ammonia, high partial pressure of H2 have
recorded negative effects on AD process, among several other factors (Chen et al.
2014). Therefore, several studies have focused on efforts to overcome stress condi-
tions by detecting different key enzymes to those conditions in the reactor (Table 4.3).

Formerly, when the process contains simple sugars, which are easy to degrade,
VFAs are accumulated and decrease in pH results in the imbalance of AD process.
Interestingly, under this condition, Theuerl et al. (2015) could detect proteins involved
on aceticlastic and hydrogenotrophic methanogenesis from Methanosarcinales,
Methanobacteriales, and Methanomicrobiales, with an abundance ranging from
55 to 77%.

On the other hand, high concentrations of total ammonia nitrogen due to the high
rate of protein hydrolysis could negatively affect reactor operation. Nevertheless,
lignocellulosic-rich matter is a convenient substrate to slow the rates of process start-
up, diminishing the possible ammonia accumulation. Also, trace elements have
demonstrated to overcome such problems. It has demonstrated that nickel which is
contained in coenzyme F430 enhanced methane potential and overcome such
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problems (Capson-Tojo et al. 2017). Additionally, under concentrations of 6–7 g-N/
L ammonium, inhibition of Methanomicrobiales and Methanosaetacea activities
was observed along with a shift in microbial community (Lü et al. 2014).

The lignocellulosic-rich feedstocks with high lignin content could also cause
inhibitory stress conditions. The negative impacts on these types of substrate,
especially due to the by-products of lignin decomposition, inhibitory aromatic
compounds. These are mainly composed of furanic acid (5-HMF, fufural) and
phenolic compounds leading to a metabolic shift of the H2-producing pathways to
a nonproducing pathway (Monlau et al. 2014). However, several numbers of
enzymes are involved in the catabolic pathway of lignocellulosic compounds. The

Table 4.3 General overview on protein abundance under varying environmental and operational
conditions

Reactor
Key enzyme/
biomarkers Functional role RA

Species related to
expression References

Lab-scale
anaerobic
moving bed
reactor at
37 �C

Cofactor F430 Nickel
hydrocorrinoid pros-
thetic group of the
methyl-CoM reduc-
tase. It decreases the
toxic effect of higher
VFAs content and
increases methane
production

++ Methanococcus
jannaschii
Methanococcus
maripaludis
Methanococcus
vaneilii

Passaris
et al.
(2018)

Lab-scale
mesophilic
digester
treating
starch

Methyl
coenzyme-M
reductase

It reduces the methyl
CoM with hydrogen
for methane
production

+ Methanobacterium
Methanosaeta

Zhang
et al.
(2018)

Low-temper-
ature granu-
lar sludge
reactor oper-
ated at 15 �C

aOxygen-sen-
sitive alcohol
dehydrogenase

Interconversion from
alcohol to
acetaldehyde

++ P. propionicus Abram
et al.
(2011)

aTransketolase Constitutes the
reversible link
between glycolysis
and pentose phos-
phate pathways

+
+
+

Sequencing
batch reactor
with alter-
ations in
phosphorus
level

aPeroxiredoxin Protects the cell
against reactive oxy-
gen species

++
+

Accumulibacter
phosphatis

Wilmes
and Bond
(2009)

aThioredoxins/
chaperon
proteins

Responsible to
maintain disulfide
bonds within the
cytoplasmatic pro-
teins in a reduced
state

+
+
+

RA Relative abundance
aAbundance of proteins depending on the stress condition or inhibitory factor
+ low abundance, ++ medium abundance, +++ high abundance
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benzoyl-CoA reductase class II (BamBCDEFGHI) could function as a functional
marker, which is expressed and detected when mono-aromatic compounds are
degraded (von Netzer et al. 2016).

A well-studied biomarker to understand methane production is the expression of
mcrA gene, which encodes the key enzyme methyl coenzyme M reductase (MCR).
MCR catalyses the last step of methanogenesis and related to methane yield. This
biomarker can provide useful information and by monitoring its activity functional
performance of a biodigester can be studied (Morris et al. 2014). Expression ofmcrA
has been found related to the presence of concentration of volatile fatty acid such as
acetate and propionate (Aguinaga Casañas et al. 2015). However, new protein
biomarkers are drawing attention, as proteins can be synthesized and then folded
immediately after a stimulus, which could vary under different conditions. Hence,
protein identification with potential in biomarker fingerprint could be revealing tool
for instant physiological responses (Lacerda et al. 2007).

4.6 Challenges and Future Perspectives

Metaproteomics analysis is the most recently developed tool, which indicates the
protein assignment to specific microorganisms and contributes to understand the
relationship between phylogenetic analyses and the proteome (Abram et al. 2011).
However, its application has not been completely exploited since there is still more
“black holes” and methodological challenges to solve the whole metabolic pathways
(Wilmes et al. 2015).

Principal problems are related to methodological issues involved in the correct
isolation of the proteome, since humic acids and their impurities make the quanti-
fication and separation of the proteins very challenging. Humic acids are commonly
present in environmental samples and bind to the proteins which hamper protein
separation (Wilmes and Bond 2004). Fractioning proteins by gel separation, also
involves several difficulties, as poor separation of acidic, alkaline, and hydrophobic
proteins and a low load capacity, which affects the resolution and analysis of the gel
(Li et al. 2016).

Secondly, peptides’ identification is one of the most challenging steps in
metaproteomics. Some proteins’ sequences are among the most highly conserved
across different microorganisms, which entails the same peptide sequences from
several different species. These leads to have many proteins identified in the same
information storage and processing group. Besides, MS/MS data uses the top of the
10–20 most abundant peptide ions acquired and does not cover all available peptide
ions, which misses a plenty of valuable information (Heyer et al. 2017). Thus,
metaproteomic approaches have to overcome the cleanup and characterization
of peptides and proteins by intensive purification and pre-fractionation methods
(Wenzel et al. 2018).

The key to the metaproteomic studies is the resolution level of the peptide
identification. In future, considerations on the use of the best algorithm which
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could identify the proteins covered on the database to evaluate for de novo results
(Heyer et al. 2015). The molecular techniques could provide the microbial informa-
tion and linking the species on the proteomic data by complementary studies of the
microbial consortium, could aid to overcome the challenges encountered in the
coverage of the samples. Further, improvement in methodologies to identify proteins
along with improvement in methods of data analyses are essential to apply
metaproteomics as an effective tool to understand the microbial diversity and their
function of biodigesters (Herbst et al. 2016).

References

Abendroth C, Simeonov C, Peretó J, Antúnez O, Gavidia R, Luschnig O, Porcar M (2017) From
grass to gas: microbiome dynamics of grass biomass acidification under mesophilic and
thermophilic temperatures. Biotechnol Biofuels 10:171. https://doi.org/10.1186/s13068-017-
0859-0

Abram F, Gunnigle E, O’Flaherty V (2009) Optimisation of protein extraction and 2-DE for
metaproteomics of microbial communities from anaerobic wastewater treatment biofilms.
Electrophoresis 30:4149–4151. https://doi.org/10.1002/elps.200900474

Abram F, Enright A-M, O’Reilly J, Botting CH, Collins G, O’Flaherty V (2011) A metaproteomic
approach gives functional insights into anaerobic digestion. J Appl Microbiol 110:1550–1560.
https://doi.org/10.1111/j.1365-2672.2011.05011.x

Adekunle KF, Okolie JA (2015) A review of biochemical process of anaerobic digestion. Adv
Biosci Biotechnol 06:205. https://doi.org/10.4236/abb.2015.63020

Aguinaga Casañas MA, Rangkasenee N, Krattenmacher N, Thaller G, Metges CC, Kuhla B (2015)
Methyl-coenzyme M reductase A as an indicator to estimate methane production from dairy
cows. J Dairy Sci 98:4074–4083. https://doi.org/10.3168/jds.2015-9310

Ahring BK, Biswas R, Ahamed A, Teller PJ, Uellendahl H (2015) Making lignin accessible for
anaerobic digestion by wet-explosion pretreatment. Bioresour Technol 175:182–188. https://
doi.org/10.1016/j.biortech.2014.10.082

Akuzawa M, Hori T, Haruta S, Ueno Y, Ishii M, Igarashi Y (2011) Distinctive responses of
metabolically active microbiota to acidification in a thermophilic anaerobic digester. Microb
Ecol 61:595–605. https://doi.org/10.1007/s00248-010-9788-1

Al Seadi T, Rutz D, Prassl H, Köttner M, Finsterwalder T, Volk S, Janssen R (2008) Biogas
handbook. University of Southern Denmark Esbjerg, Esbjerg

Angelidaki I, Ellegaard L, Ahring BK (2003) Applications of the anaerobic digestion process. Adv
Biochem Eng Biotechnol 82:1–33. https://doi.org/10.1007/3-540-45838-7_1

Angelidaki I, Boe K, Ellegaard L (2005) Effect of operating conditions and reactor configuration on
efficiency of full-scale biogas plants. Water Sci Technol 52:189–194. https://doi.org/10.2166/
wst.2005.0516

Angelidaki I, Karakashev D, Batstone DJ, Plugge CM, Stams AJM (2011) Biomethanation and its
potential. Methods Enzymol 494:327–351. https://doi.org/10.1016/B978-0-12-385112-3.
00016-0

Appels L, Lauwers J, Degrève J, Helsen L, Lievens B, Willems K, Van Impe J, Dewil R (2011)
Anaerobic digestion in global bio-energy production: potential and research challenges. Renew
Sust Energ Rev 15:4295–4301. https://doi.org/10.1016/j.rser.2011.07.121

Ariunbaatar J, Panico A, Esposito G, Pirozzi F, Lens PNL (2014) Pretreatment methods to enhance
anaerobic digestion of organic solid waste. Appl Energy 123:143–156. https://doi.org/10.1016/
j.apenergy.2014.02.035

104 A. G. Talavera-Caro et al.

https://doi.org/10.1186/s13068-017-0859-0
https://doi.org/10.1186/s13068-017-0859-0
https://doi.org/10.1002/elps.200900474
https://doi.org/10.1111/j.1365-2672.2011.05011.x
https://doi.org/10.4236/abb.2015.63020
https://doi.org/10.3168/jds.2015-9310
https://doi.org/10.1016/j.biortech.2014.10.082
https://doi.org/10.1016/j.biortech.2014.10.082
https://doi.org/10.1007/s00248-010-9788-1
https://doi.org/10.1007/3-540-45838-7_1
https://doi.org/10.2166/wst.2005.0516
https://doi.org/10.2166/wst.2005.0516
https://doi.org/10.1016/B978-0-12-385112-3.00016-0
https://doi.org/10.1016/B978-0-12-385112-3.00016-0
https://doi.org/10.1016/j.rser.2011.07.121
https://doi.org/10.1016/j.apenergy.2014.02.035
https://doi.org/10.1016/j.apenergy.2014.02.035


Barua S, Dhar BR (2017) Advances towards understanding and engineering direct interspecies
electron transfer in anaerobic digestion. Bioresour Technol 244:698–707. https://doi.org/10.
1016/j.biortech.2017.08.023

Bize A, Cardona L, Desmond-Le Quéméner E, Battimelli A, Badalato N, Bureau C, Madigou C,
Chevret D, Guillot A, Monnet V, Godon J-J, Bouchez T (2015) Shotgun metaproteomic
profiling of biomimetic anaerobic digestion processes treating sewage sludge. Proteomics
15:3532–3543. https://doi.org/10.1002/pmic.201500041

Bourven I, Casellas M, Buzier R, Lesieur J, Lenain J-F, Faix A, Bressolier P, Maftah C, Guibaud G
(2017) Potential of DGT in a new fractionation approach for studying trace metal element
impact on anaerobic digestion: the example of cadmium. Int Biodeterior Biodegrad
119:188–195. https://doi.org/10.1016/j.ibiod.2016.11.007

Bräsen C, Esser D, Rauch B, Siebers B (2014) Carbohydrate metabolism in archaea: current
insights into unusual enzymes and pathways and their regulation. Microbiol Mol Biol Rev
78:89–175. https://doi.org/10.1128/MMBR.00041-13

Braun R, Weiland P, Wellinger A (2008) Biogas from energy crop digestion. IEA Bioenergy Task
37:1–20

Capson-Tojo G, Ruiz D, Rouez M, Crest M, Steyer J-P, Bernet N, Delgenès J-P, Escudié R (2017)
Accumulation of propionic acid during consecutive batch anaerobic digestion of commercial
food waste. Bioresour Technol 245:724–733. https://doi.org/10.1016/j.biortech.2017.08.149

Carrere H, Antonopoulou G, Affes R, Passos F, Battimelli A, Lyberatos G, Ferrer I (2016) Review
of feedstock pretreatment strategies for improved anaerobic digestion: from lab-scale research to
full-scale application. Bioresour Technol 199:386–397. https://doi.org/10.1016/j.biortech.2015.
09.007

Cesarino I, Araújo P, Domingues Júnior AP, Mazzafera P (2012) An overview of lignin metabolism
and its effect on biomass recalcitrance. Braz J Bot 35:303–311. https://doi.org/10.1590/S0100-
84042012000400003

Chen Y, Cheng JJ, Creamer KS (2008) Inhibition of anaerobic digestion process: a review.
Bioresour Technol 99:4044–4064. https://doi.org/10.1016/j.biortech.2007.01.057

Chen JL, Ortiz R, Steele TWJ, Stuckey DC (2014) Toxicants inhibiting anaerobic digestion: a
review. Biotechnol Adv 32:1523–1534. https://doi.org/10.1016/j.biotechadv.2014.10.005

Cheng Q, Call DF (2016) Hardwiring microbes via direct interspecies electron transfer: mecha-
nisms and applications. Environ Sci Process Impacts 18:968–980. https://doi.org/10.1039/
C6EM00219F

Choong YY, Norli I, Abdullah AZ, Yhaya MF (2016) Impacts of trace element supplementation on
the performance of anaerobic digestion process: a critical review. Bioresour Technol
209:369–379. https://doi.org/10.1016/j.biortech.2016.03.028

Clement BG, Kehl LE, DeBord KL, Kitts CL (1998) Terminal restriction fragment patterns
(TRFPs), a rapid, PCR-based method for the comparison of complex bacterial communities.
J Microbiol Methods 31:135–142. https://doi.org/10.1016/S0167-7012(97)00105-X

Deublein S (2009) Biogas from waste and renewable resources: an introduction. Choice Rev Online
46:2682–2682. https://doi.org/10.5860/CHOICE.46-2682

Divya D, Gopinath LR, Merlin Christy P (2015) A review on current aspects and diverse prospects
for enhancing biogas production in sustainable means. Renew Sust Energ Rev 42:690–699.
https://doi.org/10.1016/j.rser.2014.10.055

Felix CR, Ljungdahl LG (1993) The cellulosome: the exocellular organelle of Clostridium. Annu
Rev Microbiol 47:791–819. https://doi.org/10.1146/annurev.mi.47.100193.004043

Ferry JG (1993) Fermentation of acetate. In: Ferry JG (ed) Methanogenesis: ecology, physiology,
biochemistry and genetics. Springer, Boston, pp 304–334

Gerardi MH (2003) The microbiology of anaerobic digesters. Wiley-Intersciences, Canada
Gomez Camacho CE, Ruggeri B (2018) Syntrophic microorganisms interactions in anaerobic

digestion (AD): a critical review in the light of increase the energy production. Chem Eng
Trans 64:391–396. https://doi.org/10.3303/CET1864066

4 Proteomics of Lignocellulosic Substrates Bioconversion in Anaerobic Digesters. . . 105

https://doi.org/10.1016/j.biortech.2017.08.023
https://doi.org/10.1016/j.biortech.2017.08.023
https://doi.org/10.1002/pmic.201500041
https://doi.org/10.1016/j.ibiod.2016.11.007
https://doi.org/10.1128/MMBR.00041-13
https://doi.org/10.1016/j.biortech.2017.08.149
https://doi.org/10.1016/j.biortech.2015.09.007
https://doi.org/10.1016/j.biortech.2015.09.007
https://doi.org/10.1590/S0100-84042012000400003
https://doi.org/10.1590/S0100-84042012000400003
https://doi.org/10.1016/j.biortech.2007.01.057
https://doi.org/10.1016/j.biotechadv.2014.10.005
https://doi.org/10.1039/C6EM00219F
https://doi.org/10.1039/C6EM00219F
https://doi.org/10.1016/j.biortech.2016.03.028
https://doi.org/10.1016/S0167-7012(97)00105-X
https://doi.org/10.5860/CHOICE.46-2682
https://doi.org/10.1016/j.rser.2014.10.055
https://doi.org/10.1146/annurev.mi.47.100193.004043
https://doi.org/10.3303/CET1864066


Gujer W, Zehnder AJB (1983) Conversion processes in anaerobic digestion. Water Sci Technol
15:127–167. https://doi.org/10.2166/wst.1983.0164

Guo J, Peng Y, Ni B-J, Han X, Fan L, Yuan Z (2015) Dissecting microbial community structure and
methane-producing pathways of a full-scale anaerobic reactor digesting activated sludge from
wastewater treatment by metagenomic sequencing. Microb Cell Factories 14:33. https://doi.org/
10.1186/s12934-015-0218-4

Hagen LH, Frank JA, Zamanzadeh M, Eijsink VG, Pope PB, Horn SJ, Arntzen MØ (2017)
Quantitative metaproteomics highlight the metabolic contributions of uncultured phylotypes
in a thermophilic anaerobic digester. Appl Env Microbiol 83:e01955–e01916. https://doi.org/
10.1128/AEM.01955-16

Hanreich A, Heyer R, Benndorf D, Rapp E, Pioch M, Reichl U, Klocke M (2012) Metaproteome
analysis to determine the metabolically active part of a thermophilic microbial community
producing biogas from agricultural biomass. Can J Microbiol 58:917–922. https://doi.org/10.
1139/w2012-058

Hanreich A, Schimpf U, Zakrzewski M, Schlüter A, Benndorf D, Heyer R, Rapp E, Pühler A,
Reichl U, Klocke M (2013) Metagenome and metaproteome analyses of microbial communities
in mesophilic biogas-producing anaerobic batch fermentations indicate concerted plant carbo-
hydrate degradation. Syst Appl Microbiol 36:330–338. https://doi.org/10.1016/j.syapm.2013.
03.006

Hassa J, Maus I, Off S, Pühler A, Scherer P, Klocke M, Schlüter A (2018) Metagenome,
metatranscriptome, and metaproteome approaches unraveled compositions and functional rela-
tionships of microbial communities residing in biogas plants. Appl Microbiol Biotechnol
102:5045–5063. https://doi.org/10.1007/s00253-018-8976-7

Herbst F-A, Lünsmann V, Kjeldal H, Jehmlich N, Tholey A, von Bergen M, Nielsen JL, Hettich
RL, Seifert J, Nielsen PH (2016) Enhancing metaproteomics—the value of models and defined
environmental microbial systems. Proteomics 16:783–798. https://doi.org/10.1002/pmic.
201500305

Herrmann C, Heiermann M, Idler C (2011) Effects of ensiling, silage additives and storage period
on methane formation of biogas crops. Bioresour Technol 102:5153–5161. https://doi.org/10.
1016/j.biortech.2011.01.012

Heyer R, Kohrs F, Benndorf D, Rapp E, Kausmann R, Heiermann M, Klocke M, Reichl U (2013)
Metaproteome analysis of the microbial communities in agricultural biogas plants. New
Biotechnol 30:614–622. https://doi.org/10.1016/j.nbt.2013.01.002

Heyer R, Kohrs F, Reichl U, Benndorf D (2015) Metaproteomics of complex microbial commu-
nities in biogas plants. Microb Biotechnol 8:749–763. https://doi.org/10.1111/1751-7915.
12276

Heyer R, Benndorf D, Kohrs F, De Vrieze J, Boon N, Hoffmann M, Rapp E, Schlüter A, Sczyrba A,
Reichl U (2016) Proteotyping of biogas plant microbiomes separates biogas plants according to
process temperature and reactor type. Biotechnol Biofuels 9:155. https://doi.org/10.1186/
s13068-016-0572-4

Heyer R, Schallert K, Zoun R, Becher B, Saake G, Benndorf D (2017) Challenges and perspectives
of metaproteomic data analysis. J Biotechnol 261:24–36. https://doi.org/10.1016/j.jbiotec.2017.
06.1201

Heyer R, Schallert K, Siewert C, Kohrs F, Greve J, Maus I, Klang J, Klocke M, Heiermann M,
Hoffmann M, Püttker S, Calusinska M, Zoun R, Saake G, Benndorf D, Reichl U (2019)
Metaproteome analysis reveals that syntrophy, competition, and phage-host interaction shape
microbial communities in biogas plants. Microbiome 7:69. https://doi.org/10.1186/s40168-019-
0673-y

Inyang M, Gao B, Pullammanappallil P, Ding W, Zimmerman AR (2010) Biochar from anaerobi-
cally digested sugarcane bagasse. Bioresour Technol 101:8868–8872. https://doi.org/10.1016/j.
biortech.2010.06.088

Isikgor FH, Becer CR (2015) Lignocellulosic biomass: a sustainable platform for the production of
bio-based chemicals and polymers. Polym Chem 6:4497–4559. https://doi.org/10.1039/
c5py00263j

106 A. G. Talavera-Caro et al.

https://doi.org/10.2166/wst.1983.0164
https://doi.org/10.1186/s12934-015-0218-4
https://doi.org/10.1186/s12934-015-0218-4
https://doi.org/10.1128/AEM.01955-16
https://doi.org/10.1128/AEM.01955-16
https://doi.org/10.1139/w2012-058
https://doi.org/10.1139/w2012-058
https://doi.org/10.1016/j.syapm.2013.03.006
https://doi.org/10.1016/j.syapm.2013.03.006
https://doi.org/10.1007/s00253-018-8976-7
https://doi.org/10.1002/pmic.201500305
https://doi.org/10.1002/pmic.201500305
https://doi.org/10.1016/j.biortech.2011.01.012
https://doi.org/10.1016/j.biortech.2011.01.012
https://doi.org/10.1016/j.nbt.2013.01.002
https://doi.org/10.1111/1751-7915.12276
https://doi.org/10.1111/1751-7915.12276
https://doi.org/10.1186/s13068-016-0572-4
https://doi.org/10.1186/s13068-016-0572-4
https://doi.org/10.1016/j.jbiotec.2017.06.1201
https://doi.org/10.1016/j.jbiotec.2017.06.1201
https://doi.org/10.1186/s40168-019-0673-y
https://doi.org/10.1186/s40168-019-0673-y
https://doi.org/10.1016/j.biortech.2010.06.088
https://doi.org/10.1016/j.biortech.2010.06.088
https://doi.org/10.1039/c5py00263j
https://doi.org/10.1039/c5py00263j


Jain S, Jain S, Tim Wolf I, Lee J, Wah Tong Y (2015) A comprehensive review on operating
parameters and different pretreatment methodologies for anaerobic digestion of municipal solid
waste. Renew Sust Energ Rev 52:142–154. https://doi.org/10.1016/j.rser.2015.07.091

Jia X, Xi B-D, Li M-X, Yang Y, Wang Y (2017a) Metaproteomics analysis of the functional
insights into microbial communities of combined hydrogen and methane production by anaer-
obic fermentation from reed straw. PLoS One 12:e0183158. https://doi.org/10.1371/journal.
pone.0183158

Jia X, Xi B, Li M, Liu D, Hou J, Hao Y, Meng F (2017b) Metaproteomic analysis of the relationship
between microbial community phylogeny, function and metabolic activity during biohydrogen-
methane coproduction under short-term hydrothermal pretreatment from food waste. Bioresour
Technol 245:1030–1039. https://doi.org/10.1016/j.biortech.2017.08.180

Jiang Y, Xin F, Lu J, Dong W, Zhang W, Zhang M, Wu H, Ma J, Jiang M (2017) State of the art
review of biofuels production from lignocellulose by thermophilic bacteria. Bioresour Technol
245:1498–1506. https://doi.org/10.1016/j.biortech.2017.05.142

Joyce A, Ijaz UZ, Nzeteu C, Vaughan A, Shirran SL, Botting CH, Quince C, O’Flaherty V, Abram
F (2018) Linking microbial community structure and function during the acidified anaerobic
digestion of grass. Front Microbiol 9:540. https://doi.org/10.3389/fmicb.2018.00540

Kanwal S, Chaudhry N, Munir S, Sana H (2019) Effect of torrefaction conditions on the physico-
chemical characterization of agricultural waste (sugarcane bagasse). Waste Manag 88:280–290.
https://doi.org/10.1016/j.wasman.2019.03.053

Karlsson R, Gonzales-Siles L, Boulund F, Svensson-Stadler L, Skovbjerg S, Karlsson A,
Davidson M, Hulth S, Kristiansson E, Moore ERB (2015) Proteotyping: proteomic character-
ization, classification and identification of microorganisms – a prospectus. Syst Appl Microbiol
38:246–257. https://doi.org/10.1016/j.syapm.2015.03.006

Kohrs F, Heyer R, Magnussen A, Benndorf D, Muth T, Behne A, Rapp E, Kausmann R,
Heiermann M, Klocke M, Reichl U (2014) Sample prefractionation with liquid isoelectric
focusing enables in depth microbial metaproteome analysis of mesophilic and thermophilic
biogas plants. Anaerobe 29:59–67. https://doi.org/10.1016/j.anaerobe.2013.11.009

Kohrs F, Heyer R, Bissinger T, Kottler R, Schallert K, Püttker S, Behne A, Rapp E, Benndorf D,
Reichl U (2017) Proteotyping of laboratory-scale biogas plants reveals multiple steady-states in
community composition. Anaerobe 46:56–68. https://doi.org/10.1016/j.anaerobe.2017.02.005

Kouzuma A, Kato S, Watanabe K (2015) Microbial interspecies interactions: recent findings in
syntrophic consortia. Front Microbiol 6:477. https://doi.org/10.3389/fmicb.2015.00477

Krause L, Diaz NN, Edwards RA, Gartemann K-H, Krömeke H, Neuweger H, Pühler A, Runte KJ,
Schlüter A, Stoye J, Szczepanowski R, Tauch A, Goesmann A (2008) Taxonomic composition
and gene content of a methane-producing microbial community isolated from a biogas reactor.
J Biotechnol 136:91–101. https://doi.org/10.1016/j.jbiotec.2008.06.003

Lacerda CMR, Choe LH, Reardon KF (2007) Metaproteomic analysis of a bacterial community
response to cadmium exposure. J Proteome Res 6:1145–1152. https://doi.org/10.1021/
pr060477v

Li Y, Zhang R, Liu X, Chen C, Xiao X, Feng L, He Y, Liu G (2013a) Evaluating methane
production from anaerobic mono- and co-digestion of kitchen waste, corn stover, and chicken
manure. Energy Fuel 27:2085–2091. https://doi.org/10.1021/ef400117f

Li Y, Zhang R, Liu G, Chen C, He Y, Liu X (2013b) Comparison of methane production potential,
biodegradability, and kinetics of different organic substrates. Bioresour Technol 149:565–569.
https://doi.org/10.1016/j.biortech.2013.09.063

Li R, Wu Z, Wangb Y, Ding L, Wang Y (2016) Role of pH-induced structural change in protein
aggregation in foam fractionation of bovine serum albumin. Biotechnol Rep 9:46–52. https://
doi.org/10.1016/j.btre.2016.01.002

Li W, Khalid H, Zhu Z, Zhang R, Liu G, Chen C, Thorin E (2018) Methane production through
anaerobic digestion: participation and digestion characteristics of cellulose, hemicellulose and
lignin. Appl Energy 226:1219–1228. https://doi.org/10.1016/j.apenergy.2018.05.055

4 Proteomics of Lignocellulosic Substrates Bioconversion in Anaerobic Digesters. . . 107

https://doi.org/10.1016/j.rser.2015.07.091
https://doi.org/10.1371/journal.pone.0183158
https://doi.org/10.1371/journal.pone.0183158
https://doi.org/10.1016/j.biortech.2017.08.180
https://doi.org/10.1016/j.biortech.2017.05.142
https://doi.org/10.3389/fmicb.2018.00540
https://doi.org/10.1016/j.wasman.2019.03.053
https://doi.org/10.1016/j.syapm.2015.03.006
https://doi.org/10.1016/j.anaerobe.2013.11.009
https://doi.org/10.1016/j.anaerobe.2017.02.005
https://doi.org/10.3389/fmicb.2015.00477
https://doi.org/10.1016/j.jbiotec.2008.06.003
https://doi.org/10.1021/pr060477v
https://doi.org/10.1021/pr060477v
https://doi.org/10.1021/ef400117f
https://doi.org/10.1016/j.biortech.2013.09.063
https://doi.org/10.1016/j.btre.2016.01.002
https://doi.org/10.1016/j.btre.2016.01.002
https://doi.org/10.1016/j.apenergy.2018.05.055


Lin Y-W, Tuan N, Huang S-L (2016) Metaproteomic analysis of the microbial community present
in a thermophilic swine manure digester to allow functional characterization: a case study. Int
Biodeterior Biodegrad 115:64–73. https://doi.org/10.1016/j.ibiod.2016.06.013

Liu Z-H, Chen H-Z (2015) Xylose production from corn stover biomass by steam explosion
combined with enzymatic digestibility. Bioresour Technol 193:345–356. https://doi.org/10.
1016/j.biortech.2015.06.114

Lü F, Bize A, Guillot A, Monnet V, Madigou C, Chapleur O, Mazéas L, He P, Bouchez T (2014)
Metaproteomics of cellulose methanisation under thermophilic conditions reveals a surprisingly
high proteolytic activity. ISME J 8:88–102. https://doi.org/10.1038/ismej.2013.120

Madigan M, Martinko J, Dunlap PV, Clark DP (2008) Brock biology of microorganisms. Int
Microbiol 11:65–73

Mata-Alvarez J, Dosta J, Romero-Güiza MS, Fonoll X, Peces M, Astals S (2014) A critical review
on anaerobic co-digestion achievements between 2010 and 2013. Renew Sust Energ Rev
36:412–427. https://doi.org/10.1016/j.rser.2014.04.039

Mcinerney M, Bryant MP, Pfennig N (1979) Anaerobic bacterium that degrades fatty acids in
syntrophic association with methanogens. Arch Microbiol 122:129–135. https://doi.org/10.
1007/BF00411351

Monlau F, Sambusiti C, Barakat A, Quéméneur M, Trably E, Steyer J-P, Carrère H (2014) Do
furanic and phenolic compounds of lignocellulosic and algae biomass hydrolyzate inhibit
anaerobic mixed cultures? A comprehensive review. Biotechnol Adv 32:934–951. https://doi.
org/10.1016/j.biotechadv.2014.04.007

Morris R, Schauer-Gimenez A, Bhattad U, Kearney C, Struble CA, Zitomer D, Maki JS (2014)
Methyl coenzymeM reductase (mcrA) gene abundance correlates with activity measurements of
methanogenic H2/CO2-enriched anaerobic biomass. Microb Biotechnol 7:77–84. https://doi.
org/10.1111/1751-7915.12094

Mulat DG, Ward AJ, Adamsen APS, Voigt NV, Nielsen JL, Feilberg A (2014) Quantifying
contribution of synthrophic acetate oxidation to methane production in thermophilic anaerobic
reactors by membrane inlet mass spectrometry. Environ Sci Technol 140130145609003. https://
doi.org/10.1021/es403144e

Mustafa AM, Li H, Radwan AA, Sheng K, Chen X (2018) Effect of hydrothermal and Ca(OH)2
pretreatments on anaerobic digestion of sugarcane bagasse for biogas production. Bioresour
Technol 259:54–60. https://doi.org/10.1016/j.biortech.2018.03.028

Nallathambi Gunaseelan V (1997) Anaerobic digestion of biomass for methane production: a
review. Biomass Bioenergy 13:83–114. https://doi.org/10.1016/S0961-9534(97)00020-2

Ortseifen V, Stolze Y, Maus I, Sczyrba A, Bremges A, Albaum SP, Jaenicke S, Fracowiak J,
Pühler A, Schlüter A (2016) An integrated metagenome and-proteome analysis of the microbial
community residing in a biogas production plant. J Biotechnol 231:268–279. https://doi.org/10.
1016/j.jbiotec.2016.06.014

Park J, Lee B, Shi P, Kwon H, Jeong SM, Jun H (2018) Methanol metabolism and archaeal
community changes in a bioelectrochemical anaerobic digestion sequencing batch reactor
with copper-coated graphite cathode. Bioresour Technol 259:398–406. https://doi.org/10.
1016/j.biortech.2018.03.009

Passaris I, Van Gaelen P, Cornelissen R, Simoens K, Grauwels D, Vanhaecke L, Springael D,
Smets I (2018) Cofactor F430 as a biomarker for methanogenic activity: application to an
anaerobic bioreactor system. Appl Microbiol Biotechnol 102:1191–1201. https://doi.org/10.
1007/s00253-017-8681-y

Paul S, Dutta A (2018) Challenges and opportunities of lignocellulosic biomass for anaerobic
digestion. Resour Conserv Recycl 130:164–174. https://doi.org/10.1016/j.resconrec.2017.12.005

Pérez-Rodríguez N, García-Bernet D, Domínguez JM (2016) Effects of enzymatic hydrolysis and
ultrasounds pretreatments on corn cob and vine trimming shoots for biogas production.
Bioresour Technol 221:130–138. https://doi.org/10.1016/j.biortech.2016.09.013

Poudel BN, Paudel KP, Timilsina G, Zilberman D (2012) Providing numbers for a food versus fuel
debate: an analysis of a future biofuel production scenario. Appl Econ Perspect Policy
34:637–668. https://doi.org/10.1093/aepp/pps039

108 A. G. Talavera-Caro et al.

https://doi.org/10.1016/j.ibiod.2016.06.013
https://doi.org/10.1016/j.biortech.2015.06.114
https://doi.org/10.1016/j.biortech.2015.06.114
https://doi.org/10.1038/ismej.2013.120
https://doi.org/10.1016/j.rser.2014.04.039
https://doi.org/10.1007/BF00411351
https://doi.org/10.1007/BF00411351
https://doi.org/10.1016/j.biotechadv.2014.04.007
https://doi.org/10.1016/j.biotechadv.2014.04.007
https://doi.org/10.1111/1751-7915.12094
https://doi.org/10.1111/1751-7915.12094
https://doi.org/10.1021/es403144e
https://doi.org/10.1021/es403144e
https://doi.org/10.1016/j.biortech.2018.03.028
https://doi.org/10.1016/S0961-9534(97)00020-2
https://doi.org/10.1016/j.jbiotec.2016.06.014
https://doi.org/10.1016/j.jbiotec.2016.06.014
https://doi.org/10.1016/j.biortech.2018.03.009
https://doi.org/10.1016/j.biortech.2018.03.009
https://doi.org/10.1007/s00253-017-8681-y
https://doi.org/10.1007/s00253-017-8681-y
https://doi.org/10.1016/j.resconrec.2017.12.005
https://doi.org/10.1016/j.biortech.2016.09.013
https://doi.org/10.1093/aepp/pps039


Rahman MA, Møller HB, Saha CK, Alam MM, Wahid R, Feng L (2017) Optimal ratio for
anaerobic co-digestion of poultry droppings and lignocellulosic-rich substrates for enhanced
biogas production. Energy Sustain Dev 39:59–66. https://doi.org/10.1016/j.esd.2017.04.004

Ramsay IR, Pullammanappallil PC (2001) Protein degradation during anaerobic wastewater treat-
ment: derivation of stoichiometry. Biodegradation 12:247–256. https://doi.org/10.1023/
A:1013116728817

Rastogi G, Ranade DR, Yeole TY, Patole MS, Shouche YS (2008) Investigation of methanogen
population structure in biogas reactor by molecular characterization of methyl-coenzyme M
reductase A (mcrA) genes. Bioresour Technol 99:5317–5326. https://doi.org/10.1016/j.
biortech.2007.11.024

Roseman S (1969) The transport of carbohydrates by a bacterial phosphotransferase system. J Gen
Physiol 54:138–184. https://doi.org/10.1085/jgp.54.1.138

Sasaki D, Hori T, Haruta S, Ueno Y, Ishii M, Igarashi Y (2011) Methanogenic pathway and
community structure in a thermophilic anaerobic digestion process of organic solid waste.
J Biosci Bioeng 111:41–46. https://doi.org/10.1016/j.jbiosc.2010.08.011

Sawatdeenarunat C, Surendra KC, Takara D, Oechsner H, Khanal SK (2015) Anaerobic digestion
of lignocellulosic biomass: challenges and opportunities. Bioresour Technol 178:178–186.
https://doi.org/10.1016/j.biortech.2014.09.103

Schink B (1997) Energetics of syntrophic cooperation in methanogenic degradation. Microbiol Mol
Biol Rev 61:262–280

Schlüter A, Bekel T, Diaz NN, Dondrup M, Eichenlaub R, Gartemann K-H, Krahn I, Krause L,
Krömeke H, Kruse O, Mussgnug JH, Neuweger H, Niehaus K, Pühler A, Runte KJ,
Szczepanowski R, Tauch A, Tilker A, Viehöver P, Goesmann A (2008) The metagenome of a
biogas-producing microbial community of a production-scale biogas plant fermenter analysed
by the 454-pyrosequencing technology. J Biotechnol 136:77–90. https://doi.org/10.1016/j.
jbiotec.2008.05.008

Schneider T, Riedel K (2010) Environmental proteomics: analysis of structure and function of
microbial communities. Proteomics 10:785–798. https://doi.org/10.1002/pmic.200900450

Schnürer A, Zellner G, Svensson BH (1999) Mesophilic syntrophic acetate oxidation during
methane formation in biogas reactors. FEMS Microbiol Ecol 29:249–261. https://doi.org/10.
1111/j.1574-6941.1999.tb00616.x

Shrestha PM, Rotaru A-E (2014) Plugging in or going wireless: strategies for interspecies electron
transfer. Front Microbiol 5:237. https://doi.org/10.3389/fmicb.2014.00237

Siddique MNI, Wahid ZA (2018) Achievements and perspectives of anaerobic co-digestion: a
review. J Clean Prod 194:359–371. https://doi.org/10.1016/j.jclepro.2018.05.155

Singh S, Cheng G, Sathitsuksanoh N, Wu D, Varanasi P, George A, Balan V, Gao X, Kumar R,
Dale BE, Wyman CE, Simmons BA (2015) Comparison of different biomass pretreatment
techniques and their impact on chemistry and structure. Front Energy Res 2:62. https://doi.org/
10.3389/fenrg.2014.00062

Speda J, Jonsson B-H, Carlsson U, Karlsson M (2017) Metaproteomics-guided selection of targeted
enzymes for bioprospecting of mixed microbial communities. Biotechnol Biofuels 10:128.
https://doi.org/10.1186/s13068-017-0815-z

Summers ZM, Fogarty HE, Leang C, Franks AE, Malvankar NS, Lovley DR (2010) Direct
exchange of electrons within aggregates of an evolved syntrophic coculture of anaerobic
bacteria. Science 330:1413–1415. https://doi.org/10.1126/science.1196526

Theuerl S, Kohrs F, Benndorf D, Maus I, Wibberg D, Schlüter A, Kausmann R, Heiermann M,
Rapp E, Reichl U, Pühler A, Klocke M (2015) Community shifts in a well-operating agricultural
biogas plant: how process variations are handled by the microbiome. Appl Microbiol Biotechnol
99:7791–7803. https://doi.org/10.1007/s00253-015-6627-9

Tong X, Smith LH, McCarty PL (1990) Methane fermentation of selected lignocellulosic materials.
Biomass 21:239–255. https://doi.org/10.1016/0144-4565(90)90075-U

4 Proteomics of Lignocellulosic Substrates Bioconversion in Anaerobic Digesters. . . 109

https://doi.org/10.1016/j.esd.2017.04.004
https://doi.org/10.1023/A:1013116728817
https://doi.org/10.1023/A:1013116728817
https://doi.org/10.1016/j.biortech.2007.11.024
https://doi.org/10.1016/j.biortech.2007.11.024
https://doi.org/10.1085/jgp.54.1.138
https://doi.org/10.1016/j.jbiosc.2010.08.011
https://doi.org/10.1016/j.biortech.2014.09.103
https://doi.org/10.1016/j.jbiotec.2008.05.008
https://doi.org/10.1016/j.jbiotec.2008.05.008
https://doi.org/10.1002/pmic.200900450
https://doi.org/10.1111/j.1574-6941.1999.tb00616.x
https://doi.org/10.1111/j.1574-6941.1999.tb00616.x
https://doi.org/10.3389/fmicb.2014.00237
https://doi.org/10.1016/j.jclepro.2018.05.155
https://doi.org/10.3389/fenrg.2014.00062
https://doi.org/10.3389/fenrg.2014.00062
https://doi.org/10.1186/s13068-017-0815-z
https://doi.org/10.1126/science.1196526
https://doi.org/10.1007/s00253-015-6627-9
https://doi.org/10.1016/0144-4565(90)90075-U


Vanwonterghem I, Jensen PD, Ho DP, Batstone DJ, Tyson GW (2014) Linking microbial com-
munity structure, interactions and function in anaerobic digesters using new molecular tech-
niques. Curr Opin Biotechnol 27:55–64. https://doi.org/10.1016/j.copbio.2013.11.004

von Netzer F, Kuntze K, Vogt C, Richnow HH, Boll M, Lueders T (2016) Functional gene markers
for fumarate-adding and dearomatizing key enzymes in anaerobic aromatic hydrocarbon deg-
radation in terrestrial environments. J Mol Microbiol Biotechnol 26:180–194. https://doi.org/10.
1159/000441946

Wang D, Liu Y, Ngo HH, Zhang C, Yang Q, Peng L, He D, Zeng G, Li X, Ni B-J (2017) Approach
of describing dynamic production of volatile fatty acids from sludge alkaline fermentation.
Bioresour Technol 238:343–351. https://doi.org/10.1016/j.biortech.2017.04.054

Weiland P (2010) Biogas production: current state and perspectives. Appl Microbiol Biotechnol
85:849–860. https://doi.org/10.1007/s00253-009-2246-7

Wenzel L, Heyer R, Schallert K, Löser L, Wünschiers R, Reichl U, Benndorf D (2018) SDS-PAGE
fractionation to increase metaproteomic insight into the taxonomic and functional composition
of microbial communities for biogas plant samples. Eng Life Sci 18:498–509. https://doi.org/10.
1002/elsc.201800062

Westerholm M, Moestedt J, Schnürer A (2016) Biogas production through syntrophic acetate
oxidation and deliberate operating strategies for improved digester performance. Appl Energy
179:124–135. https://doi.org/10.1016/j.apenergy.2016.06.061

Wilmes P, Bond PL (2004) The application of two-dimensional polyacrylamide gel electrophoresis
and downstream analyses to a mixed community of prokaryotic microorganisms. Environ
Microbiol 6:911–920. https://doi.org/10.1111/j.1462-2920.2004.00687.x

Wilmes P, Bond PL (2009) Microbial community proteomics: elucidating the catalysts and
metabolic mechanisms that drive the Earth’s biogeochemical cycles. Curr Opin Microbiol
12:310–317. https://doi.org/10.1016/j.mib.2009.03.004

Wilmes P, Heintz-Buschart A, Bond PL (2015) A decade of metaproteomics: where we stand and
what the future holds. Proteomics 15:3409–3417. https://doi.org/10.1002/pmic.201500183

Wintsche B, Jehmlich N, Popp D, Harms H, Kleinsteuber S (2018) Metabolic adaptation of
methanogens in anaerobic digesters upon trace element limitation. Front Microbiol 9:405.
https://doi.org/10.3389/fmicb.2018.00405

Yan Q, Li Y, Huang B, Wang A, Zou H, Miao H, Li R (2012) Proteomic profiling of the acid
tolerance response (ATR) during the enhanced biomethanation process from Taihu Blue Algae
with butyrate stress on anaerobic sludge. J Hazard Mater 235–236:286–290. https://doi.org/10.
1016/j.jhazmat.2012.07.062

Yin D-M, Westerholm M, Qiao W, Bi S-J, Wandera SM, Fan R, Jiang M-M, Dong R-J (2018) An
explanation of the methanogenic pathway for methane production in anaerobic digestion of
nitrogen-rich materials under mesophilic and thermophilic conditions. Bioresour Technol
264:42–50. https://doi.org/10.1016/j.biortech.2018.05.062

Zhang W, Dai K, Xia X-Y, Wang H-J, Chen Y, Lu Y-Z, Zhang F, Zeng RJ (2018) Free acetic acid as
the key factor for the inhibition of hydrogenotrophic methanogenesis in mesophilic mixed culture
fermentation. Bioresour Technol 264:17–23. https://doi.org/10.1016/j.biortech.2018.05.049

Zheng Y, Zhao J, Xu F, Li Y (2014) Pretreatment of lignocellulosic biomass for enhanced biogas
production. Prog Energy Combust Sci 42:35. https://doi.org/10.1016/j.pecs.2014.01.001

Zhu Y, McBride MJ (2017) The unusual cellulose utilization system of the aerobic soil bacterium
Cytophaga hutchinsonii. Appl Microbiol Biotechnol 101:7113–7127. https://doi.org/10.1007/
s00253-017-8467-2

Ziemiński K, Frąc M (2012) Methane fermentation process as anaerobic digestion of biomass:
transformations, stages and microorganisms. Afr J Biotechnol 11:4127–4139. https://doi.org/
10.5897/AJBX11.054

Ziganshin AM, Ziganshina EE, Kleinsteuber S, Nikolausz M (2016) Comparative analysis of
methanogenic communities in different laboratory-scale anaerobic digesters. Archaea
2016:1–12. https://doi.org/10.1155/2016/3401272

110 A. G. Talavera-Caro et al.

https://doi.org/10.1016/j.copbio.2013.11.004
https://doi.org/10.1159/000441946
https://doi.org/10.1159/000441946
https://doi.org/10.1016/j.biortech.2017.04.054
https://doi.org/10.1007/s00253-009-2246-7
https://doi.org/10.1002/elsc.201800062
https://doi.org/10.1002/elsc.201800062
https://doi.org/10.1016/j.apenergy.2016.06.061
https://doi.org/10.1111/j.1462-2920.2004.00687.x
https://doi.org/10.1016/j.mib.2009.03.004
https://doi.org/10.1002/pmic.201500183
https://doi.org/10.3389/fmicb.2018.00405
https://doi.org/10.1016/j.jhazmat.2012.07.062
https://doi.org/10.1016/j.jhazmat.2012.07.062
https://doi.org/10.1016/j.biortech.2018.05.062
https://doi.org/10.1016/j.biortech.2018.05.049
https://doi.org/10.1016/j.pecs.2014.01.001
https://doi.org/10.1007/s00253-017-8467-2
https://doi.org/10.1007/s00253-017-8467-2
https://doi.org/10.5897/AJBX11.054
https://doi.org/10.5897/AJBX11.054
https://doi.org/10.1155/2016/3401272

	Chapter 4: Proteomics of Lignocellulosic Substrates Bioconversion in Anaerobic Digesters to Increase Carbon Recovery as Methane
	4.1 Introduction
	4.2 Anaerobic Digestion of Lignocellulosic Substrates
	4.3 Recognizing Important Pathways of AD
	4.4 Metaproteomics in AD of Lignocellulosic Substrates
	4.4.1 Hydrolysis
	4.4.2 Nutrient Transport
	4.4.3 Acidogenesis
	4.4.4 Acetogenesis
	4.4.5 Interspecies Hydrogen Transfer in Syntrophs
	4.4.6 Methanogenesis

	4.5 Stress Responses and Biomarkers
	4.6 Challenges and Future Perspectives
	References


