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Abstract Enzymes are biocatalysts present in all living cells and have main
function to perform the processes of breaking down complex nutrients into simple
nutrients for cellular assimilation. Enzymatic catalysis has advantages over chem-
ical catalysis due to high enzymatic specificity and moderate reaction conditions. Of
great industrial interest, the enzymes can be applied in increasing the yield of
compound production or in the degradation of unwanted by-products and these
characteristics make the knowledge of enzymatic catalysis in biogas production
extremely relevant, since the traditional method of biogas production is based on
the biodegradation of organic matter by anaerobic digestion, which is produced by
the action of a variety of microorganisms and enzymes. In the production of biogas,
enzyme-mediated degradation may be the key to a higher quality final product,
acting in the steps of hydrolysis, acidogenesis, acetogenesis and methanogenesis,
and in the identification of by-products of enzymatic catalysis that may inhibit the
process. In this context, the present chapter will be addressed: (i) introduction of
enzymes in anaerobic biodigestion; (ii) enzymes as a mediator of biogas yield;
(iii) inhibition of biogas production and biodegradability.

Keywords Bioprocess � Biotechnology � Anaerobic digestion � Biogas upgrading

T. Scapini (&) � A. F. Camargo � F. S. Stefanski � N. Klanovicz
R. Pollon � J. Zanivan � G. Fongaro � H. Treichel
Laboratory of Microbiology and Bioprocess, Department of Environmental
Science and Technology, Federal University of Fronteira Sul, Erechim, Brazil
e-mail: thami.scapini01@gmail.com

G. Fongaro
Department of Microbiology, Immunology and Parasitology (MIP),
Laboratory of Applied Virology, Federal University of Santa Catarina,
Florianópolis, Brazil

© Springer Nature Switzerland AG 2019
H. Treichel and G. Fongaro (eds.), Improving Biogas Production,
Biofuel and Biorefinery Technologies 9,
https://doi.org/10.1007/978-3-030-10516-7_3

45

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-10516-7_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-10516-7_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-10516-7_3&amp;domain=pdf
mailto:thami.scapini01@gmail.com
https://doi.org/10.1007/978-3-030-10516-7_3


3.1 Introduction

Enzymes are protein biopolymers formed in all living cells and are responsible for
catalyzing reactions, conducting and coordinating various cellular functions. The
molecular structure of the enzymes, reaction kinetics and high specified in relation
to different substrates is associated with the infinite combination and sequences of
amino acids that form them and that also determine their biological activity (Abedi
et al. 2011). The sources of enzymatic production are generally microbial cells that
excrete high concentrations of extracellular enzymes (Sanchez and Demain 2017).

In many industrial applications, enzymatic catalysis has shown promise in
relation to chemical catalysis, offering competitive processes, such as moderate
reaction conditions, high substrate specificity and environmentally correct pro-
cessing (Abedi et al. 2011; Choi et al. 2015). The application of enzymatic bio-
catalysis in industrial processes starts with the search for enzymes from a wide
variety of biological sources, and the microbial cells are the most used, since the
adaptability of these cells in the most diverse environments, with extreme condi-
tions and variable pH and temperature (Abedi et al. 2011).

Of great industrial interest, the enzymes can be applied in increasing the yield of
compound production or in the degradation of unwanted by-products. These
characteristics make the knowledge of enzymatic catalysis in biogas production
extremely relevant, since the traditional method of producing biomethane is based
on the biodegradation of organic matter by anaerobic digestion. This process
involves a range of microorganisms which, during the degradation process of the
substrates, excrete enzymes which convert the compounds into products of easy
assimilation to the subsequent step (Kolbl et al. 2017).

The identification of the enzymes involved in the biogas production stages is
extremely relevant for studies to improve the quality of the gas produced, reduce
inhibitors or intensify other products involved in the process. Therefore, the
identification of the microbiological community present in the anaerobic reactors is
essential for the knowledge of the enzymes excreted into the medium.

In this sense, this chapter focuses on recent biogas production research aimed at
identifying the enzymes involved in the process, as well as their performance on the
substrates present in the reactors. Also, they will be treated on possible by-products
generated from the enzymatic reactions, capable of acting as inhibitors of the biogas
production process or reducing the yield of the processes.

3.2 Enzymes as a Mediator of Biogas Yield

The identification of the enzymes that act in the process of methane production is
extremely important for the improvement of the gas-produced quality. This is
possible by identifying the biological community present in the reactor and the
enzymes excreted by these microorganisms.
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In this sense, a detailed study of the stages of biogas production was carried out,
searching for the possible enzymes in this process, in order to facilitate the
understanding of the enzymatic catalysis that occurs in the reactors.

3.2.1 Hydrolysis

The first step of anaerobic digestion for the biogas production comprises hydrolysis.
This process is based on depolymerization of insoluble polymers, such as lipids,
proteins carbohydrates and cellulose, liquefying them into monomers as sugars,
amino acids and fatty acids (Yatawara 2015). The occurrence of this depolymer-
ization is due to different enzymes which are secreted by innumerable species of
microorganisms (Christy et al. 2014).

During the hydrolysis process, the substrate contacts the hydrolytic microbial
cells that release the enzymes. The kinetic hydrolysis is the rate at which hydrolysis
occurs in time and depends on the type of substrate to be hydrolyzed. It can be
described in two steps, the first phase deals with the colonization of hydrolytic
bacteria to the surface of the macromolecules. The bacteria that are near or on the
particle surface release enzymes and produce useful monomers for itself and even
for other types of bacteria. Then, in a second moment, the organic matter will be
degraded to a region constant depth per unit of time (Vavilin et al. 1996).

The composition of biomass for the biogas generation is very diversified.
Various types of waste can be used for the generation of energy, each of which will
require different microorganisms that need distinct environmental conditions to
produce specific enzymes for the degradation of this matter (Al Seadi et al. 2008;
Bharathiraja et al. 2018). Table 3.1 shows different biomasses that can be used in
the biomethane production and their basic composition, the microorganisms that act
for it decomposition and the enzymes produced from substrates decomposition,
besides the methane yield from different substrates.

Cellulase, cellobiase, amylase, xylanase, lipase and protease are some hydrolytic
enzymes secreted by hydrolytic bacteria to hydrolyze polysaccharide, lipids and
proteins, common substrates present in waste, converting them into noncomplex
and soluble compounds (Al Seadi et al. 2008; Weiland 2010).

Cellulose and starch are long-chain molecules already used as a substrate in the
production of biogas. These polysaccharides can be hydrolyzed in monosaccharides
by the action of enzymes such as cellulase and amylase, produced by microor-
ganisms present in the anaerobic biodigestor. Most of the cellulases produced by
microorganisms as Bacillus and Micrococcus are composed of three species:
endo-3-1,4-glucanases, exo-b-1,4-glucanases and cellobiase or p-glucosidase.
These three species of cellulase act simultaneously on the cellulose in order to
hydrolyze the crystals of the molecule producing glucose (FAO Agricultural
Services Bulletin—128 1997; Hussain et al. 2017).

The microbial hydrolysis of starch into glucose occurs due to the action of an
enzyme called amylase. The amylolytic activity for the hydrolysis of the starch
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requires the combination of five amylase species: p-amylases that exocleave a ± 1–
4 bonds, a-amylases that endocleave a ± 1–4 bonds, amyloglucosidase that exo-
cleave a ± l–4 and a ± l–6 bonds, maltase acting on maltose and liberating glu-
cose and debranching enzymes acting on a ± l–6 bonds. The a2-endo-xylanase and

Table 3.1 Main substrates used to produce biogas and their composition, microbial community
present in the substrate and enzymes involved in degradation

Substrate Microorganisma Organic
contentb

Enzymesc Biogas
yield per
ton fresh
matter
(m3)

Source

Swine
manure

Peptostreptococcus
Eubacterium
Bacteroides
Lactobacillus
Peptococcus
Clostridium
Streptococcus
Enterococci
Staphylococcus sp.

Carbohydrates
Proteins
Lipids

Cellulase
Protease
Lipase
Amylase

11–25 Iannotti et al.
(1982)
Zhu (2000)
Al Seadi et al.
(2008)
Li et al. (2011)
Achinas et al.
(2017)

Cattle
slurry

Psychrobacter sp.
Pseudomonas sp.
Clostridium sp.
Bacillus sp.
Corynebacterium sp.
Lactobacillus sp.

Carbohydrates
Proteins
Lipids

Cellulase
Protease
Lipase

55–68 Al Seadi et al.
(2008)
Zhao et al.
(2013)
Gupta et al.
(2016)
Achinas et al.
(2017)

Poultry
slurry

Nitrosomonas
Nitrobacter
Azotobacter

Carbohydrates
Proteins
Lipids

Cellulase
Protease
Lipase

126 Nodar et al.
(1992)
Al Seadi et al.
(2008)
Achinas et al.
(2017)

Food
waste

Bacteroides
Syntrophomonas
Sedimentibacter
Petrimonas

Carbohydrates
Proteins
Lipids

Cellulase
Protease
Lipase

110 Al Seadi et al.
(2008)
Li et al. (2015)
Achinas et al.
(2017)

Palm oil
mill
effluent

Lachnospira sp.
Arcobacter sp.
Coribacteria sp.
Cellulosilyticum sp.
Clostridium sp.
Bacillus sp.

Cellulose
Hemicellulose
Lignin
Xylose
Lipids

Cellulase
DyP-type
peroxidase
Xylanase
Lipase

20 Chotwattanasak
and Puetpaiboon
(2011)
Gonzalo et al.
(2016)
Prasertsan et al.
(2017)

aMicroorganism present in different substrates
bSubstrate composition
cEnzymes that hydrolyze the substrate
Source Author
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a2-xylosidase are enzymes that hydrolyze xylanase producing xylose (FAO
Agricultural Services Bulletin—128 1997). Yatawara (2015) even cite Clostridium,
Acetivibrio, Cellulitis and Staphylococcus as microorganisms producing extracel-
lular hydrolytic enzymes for the degradation of cellulose and starch.

Lipases are enzymes that transform lipids into fatty acids and glycerol.
Clostridium, Micrococcus and Staphylococcus are genera of bacteria known to
secrete this enzyme, since many of its species are responsible for the production of
lipase (Yatawara 2015).

The proteins present in the waste that are used for biogas production are nor-
mally hydrolyzed to amino acids by the enzymes called proteases. These enzymes
act on the cleavage of naturally occurring a-peptide bonds of amino acids and are
produced by Bacteroides, Butyrivibrio, Clostridium, Fusobacterium, Selenomonas
and Streptococcus (FAO Agricultural Services Bulletin—128 1997; Otín and Bond
2008). The amino acids generated in the hydrolysis phase and originated from a
wide range of substrates are only possible to be transformed into methane from the
syntrophic association with hydrogenotrophic methanogens that use the hydrogen
of the medium produced in the acid phase. Otherwise, the methane production
would be energetically impossible (Chojnacka et al. 2015).

Studies show that the dominance of some microorganisms as Clostridium,
Symbiobacterium and Bacteroidetes in the anaerobic decomposition process is due
to their capacity to metabolize innumerable substrates present in waste (Yi et al.
2014).

Hydrolytic bacteria have a faster growth when compared to microorganisms of
the methanogenic phase (final phase of the biogas production process), but the
bacteria of the first stage have a greater sensitivity to changes in their environment
as temperature and pH. For substrates of difficult decomposition such as those with
lignin, hydrolysis is generally the limiting phase of the biogas production process.
The particle size, enzyme production and diffusion and absorption of enzymes in
the substrate are others factors that influence the rate of hydrolysis (Venkiteshwaran
et al. 2015). There are mechanical, chemical and biological processes to increase
substrate decomposition in the hydrolytic phase, as discussed in Chap. 2, but recent
researches show the bacterial enzyme performance in the breakdown of lignin, a
polymer formed by through various ether and carbon–carbon bonds (Gonzalo et al.
2016).

Considered the most renewable and abundant biomass of the Earth, a vegetal
biomass is a rich source of energy. Its main composition is lignin, cellulose and
hemicellulose (Gonzalo et al. 2016). The latter two compounds of vegetable bio-
mass are degraded by the enzyme cellulase produced by bacteria such as Bacillus
and Micrococcus (Hussain et al. 2017). For lignin degradation, there are two classes
of bacterial enzymes most known that are capable of modifying them, DyP-type
peroxidases and laccases, and these enzymes are produced by bacteria such as
Escherichia coli K-12 and Streptomyces species that can be found on some sub-
strates on bioreactor. In contrast, studies have shown that bacterial DyPs have lower
lignin oxidation power than fungal Dys and fungal laccase also are more known
(Gonzalo et al. 2016). Therefore, the inoculation of fungi that produce these
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enzymes in the bioreactor seems to be a good alternative for lignin hydrolysis,
eliminating the pretreatments of biomass, which sometimes make the process
economically inviable. Figure 3.1 shows how the hydrolysis of lignocellulosic
occurs via enzymatic action. Subsequently, the products generated in the hydrolysis
phase will be decomposed by other microorganisms for use in their own metabolic
process (Al Seadi et al. 2008).

3.2.2 Acidogenesis

The stage following hydrolysis is the acid fermentation or acidogenesis. In this
phase, the products generated by the hydrolysis—as simple sugars, amino acids and
fatty acids—form a substrate of less complex monomers, which are then degraded
by acidogenic bacteria in acetates, carbon dioxide, hydrogen, volatile fatty acids
(VFA) and alcohols (Al Seadi et al. 2008). By-products such as NH3, CO2 and H2S
are also generated during acidogenesis (Zhang et al. 2014). The main short-chain
VFAs formed in the degradation of an organic compound are acetic acid, propionic
acid, valeric acid and butyric acid (Buyukkamaci and Filibeli 2004).

According to Shah et al. (2014), due to the effect of various populations of
microorganisms, acidogenesis can be bidirectional being divided into hydrogena-
tion and dehydrogenation. The basic path of hydrogenation is to transform the
products of the previous hydrolysis in acetates, CO2 and H2 which can be directly
used by methanogens as an energy source. On the other hand, the alternative path—
dehydrogenation—represents the accumulation of electrons from compounds such
as volatile fatty acids, lactates and ethanol when there is an increase in hydrogen
concentration in the solution. These products must be necessarily converted by
bacteria that produce hydrogen in a posterior process called acetogenesis, thereby
generating the ideal substrates to be metabolized by methanogenic organisms.

Rincón et al. (2013) and Seon et al. (2014) detected the presence of several
microorganisms in the bioreactor during the acidogenesis of several products. The
main genera were Bacteroides, Bifidobacterium, Clostridium, Megasphaera,
Anaeroglobus, Lactobacillus and Corynebacterium, Pseudomonas.

Fig. 3.1 Degradation of lignocellulosic material by enzymes
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The acidogenesis may prevail in different forms (Fig. 3.2). Kandylis et al. (2016)
report that the basic pathway for the production of all organic acids follows com-
mon metabolic processes such as the Embden–Meyerhof–Parnas pathway that
converts the hexoses generated in the hydrolysis phase into pyruvate and NADH
and then to acids organic compounds such as acetate, propionate, butyrate, lactate,
ethanol, propanol, H2 and CO2 (Chen et al. 2013). The proportions of pyruvate
depend on the substrate used, the environmental conditions and the properties of the
strains, as well as the soluble products distribution in the final phase, and reflect the
metabolic pathways that have been predominant (Zhou et al. 2017). Parallel to this
process, enzymatic activities are also involved in the degradation of lipids and
proteins (Kandylis et al. 2016).

Figure 3.2 represents the predominant metabolic pathways during acidogenesis,
relating to some of the many microorganisms that coordinate this step and that were
detected in the bioreactor by several authors. It is also worth noting that some of the
mentioned microorganisms can produce different products from the same substrate,
depending on process conditions and also the characteristics of the substrate in
which they act.

In the fermentation route called acetate–ethanol fermentation [Fig. 3.2 (A path-
way)], the products generated are considered the most popular intermediates during
acidogenic fermentation and often bind to the formation of hydrogen (Liu et al.
2006). Acetate can be derived from pyruvic acid via acetyl-CoA pathway and also
from the synergistic oxidation of ethanol or longer-chain fatty acids, such as propi-
onate and butyrate (Zhou et al. 2017). The high production of acetate adjacent to this
metabolic pathway is strongly associated with functional enzymes in acetyl-CoA by
means of syntrophic oxidation (Müller et al. 2010). Corynebacterium kroppenstedtii
presents as a saccharolytic microorganism that acts in this way producing ethanol,
butyrate and acetate at pH 7.0 and temperature of 37 °C (Collins et al. 1998).

In the butyrate production pathway [Fig. 3.2 (B pathway)], pyruvic acid is
converted to acetyl-CoA by pyruvate dehydrogenase and sequentially by
butyryl-CoA from various enzymatic catalysts (Chaganti et al. 2011). The final step
of butyrate production is mediated by phosphotransbutyrylase and butyrate kinase
enzymes or also by butyryl-CoA: acetate-CoA transferase (Vital et al. 2014).
Microorganisms such as Corynebacterium butyricum are notable for producing
butyric acid at low concentrations of propionic acid and H2 (Chen et al. 2006). In
the final part of the production of butyrate, there is a metabolic shift in the butanol
formation promoted by Clostridium acetobutylicum. This point has attracted
enormous attention because C. acetobutylicum shares the same intermediary point
(butyryl-CoA) and provides a competition between the butyrate formation path-
ways with butanol (Sillers et al. 2008). C. acetobutylicum has two homologous
genes encoding the butyrate kinases and phosphotransbutyrylases mutants involved
in the last step of butyrate formation (Huang et al. 2000; Yoo et al. 2017). This
pathway requires a stable metabolic state with neutral pH and glucose consumption
(Girbal et al. 1995). Likewise, with respect to the conversion of butyraldehyde
dehydrogenase to butanol, the metabolic state is set at low pH with glucose
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consumption, and when added at neutral pH under high availability of NAD (P) H,
also butanol and ethanol are formed but not acetone (Girbal and Soucaille 1994).

Lactate fermentation [Fig. 3.2 (C pathway)] is the metabolic pathway that
mainly converts glucose and other organic materials to lactic acid by bacteria such
as Lactobacillus acidophilus, Lactobacillus casei and Streptococcus thermophilus
(Zhou et al. 2017). Enzymes such as NAD-dependent dehydrogenases, which form
D-lactate and L-lactate, are involved in the formation of lactic acids (Garvie 1980).
The increase in the production of these acids can be achieved by adding residues of
activated sludge rich in carbohydrates, as it favors hydrolysis enzymes and
improves AGV yield (Li et al. 2015).

The fermentation of propionate type [Fig. 3.2 (D pathway)] during the acido-
genic metabolic pathway is performed by anaerobic microorganisms that ferment
glucose, generating propionate as main product (Zhu et al. 2009) as well as
hydrogen and any valeric acid without significant presence of CO2 (Kandylis et al.
2016). The genus Propionibacterium, a bacterium with substrate based on glycerol
and continuous extractive fermentation, stands out as the most popular organism for
this type of fermentation (Ahmadi et al. 2017). The higher propionate yields occur
between pH 4.0 and 4.5 (Wang et al. 2014) and higher yields of propionic acid with
Propionibacterium acidipropionici ATCC 4965 using glycerol and mesophilic
conditions were demonstrated by Coral et al. (2008). The pathway for the pro-
duction of propionate comprises the reduction of pyruvate to lactate with catalysis
of the enzyme lactate dehydrogenase and then reduction of lactate to propionate by
propionate dehydrogenase (Lee et al. 2008).

According to Ren et al. (1997), the pH and the ratio of NADH/NADP coordinate
the type of fermentation that will prevail for each process described above. The
acetic and propionic acid production will be main at pH between 5 and 6 and
NADH/NADP ratio in normal physiological pattern. The fermentation of butyric
type occurs at a pH greater than 6 and less than 5 and is considered unstable
because it can be converted into a fermentation of the propionic type. Finally,
ethanol fermentation occurs at pH 4.5, preserving a balance in the NADH/NADP
ratio, which makes the process more stable.

Clostridium species are the main microbial agents present in any anaerobic
process involving organic residues, being able to ferment various carbohydrates
such as glucose, sucrose, lactose, starch and cellulose and produce mainly acetic,
butyric, propionic, lactic acids and H2 (Svensson et al. 1992). An outstanding
member of this class is Clostridium kluyveri because it uses ethanol and acetate as
sole energy sources and converts these substrates to butyrate and H2 (Seedorf et al.
2008). Clostridium disporicum and Clostridium quinii produce acetate, butyrate and
hydrogen at pH around 7.4 and mesophilic temperature conditions (Svensson et al.
1992). These conditions favor the more expressive production of acetate and
butyrate yielding (more points) (Seon et al. 2014). Besides that, Clostridium
thermocellum and C. butyricum have been intensely reported for producing
hydrogen from biomasses such as starch and cellulose (Wang and Wan 2009). The
abundance of the Firmicutes filo in sludge samples also extended the fermentation
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process of fatty acids, producing more hydrogen as a by-product promoting a
greater growth of methanogenic compounds that use hydrogen as substrate favoring
the production of biogas rates (Lim et al. 2018).

Hydrogen is an important intermediate in the anaerobic degradation of organic
matter (Liu et al. 2006). The acidogenic phase is the stage that brings possibilities of
obtaining a high yield of hydrogen and consequently a gas rich in H2 (Silva et al.
2018). The presence of Clostridium perfringens in the bioreactor brings remarkable
opportunities for H2 production since the activity of hydrogenase enzymes that
regenerate ferredoxin reduced by pyruvate-ferredoxin oxirreductase and NADH-
ferredoxin contribute to the vital process to maintain the redox balance during
fermentation (Kaji et al. 1999). However, during fermentation, only 10–20% of the
energy of the substrate is converted to H2 and CO2, since the remainder remains in
the liquid phase as soluble metabolic products, among them, volatile fatty acids and
ethanol (Cooney et al. 2007).

3.2.3 Acetogenesis

In acetogenesis step, the microorganisms are in charge of converting the interme-
diates compounds formed in acidogenesis phase to acetate, formate, hydrogen,
carbon dioxide and methyl compounds. The principal intermediates compounds
biodegraded in this step are propionate, valerate, isovalerate, butyrate, isobutyrate
and ethanol and this biotransformation occurs by a process named syntrophic
acetogenesis (Speece et al. 2006; Venkiteshwaran et al. 2015; Wang et al. 2018).

This process depends on the relation of hydrogen production and consumption
by acetogenic groups microorganisms, generally denominated interspecies H2

transfer (Batstone et al. 2002; Stams and Plugge 2009; Venkiteshwaran et al. 2015).
Some of the characteristics of acetogenic microorganisms are having an optimum
pH around 6, being strict anaerobes and requiring long periods for adjust to
environmental changes, making their growth slow (Wood and Ljungdahl 1991;
Xing et al. 1997; Christy et al. 2014). The syntrophic acetogenesis is responsible for
maintaining the anaerobic digestion rapid and stable, since some of the fatty acids,
for instance, the propionate, could inhibit methanogenesis at high concentrations
and destabilize the entire methane generation process (Mathai et al. 2015;
Venkiteshwaran et al. 2015).

Each intermediate compound formed by acidogenesis has bioconversion
mechanisms with the purpose of obtaining direct substrates for methane production.
These mechanisms, in case of propionate degradation, are developed by syntrophic
acetogens from the genera such as Smithella, Syntrophobacter and Pelotomaculum.
The oxidation of fatty acids like butyrate happens because of microorganisms from
the genera Syntrophus and Syntrophomonas (Gerardi 2003; Imachi et al. 2007; Jha
et al. 2011; Venkiteshwaran et al. 2015; Wang et al. 2018). The processes of
intermediate compounds conversion by acetogenic bacteria occur simultaneously,
which fatty acids are converted to acetate as well as propionate, but the second one
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biotransformation depends on low hydrogen pressure. During acetogenesis, ethanol
is converted into molecular hydrogen and acetate through Pelotomaculum. This
hypothesis is based in two observations. First the studies by Imachi et al. (2002) and
Kosaka et al. (2006) indicating this microorganism capability of growing on ethanol
presence and second because of the presence of Pelotomaculum in the propionate
degradation pathway, also generating molecular hydrogen and acetate, as previ-
ously exposed. This process is shown in Fig. 3.3.

3.2.3.1 Principal Interactions in Propionate and Ethanol Degradation

The process of propionate conversion shown in Fig. 3.3 depends on the action of
microorganisms named as syntrophic propionate-oxidizing bacteria. Basically,
there are two pathways for obtain the products in this process: through the ran-
domizing methylmalonyl-CoA or the non-randomizing 6-carbon intermediate
metabolite (Houwen et al. 1990; Plugge et al. 1993; De Bok et al. 2001; Li 2013).
The three principal microorganisms involved in propionate oxidation have the
enzyme methylmalonyl-CoA engaged in their metabolism, as can be seen in
Fig. 3.3, and this fact induces the idea that all of them follow the randomizing
pathway to obtain the products in acetogenesis. However, De Bok et al. (2001)
provide evidence that Smithella propionica uses the non-randomizing pathway via
butyrate. In other words, this microorganism utilizes part of the propionate to be
carboxylated to butyrate, and in the next step, it is degraded to acetate by syntrophic
b-oxidation. The authors also propose that this alternative pathway via butyrate
requires some coenzymes derivatives (Fig. 3.3). The acetyl-CoA, for example, is
necessary for the initial activation of propionate, and the crotonase and butyryl-CoA
dehydrogenase are needed for the butyrate cleavage (Halpern 1985; De Bok et al.
2001). Since only part of the substrate, in the process described above, is oxidized
via butyrate (non-randomizing pathway), it could be hypothesized that Smithella
genera also use methylmalonyl-CoA enzyme (randomizing pathway) to convert
propionate into acetate in synergy with the others microorganisms (Fig. 3.3).

The other two bacteria involved in propionate degradation use the methyl-
malonyl pathway through different metabolisms and engaging distinct enzymes in
the process, as can be seen in Fig. 3.3. Liu et al. (1999) reported the isolation of
Syntrophobacter wolinii in anaerobic conditions and measured the stoichiometry
that this species produces acetate from propionate, obtaining one-mol acetate
formed per mol propionate degraded. The authors indicated that this procedure
occurs by the dismutation of the substrate to acetate, by methylmalonyl-CoA and
butyryl-CoA. Subsequently, happens syntrophic b-oxidation from butyryl-CoA to
acetate, indicating the importance of this enzyme for the full conversion. This
specie growth can also occur on crotonate, and the speed of growth might be
explained by the presence of kinase, an enzyme that also slows down the quantities
of butyrate during the action of butyryl-CoA (Liu et al. 1999). Thus, it can be
inferred that the action of butyryl-CoA depends on the action of kinase in a way that
the second one enzyme causes a change in the metabolism pathway of the
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microorganism. If S. wolinii produce large amount of kinase, consequently, the
route of converting propionate direct to acetate has to predominate and the bacteria
have to produce more methylmalonyl-CoA. The other route could be low amount of
kinase, enabling the produce of butyrate and making the microorganism produce
acetate through methylmalonyl-CoA and butyryl-CoA.

The last one syntrophic propionate-oxidizing bacteria shown in Fig. 3.3 were
reported in two different species: Pelotomaculum thermopropionicum by Kosaka
et al. (2006) and Pelotomaculum propionicicum by Imachi et al. (2007) and Li
(2013). Both of them use the same enzymes to convert propionate into acetate
(Fig. 3.3), and the authors proposed the randomizing pathway to the process,
making the difference between the species basically be the variety of substrates in
with they can grow. Other difference observed is that the second one has the
characteristic of being obligatory syntrophic life with hydrogenotrophic methano-
gens, while the first one can grow on fumarate and pyruvate in culture alone
(Imachi et al. 2002, 2007; Kosaka et al. 2006). Since both species belong to
Pelotomaculum genera, it is possible to assume that the pathway for propionate
metabolization follow the steps described by Sambrook et al. (1989) and Kosaka
et al. (2006), producing five main enzymes (Fig. 3.3). The transferase is present in
the first two steps in the process and has the function of catalyze two others
enzymes (Propionyl-CoA and Methylmalonyl-CoA), giving to the metabolism of
these genera a long lag period characteristic, according to Imachi et al. (2000) and
Kosaka et al. (2006). This enzyme can also be used as an intermediate metabolite to
the production of acetyl-CoA, which converts propionate to acetate in a short route.
The production pathway encompasses several intermediate metabolites and one of
the compounds produced during this process is fumarate, which has the possibility
of being directly converted into acetate through fumarase, an important enzyme
because it offers a direct oxidation to the process and a possibility of being a
substrate to the growth of Pelotomaculum. Another enzyme engaged with fumarate
is ATPase, found in these bacteria in a significant amount and indicating that they
can use this enzyme to promote the fumarate respiration and the oxidative phos-
phorylation (Kosaka et al. 2006).

In studies developed by Imachi et al. (2000) and Kosaka et al. (2006), it was
observed that P. thermopropionicum could grow in several substrates under
anaerobic conditions. One of those substrates is ethanol in cocultures with a
hydrogenotrophic methanogen, regarding the assumption that these bacteria and
their enzymes, described above, are involved in the process of ethanol degradation
in acetogenesis, as shown in Fig. 3.3. Besides that, the database used to describe the
main interactions on propionate and ethanol degradation indicates that the
microorganisms engaged in this process have a metabolism that needs methanogens
microorganisms to grow in synergistic systems. In addition, Fig. 3.3 provides the
visualization of some microorganism genera developing similar metabolism and
enzymes and living in symbiosis, making possible the supposition that they are a
system that have the capability to share or produce together some enzymes. This
cooperation makes possible the encouragement of rapid growth in the microbial
population through enzymes.
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3.2.3.2 Principal Interactions in Fatty Acids Oxidation

The genomic analysis of Syntrophomonas wolfei by Sieber et al. (2010) indicates
that these bacteria are involved on the reduction of unsaturated fatty acids in
syntrophic growth with methanogens, putting these microorganisms in the position
of acetogenesis promoters, as can be seen in Fig. 3.3. The study developed by these
authors brings some highlights in the metabolism reaction of these genera involving
five principal enzymes that work in b-oxidation pathway. The acetyl-CoA is one of
these enzymes, which has the function of making ATP and activating butyrate, and
after the butyryl-CoA converts butyrate into acetyl-CoA. This conversion has a
long route passing through the production of crotonyl-CoA, 3-hydroxybutyryl-CoA
and acetoacetyl-CoA, respectively, but after acetyl-CoA is produced, the
microorganism can direct obtain acetate (Wofford et al. 1986; McInerney and
Wofford 1992; Sieber et al. 2010). As shown in Fig. 3.3, the acyl-CoA and
enoyl-CoA enzymes are also present in Syntrophomonas’s metabolism, being found
nine acyl-CoA dehydrogenase genes and five enoyl-CoA hydratase genes in Sieber
et al. (2010) research. The authors discussed their importance under the hypothesis
that the microorganism has the possibility of alternate pathways to maintain its
metabolism and deal with changes.

As indicated in Fig. 3.3, acyl-CoA and acetyl-CoA were also found in
Syntrophus genera, making them a common enzyme in the fatty acid oxidation
process. In Jackson et al. (1999) and McInerney et al. (2007) studies, it was isolated
Syntrophus aciditrophicus, a strictly anaerobic bacteria involved in benzoate and
fatty acids degradation when associated with syntrophic or hydrogen/formate-using
microorganisms. Each of the substrates mentioned before has a pathway to obtain
acetate, but in certain moment, the routes have to find each other and follow the
same steps. Basically, benzoate degradation first step is to produce benzoyl-CoA
and, to fatty acids, it is produce acyl-CoA. Then, in certain point of the pathway,
both of them have to use acetyl-CoA to be convert into ATP and acetate. McInerney
et al. (2007) also found several intermediate metabolite to the production of
acetyl-CoA in the pathways mentioned, such as malate dehydrogenase and pyruvate
carboxylase, shown in Fig. 3.3. The combined activity of these enzymes is
responsible to synthesize NADPH, an important compound for the microorganism
be able to complete the route of generating acetate (Sauer and Eikmanns 2005;
McInerney et al. 2007). According to what was exposed above, it is possible to
inference that the metabolism of microorganisms found in fatty acids oxidation
process is slower than in propionate and ethanol degradation. The explanation of
this fact could be the substrate complexity, making the bacteria produce larger
varieties of enzymes to conclude the whole process. Since the products in both
substrates conversion are essentially the same and some enzymes are produced for
more than one microorganism (Fig. 3.3), it can be inferred that the interactions in
acetogenesis occur beyond the limits of bacterial metabolism and their pathways
known until this moment. Furthermore, it can be observed the existence of a strong
relationship between enzymes produced and routes chosen by different microor-
ganism genera, reinforcing the idea of a syntrophic lifestyle.
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3.2.4 Methane Production

The last stage of the biogas production process consists of methanogenesis, where
methane (CH4) is ultimately produced from methanogenic microorganisms,
Archaea, which are strictly anaerobic and produce energy from the biosynthesis of
methane (Sarmiento et al. 2011). This stage is considered the most critical of the
anaerobic digestion process, being the slowest in biochemical reactions, in addition
abrupt changes in pH, increase in salt concentration or even organic matter overload
cause system failure (Al Seadi et al. 2008; Vrieze et al. 2012).

Methanogenic archaea are physiologically specialized microorganisms in the
conversion of simple substrates, being limited to three main substrates: carbon
dioxide (CO2), acetate and compounds containing methylated groups, transforming
into methane, so archaea are dependent on other microorganisms capable of per-
forming the breaking of complex molecules into substrate supplies (Zinder 1993; Al
Seadi et al. 2008; Sarmiento et al. 2011). The methanogenesis process is the only
way to obtain energy for archaeal growth, and these are the only known
microorganisms capable of producing methane as a metabolic process product
(Thauer 1998). Therefore, most of the energy available in organic substances is
used by other non-methanogenic organisms (Liu and Whitmann 2008).

The methanogenic microorganisms taxonomically belong to the kingdom of
Euryarchaeota, classified phylogenetically in five orders: Methanobacteriales,
Methanococcales, Methanomicrobiales, Methanopyrales and Methanosarcinales
(Zinder 1993; Thauer 1998; Al Seadi et al. 2008; Liu and Whitmann 2008). The
reaction path most used by these microorganisms for the methane production is the
reduction of carbon dioxide using hydrogen as an electron donor, which are called
hydrologic archaea or hydrogenotrophs (Zinder 1993; Liu and Whitmann 2008;
Sarmiento et al. 2011). As for the reactional route where the acetate is used as an
energy source, only the microorganisms of the order Methanosarcinales, called
acetoclásticos (Thauer 1998). The third, and less common, pathway is the pro-
duction of methane by reducing methyl groups of methylated compounds (Liu and
Whitmann 2008).

The hydrogenotrophic reaction pathway, where the reduction of carbon dioxide
to methane production occurs, is mediated by different coenzymes, such as methane
sulfur (MFR), coenzyme M (CoM) and coenzyme B (CoB) (Liu and Whitman
2008). This process is dependent on the hydrogen or format, having this as the main
electron donor of the reactions of methanogenesis via CO2 reduction. The hydro-
genotrophic process is conducted in stages, starting with the reduction of electrons
from carbon dioxide producing formamide derivatives, which bind to the amino
group of the coenzyme MFR, forming N-formyl-MFR. In the subsequent step, the
formyl group attached to the MFR coenzyme is transferred to the tetrahy-
dromethanopterin (H4MPT) coenzyme, and then this coenzyme is cyclized in the
methanogenesis process, and following a sequence of F420-dependent enzyme-
mediated reducing reactions, it produces methyl-H4MPT. The enzyme F420 is
involved in the catalysis of reactions as an electron carrier, not involved in later
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stages, where CO2 reduction occurs for formyl-MFR and, later, in the reaction of
methyl-coenzyme M for CH4. Subsequently, CoM involvement results in the
transfer of the methyl group to the thiol group of CoM, leaving the coenzyme
H4MPT and following the coenzyme methyl-CoM reductase (MCR) cycle. Finally,
the catalysis is performed by the MCR using CoB as an electron donor for reaction,
and this reaction process will generate final product methane (CH4) (Thauer 1998;
Graham and White 2001; Liu and Whitman 2008; Grochowski and White 2010;
Leight 2011; Sarmiento et al. 2011). Hydrogen is considered the main electron
donor for methanogenesis, and many hydrogenotrophic methanogenic microor-
ganisms can still use formate, ethanol or some secondary alcohols as electron
donors. However, methanogens grow little by using alcohols as electron donors
(Liu and Whitman 2008).

The reaction pathway using acetate as a substrate for methane production is
called acetoclastic, and only two genera of methanogenic microorganisms are able
to use this methane: Methanosarcine and Methanosaeta (Liu and Whitman 2008).
This pathway generates less energy for the metabolism when compared to the
hydrogenotrophic pathway (Thauer 1998). The process begins with the reaction of
acetate by coenzyme A (CoA), resulting in acetyl-CoA, resulting from the coupling
of the enzyme acetate kinase and phosphotransacetylase, or acetate kinase. Later,
using acetyl-CoA, resulting from the previous reaction, the enzyme carbon
monoxide dehydrogenase catalyzes the reaction of the compound with tetrahy-
drosarcinapterin (H4SPT) or tetrahydromethanopterin, breaking and releasing CoA
and transferring CH3 to H4SPT, forming N5-methyl-tetrahydromethanesarcin. In
the next step, the methyl group is transferred to CoM, via coenzyme M methyl-
transferase, which is an energy-conserving enzyme. In this stage, the process of the
acetoclastic path joins the hydrogenotrophic pathway, where through reaction with
the CoB will occur the production of methane (Thauer 1998; Fournier and Gogarten
2007; Liu and Whitman 2008; Ferry 2011).

Finally, the metabolic pathway where compounds containing methyl groups,
such as methylamines and methanol, are used as substrates for the production of
methane by the methanogenic archaea is known as methylotrophic (Liu and
Whitman 2008; Vanwonterghem et al. 2016).

In all the metabolic pathways of the process of methanogenesis are involved
several reactions catalyzed by enzymes, but a specific enzyme plays an essential
role in this conversion process, the enzyme methyl-coenzyme M reductase, which
participates in the last step of the methanogenesis, the mcrA gene being a coding
unit of the alpha subunit of MRT, and being present exclusively in methanogenic
archaea (Aronson et al. 2013).

Methanogenesis is an extremely dependent stage of the previous stages of
hydrolysis, acidogenesis and acetogenesis, due to the specificity of the methano-
genic microorganisms in the conversion of the substrates to methane. This fact,
coupled with enzymatic catalysts involved in the process, results in the quality of
the biogas produced, because if the other steps do not occur simultaneously,
forming a chain of compounds that are substrates for the following steps, the quality
of the generated gas will be strongly influenced.
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3.3 Inhibition of Biogas Production and Biodegradability

Inhibition in the production of biogas can be understood as the occurrence of
anaerobic digestion failures that occurs due to the presence of toxic substances in
the biodigester as substrates components or even by-products metabolised by
microorganisms (Yatawara 2015).

Numerous substrates can be used to supplement an anaerobic digestion, often
because some type of by-product coming from another process of transformation
can be found small portions of metals. Some metals present the characteristic of
potentiating the production of biogas (Ni, Co, Mn and Fe) as they stimulate activity
of microbial community (Abdel-Shafy and Mansour 2014; Yue et al. 2007).
However, the presence of heavy metals (Cu, Pb, Cr and Zn) has negative conse-
quences under the digestion process, acting in an inhibitory way, inactivating
enzymes that are metabolized by microorganisms present in the reactor
(Abdel-Shafy and Mansour 2014; Selling et al. 2008). The inhibitory level depends
on the toxicity of metal and accumulation of intermediate substances, such as
organic acids, which are produced from the process inhibition of methanogenic
archaea (Abdelsalam et al. 2017; Abdel-Shafy and Mansour 2014).

For the final product of biogas production to present quality, a correct func-
tioning of the whole system is necessary, so the balance between what is consumed
and what is produced must be prioritized (Ács et al. 2015). An example of this is
Hydrogen, in which its presence in an excessive way inhibits the activity of the
community of acetogenic microorganisms (Dong et al. 1994). Microorganisms that
remove the hydrogen together help in the formation of CH4, thus contributing to the
maintenance of the fermentative activities of the microbiota and the balance of the
system (Ács et al. 2015; Rivera-Salvador et al. 2014).

Although is easy to produce methane, anaerobic digestion is a highly complex
process, which makes the system exposed to inhibition effects by the concentration
of long-chain fatty acids, volatile fatty acids, ammonia and other inappropriate
temperature and pH conditions (Amha et al. 2018; Chen et al. 2014).

In high concentrations of long-chain fatty acids, volatile fat acids, hydrogen and
humic acids, hydrolytic bacteria acting in the hydrolysis phase are inhibited due to
loss of hydrolases activity, which can occur reversibly, when the inhibitors formed
during the process are linked to active site of the enzyme, or irreversible ones, that
refer to modifications in the structure of the enzyme (Amba et al. 2018; Azman
et al. 2015, 2017; Cazier et al. 2015).

The effect of inhibitors is directly correlated with the operating temperature of
the digester, and the stability of microbial community, however, is very variable
and this is related to the different substrates used (Baserba et al. 2012; Silva et al.
2014; Silvestre et al. 2011).

When agro-industrial waste is used as a substrate for anaerobic digestion, it is
possible to find some contaminants such as antibiotics, disinfectants, NH4, heavy
metals, herbicides, among others. These chemicals can also act as inhibitors of the
biogas production process (Al Seadi et al. 2008).
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The hydrolysis step is considered limiting for the production of methane,
because depending on the complexity of raw material used the hydrolytic enzymes
are not effective to degrade the compounds present in the substrate, and this fact can
cause the inhibition of the subsequent step. In this case, a pretreatment would be an
interesting strategy to reduce possible inhibitions during the process (Brémond et al.
2018; Christy et al. 2014).

In addition to the hydrolysis, methanogenesis is also a limiting step, because
during the methane formation process, ammonia formation occurs from degradation
reactions of nitrogen compounds. The higher the ammonium concentration in the
reaction medium, the lower the methane yield, since the methanogenic bacteria are
inactivated (Chen et al. 2008, 2016; Kanai et al. 2010). Ammonia has the ability to
penetrate the cell membrane which ultimately affects the osmotic balance within the
cell (Chen et al. 2016), usually one of the enzymes involved in this process is
acetyl-CoA, mainly responsible for nitrogen fixation (Ruiz-Sánchez et al. 2018).

As with ammonia, high dosages of salt present in the substrate can also cause
damage to the process, dehydrating the cells, causing stress on the cellular activity
of microorganisms and inactivating enzymes responsible for a series of biochemical
reactions (Chen et al. 2008; Dereli et al. 2012; Fotidis et al. 2014; Ruiz-Sánchez
et al. 2018).

The inhibition process is possibly the result of the action on the cell surface of
the microorganisms; the inhibitory substances limit the mass transfer and the access
of the microorganisms and enzymes to the corresponding substrate (Amba et al.
2018; Ma et al. 2015). According to some researchers, inhibition may occur in
different ways, but among the most viable mechanisms can be mentioned: nega-
tively affect the performance of enzymes in the electron transport chain, oxidative
phosphorylation, energy production and decrease in cellular permeability (Amba
et al. 2018; Desbois and Smith 2010; Ma et al. 2015; Pereira et al. 2005).

Unfavorable conditions for anaerobic digestion, such as the formation of inhi-
bitory intermediates, cause damage to the DNA replication of microbial cells, which
can lead to cell death and process inefficiency (Amba et al. 2018).
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