
Chapter 15
Microbial Community in Anaerobic
Digestion System: Progression
in Microbial Ecology

Luong N. Nguyen, Anh Q. Nguyen and Long D. Nghiem

Abstract Anaerobic digestion (AD) is a biochemical process that involves four
microorganism groups, namely, hydrolyzers, acidogens, acetogens, and methano-
gens. These groups function in syntrophy and have intra-dependent metabolic
pathways. Changes in one group (e.g., over-/underexpressed population and
function) can alter this chain of anaerobic process and consequently AD perfor-
mance. With recent progress in culture-independent techniques, an array of previ-
ously unknown and uncultured microorganisms has been recently uncovered in the
AD process. Discoveries on the diversity and structure of the AD microbial com-
munity can provide new information on digester stability and performance (e.g.,
biogas production). This chapter provided a critical analysis of the current
knowledge on the AD microbial community, focusing on the factors affecting
microbial community and the relationship between microbial community and AD
performance. Gaining a better understanding of microbial ecology could be the key
for greater AD efficiency and biogas production capacity.
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15.1 Introduction

Anaerobic digestion (AD) has long been used in wastewater treatment plants
(WWTPs) to stabilize sewage sludge prior to beneficial reuse or disposal. Recently,
there has been a growing emphasis among the water industries and municipalities to
achieve sustainability goals by shifting from a sole focus on wastewater treatment to
include energy generation and resource recovery. The AD process has then played a
vital role in this paradigm shift. The AD process converts sludge into biogas, which
mostly contains methane, carbon dioxide, and a nutrient-rich slurry called digestate.
Other organic wastes such as food waste, dairy processing waste, agricultural reject,
and others have been brought into the AD process (Nghiem et al. 2017). These
organic wastes supplement AD with carbon and nutrients and consequently boost
biogas production. With this anaerobic co-digestion (AcoD) approach, WWTPs can
produce biogas which can be used to produce electricity to offset their energy
consumption. AcoD has an additional benefit of reducing the amount of organic
waste that is otherwise bound to landfills. Although AD is a mature technology,
maintaining a stable and high-performance digester is still a challenging exercise.
This is mainly due to the complexity of microorganisms that are involved in the AD
process. These microorganisms maintain a syntrophic relationship and depend on
each other for their survival and growth (Carballa et al. 2015; Regueiro et al. 2015;
Ortseifen et al. 2016; Ju et al. 2017).

A fundamental step to characterize the AD microbial community is the taxo-
nomic and phylogenetic classification of DNA sequence—biomarker of microor-
ganism. The last few decades have seen a revolution in molecular techniques to
investigate the small-subunit rRNA sequence (16S rRNA) from simple polymerase
chain reaction (PCR) to high-throughput sequencing such as next generation
sequencing (NGS). The development of culture-independent techniques has
uncovered an abundant array of previously unknown and uncultured microorgan-
isms. Due to these technical advances, the number of investigations on microbial
community in the AD process underwent an impressive increase in scientific
publications (Carballa et al. 2015; Razaviarani and Buchanan 2014; Gagliano et al.
2015a; Li et al. 2015). NGS has made large advancements in the understanding of
the underlying driving force—the microbiome—in AD process. For example, the
AD microbial community could be characterized in terms of taxonomic profile and
composition. Understanding the connection between microbial community and AD
performance can provide intuitive information for optimization of the AD process.
This chapter, therefore, provides a state-of-the-art review on the AD microbial
community, including the factors affecting microbial diversity and structure and the
relationship between microbial community and digester performance.
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15.2 Microbial Community—The Driving Force in AD
Process

There are four phases in the AD process each is facilitated by a distinctive group of
microorganisms (Fig. 15.1). There is also a syntrophic relationship among the very
diverse functions of these microorganisms in growth conditions, physiology,
metabolic activities, and stress tolerance. The performance of AD is dependent on
this complex syntrophic relationship. For example, the main product of the ace-
togens is acetate, which is also a major carbon and energy source for the metha-
nogens (Fig. 15.1). Corresponding to the four phases in Fig. 15.1, the AD
microorganisms are categorized into four groups, namely, hydrolyzers, acidogens,
acetogens, and methanogens mainly based on their specific functions in the AD
process. These groups of microorganisms are taxonomically divided in the domain
of bacteria (hydrolyzers, acidogens, and acetogens) and archaea (methanogens).
From the domain, the AD microorganisms are arranged in successive levels of
biological classification in the taxonomic hierarchy with the following order:
kingdom, phylum, class, order, family, genus, and species. The following section
provides a detailed description of each phase in the AD process focusing on dif-
ferent groups of microorganisms and their ecology.

15.2.1 Hydrolyzers

Anaerobic hydrolytic bacteria are widely distributed in various ecosystems such as
soils, sewage, rumen of animals, compost, and AD sludge. Hydrolytic bacteria
(Phase 1) are the first to react to convert complex organic matter (i.e., carbohy-
drates, proteins, and lipids) into low molecular weight compounds such as sugar,
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Fig. 15.1 Schematic representation of four phases in the AD process with associated group of
microorganisms
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amino acids, and peptides (Fig. 15.1). These intermediates serve as food for the
next groups of microorganisms in the process chain. Without the initial step by the
hydrolytic bacteria, the AD process cannot occur naturally. A functionally stable
AD, therefore, contains a healthy portion of hydrolytic bacteria.

Hydrolytic bacteria can be found in a number of different phyla such as
Chloroflexi, Thermotogae, Firmicutes, Bacteroidetes, Proteobacteria, and
Spirochaetes. Firmicutes and Bacteroidetes are the two most dominant phyla in AD
(Fig. 15.2). The abundance of hydrolytic bacteria in AD depends on factors such as
type of inoculum, operating temperature, cell retention time (CRT), and substrate
characteristics. The abundance of major phylum in the AD process is presented in
Fig. 15.2.

As a unique feature of the hydrolytic bacteria, they produce cellulosome, a
special multienzyme complex that enables them to secrete different hydrolases such
as glucanases, hemicellulases, chitinases, and lihanases. These enzymes enable
hydrolytic bacteria to break down a variety of complex organic wastes. Cellulosome
was first discovered in 1983 from the Clostridium thermocellum in thermophilic
AD (Lamed et al. 1983). Since then the role of cellulosome and its presence in the
many hydrolytic bacteria were discovered. The cellulosome bridges the connection
between bacteria, enzyme, and substrates. It has been demonstrated that the
hydrolytic bacteria cannot produce enzymes without cellulosome. The presence of
these enzymes has made hydrolytic bacteria important in AD of various organic
wastes.
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Fig. 15.2 Relative abundance of major phylum in the AD process. Data were extracted from most
recent studies, which used high-throughput sequencing technologies to detect their abundance. The
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15.2.2 Acidogens

In Phase 2, acidogenic bacteria use the products of hydrolyzers—sugars, amino
acids, and peptides—as electron acceptors to generate fermentation products such
as formic acid, acetic acid, propionic acid, butyric acid, pentatonic acid, alcohols,
CO2, and H2 (Fig. 15.1). Acetate, CO2, and H2 can be used directly by the
methanogens (in Phase 4), while other higher organic acids are subsequently
transferred to acetic acids and H2 by the acetogenic bacteria (Phase 3).

Acidogenic bacteria include facultative and obligate microorganisms. The for-
mer can live in both aerobic and anaerobic conditions while the latter is strictly
anaerobic. Species of acidogenic bacteria can be found in phyla Firmicutes,
Bacteroidetes, Proteobacteria, and Actinobacteria. A few species have been iso-
lated from AD such as Clostridium (Firmicutes), Peptococcus (Firmicutes),
Bifidobacterium (Actinobacteria), Desulfovibrio (Proteobacteria), Coryne-
bacterium (Actinobacteria), Bacillus (Firmicutes), Pseudomonas (Proteobacteria),
and Desulfobacter (Proteobacteria) (Shiratori et al. 2006; Nanninga and Gottschal
1987). These species are especially abundant during high fermentation period,
confirming their roles at this phase.

A number of abiotic factors can influence the population of acidogenic bacteria
such as digester design, temperature, CRT, and substrate characteristics. Out of
these, substrate characteristics (i.e., composition and concentration) are considered
to exert the greatest influence. For example, Desulfovibrio spp., a sulfate-reducing
acidogen, was significantly enriched during AD of high sulfate-containing substrate
(Nanninga and Gottschal 1987). Also, Clostridium sp., a cellulosic waste degrading
bacterium, was found to be dominant in high cellulose substrate (Izquierdo et al.
2010).

15.2.3 Acetogens

Acetogenesis is the third phase of the AD process. In this phase, organic acids such
as propionic, butyric, and pentatonic acid are metabolized into acetic acid and H2 by
acetogenic microbes (Fig. 15.1). A number of acetogens belong to the genus
Syntrophomonas (e.g., Syntrophobacter wolinii and Syntrophomonas wolfei),
which are syntrophic fatty-acid oxidizing microbes. The H2 production in this
process inhibits acetogenic metabolism. The hydrogen partial pressure should be
very low so that the thermodynamic conditions become favorable for conversion of
volatile fatty acids (VFAs) to acetate (Fig. 15.3). The activity of hydrogenotrophic
methanogens is extremely critical to maintain low hydrogen partial pressure in AD
(Cazier et al. 2015; Amani et al. 2010). Failure to maintain this interaction is
detrimental to the overall AD performance, resulting in VFA accumulation in the
system. The success of the acetogenesis determines the biogas production efficiency
because 70% of methane is produced through acetate reduction.
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Syntrophic acetate oxidizing (SAO) bacteria can be seen as a stabilizer in the AD
process. They play an important role in maintaining the AD stability especially
when the system undergoes environmental fluctuations. For example, aceticlastic
methanogens, which contribute more than 70% of methane production, are sensitive
to high ammonia concentrations, VFAs, heavy metals, and sulfide. Under such
conditions, SAO can adapt to dominantly convert acetate to H2 and CO2, which are
then used by the hydrogenotrophic methanogens for methane production (Sun et al.
2014). This decreases the accumulation of acetate and raises the pH of the digester
to support the aceticlastic methanogens. Acetate oxidization by syntrophs has a low
conversion rate, and thus altering the operating conditions to support syntrophic
growth is necessary. A few SAO microbes are detected from both mesophilic and
thermophilic AD. These include Pseudothermotoga lettingae, Thermacetogenium
phaeum, Syntrophaceticus schinkii, and some in the phylum of Spirochaetes
(Westerholm et al. 2010; Hattori et al. 2000; Lee et al. 2015).

Non-syntrophic acetogens are also present in the AD process in the form of
homoacetogenic bacteria. This group can utilize H2 and CO2 to produce acetate.
This reaction is thermodynamically favorable and does not require the presence of
methanogens. An example of microbes in this group is the Clostridium aceticum
that was isolated and characterized as obligately anaerobic (Braun et al. 1981).
However, this pathway is less favorable in the AD process and the homoacetogenic
bacteria are often outcompeted by hydrogenotrophic methanogens for H2. To date,
the homoacetogenic bacteria have not been elucidated in detail.

15.2.4 Methanogens

The methanogens belong to the archaea domain that is capable of producing
methane gas. They are ubiquitously present in anaerobic environment and play
important role in the global carbon cycle (Kouzuma et al. 2017). In the AD process,
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Fig. 15.3 Schematic diagram illustrates the syntrophic acetogenesis
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the methanogens are critical for biogas production. So far, researchers have found 65
methanogenic species and grouped them in five orders: Methanobacteriales,
Methanococcales, Methanomicrobiales, Methanosarcinales, and Methanopyrales
(Nielsen et al. 2007; Wang et al. 2018). These species are extremely sensitive to oxygen
and are registered as slow-growing microbes as they restrict to a limited number of
organic compounds for carbon and energy sources (Holmes and Smith 2016).

Based on substrate utilization, methanogens can be sub-divided into three
groups: Methylotrophic methanogens that utilize methyl and other one-carbon
compounds; Hydrogenotrophic methanogens that utilize CO2 and H2; and
Aceticlastic methanogens that utilize acetate (Fig. 15.1). Among these archaea,
aceticlastic methanogens are responsible for the majority of methane production in
AD. This is consistent with the high abundance of the genera such as Methanosaeta
and Methanosarcina (Fig. 15.4) in most of the AD processes. The genus of
Methanosaeta is strictly aceticlastic methanogens. Chen and He (2015) reported the
robustness of Methanosaeta genus at high levels of acetate in AD (44 mM). On the
other hand, the genus Methanosarcina has versatile metabolic pathways and is
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relatively tolerant to perturbations (e.g., low pH and high VFAs) (Venkiteshwaran
et al. 2017). Compared to aceticlastic methanogens, hydrogenotrophic methanogens
occur in AD at lower relative abundance (Fig. 15.4). However, the hydro-
genotrophic methanogens are typically tolerant than aceticlastic methanogens under
harsh conditions. It has been observed that the methanogenic community shifted
from aceticlastic to hydrogenotrophic dominant under perturbed conditions (Lerm
et al. 2012; Vanwonterghem et al. 2014). The presence of hydrogenotrophic
methanogens, although at relative low abundance, is essential to keep the hydrogen
partial pressure low and thus support the acetogenesis of VFAs.

AD is a biochemically complex process driven by syntrophic microorganisms.
The performance and stability of an AD rely on its microbiome composition and the
interactions among microbial groups. Previous studies have demonstrated that
variations in the abiotic factors (i.e., digester design and operation) affect the
digester performance outcomes but underestimate the change in the microbial
community and its relation to the digester performance. In this era of next gener-
ation sequencing technologies, it is envisaged that the microbial community profile
of many types of AD will be revealed. Detailed connections between microbial
community profiles and digester performance can then provide new insights for
engineers to better control the AD process. A research roadmap is proposed in
Fig. 15.5 to integrate digester microbial community with understanding digester
performance and optimization.
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COD and nutrient loading
Chemical additions
Alkalinity
Mixing 

Biogas production
Biogas compositions
COD removal
VS removal
Operational issues 

Digester microbial 
community 

Who are they?
What are they doing? 
What are important in there?
Who are working together?  

Fig. 15.5 Integrated digester microbial community into the understanding digester performance
and control
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15.3 Factors Influencing the Microbial Community in AD

The community diversity including richness (i.e., how many species are in a
community) and evenness (i.e., how close in numbers each species in a community
is) are described using alpha diversity indices. The alpha diversity indices include
Observed species, Chao 1, Simpson, and Shannon. Observed species and Chao 1
are used to describe community richness and Simpson and Shannon are used to
describe community evenness. The community structure includes the composition
and abundance of species at different taxonomical levels (i.e., phylogenetic struc-
ture). It is often reflected by the distribution of individuals among species in a
community. The differences between communities are measured by the beta
diversity. Computational ecology method such as principal coordinate analysis
(PCoA), principal components analysis (PCA), and nonmetric multidimensional
scaling (NMDS) are used to profile the community structure and to estimate the
distance among communities (e.g., dissimilarity). The following sub-sections pro-
vide detailed description on the influence of abiotic factors (e.g., temperature, OLR,
CRT, and substrate characteristics) and biotic factor (e.g., inoculum source) on the
AD microbial community (i.e., diversity and structure).

15.3.1 Temperatures

Mesophilic (30–40 °C) and thermophilic (50–60 °C) are the two common operat-
ing conditions in AD. Each condition presents specific advantages and the selection
between them is mainly due to a number of factors. Thermophilic AD offers high
metabolic rates, high biogas yields, and deactivation of pathogen due to higher
operating temperature but its effluent contains high concentration of VFAs espe-
cially propionic acid. Mesophilic AD can maintain high organic loading rates but
has lower metabolic rate compared to thermophilic AD (Labatut et al. 2014).
Generally, thermophilic AD is more susceptible to environmental perturbations
than mesophilic AD because the latter has lower community diversity (Moset et al.
2015; Gagliano et al. 2015b; Niu et al. 2015; Shaw et al. 2017). Low diversity of
thermophilic AD is consistently reported in literature. For example, Shannon index
of thermophilic AD has been reported lower than that of mesophilic AD (6.14 vs.
4.99) (Moset et al. 2015). A twofold decrease in microbial diversity and evenness
has been observed when the operating temperature of AD was changed from 37 to
55 °C (Gagliano et al. 2015b). A negative correlation between temperature and all
microbial diversity indices has been reported (Lee et al. 2017). The archaeal
community of thermophilic AD is also less diverse than that of the mesophilic AD
(Niu et al. 2015). An elevated temperature induces a selective pressure on the
community resulting in the enrichment of tolerant strains and decrease in diversity.
On the other hand, mesophilic AD is relatively resilient to sudden changes in
operating conditions. For example, it has been observed that mesophilic AD has
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shown resistance to total ammonia nitrogen inhibition of up to 1.6 g/L, whereas
thermophilic AD has failed at half dose (Niu et al. 2015). Aceticlastic methanogens
has shown extreme sensitivity to sulfide inhibition (e.g., 50% inhibition at 8–
17 mg/L), while hydrogenotrophic methanogens were favored (Pender et al. 2004).
Generally, a community with high diversity has greater capacity to maintain its
stability under perturbances. For this reason, a relative higher diversity and even-
ness in the mesophilic AD leads to stable performance.

Phylogenic analyses revealed the difference in microbial community structure of
mesophilic and thermophilic AD. Clustering analysis (i.e., principal coordinates
analysis (PcoA)) revealed a clear separation between mesophilic and thermophilic
communities (Carballa et al. 2011), suggesting the different evolution pathways of
the community in each condition (Fig. 15.6). Kirkegaard et al. (2017) demonstrated
a clear distinction between mesophilic and thermophilic AD communities after
surveying 32 full-scale AD in 20 WWTPs in Denmark over a 6-year period. The
major phyla were shifted from Bacteroidetes, Proteobacteria, and Chloroflexi to
Firmicutes and Synergistetes dominant in thermophilic AD (Jang et al. 2016). The
predominance of the phylum Firmicutes was because of their capability to produce
diverse enzymes performing hydrolysis, acidogenesis, and acetogenesis. Hydrolytic
and fermentative bacteria grow more rapidly at higher temperature and could cause
the imbalance between the bacterial and methanogens community’s population in
thermophilic AD. In thermophilic AD, Thermotogae (>60%) was the dominant
phylum while Bacteroidetes (>47%) was highly expressed in mesophilic AD (Guo
et al. 2014). The observed results could be due to the phenotype of Thermotogae
phylum that can thrive at high temperature.

Fig. 15.6 An example of the PcoA plot of a archaeal and b bacterial communities, indicating the
different microbial community structures in mesophilic and thermophilic AD. The data are from
Ghasimi et al. (2015)
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Different operating temperatures also induced the development of distinct
methanogenic community. Mesophilic AD was dominated by the families of
Methanotrichaceae, Methanocorpusculaceae, Methanoregulaceae, and Methano-
massiliicoccaceae, whereas Methanobacteriaceae and Methanomicrobiaceae were
prominent in thermophilic AD (Shaw et al. 2017). This also suggested that the
aceticlastic methanogens are dominant in mesophilic AD and hydrogenotrophic
methanogens are preferable in thermophilic AD (Ghasimi et al. 2015). Shaw et al.
(2017) detected the well-known association between the hydrogen-producing
bacteria such as Ruminococcaceae and Prevotellaceae and hydrogenotrophic
methanogensMethanomicrobiaceae in thermophilic AD. The shift of methanogenic
community from aceticlastic to hydrogenotrophic methanogens at high temperature
is currently unclear and future research is required. Overall, temperature is one of
the most significant factors determining the microbial community diversity and
structure.

15.3.2 Organic Loading Rate

Organic loading rate (OLR) can have a profound impact on the microbial com-
munity diversity and structure. Microbial community diversity often decreases
under high OLR (Jang et al. 2016; Kundu et al. 2013). Aceticlastic and hydro-
genotrophic methanogens are especially affected under this condition. For instance,
the underrepresentation of aceticlastic and hydrogenotrophic methanogens was
observed under the increase of OLR from 2.22 to 6 kg COD/m3d in both meso-
philic and thermophilic AD (Kundu et al. 2013). On the other hand, the phylum
Firmicutes is often overexpressed under high OLR. For example, the population of
Firmicutes increased from 4 to 48.4% when OLR changed from 2.7 to 7.2 kg COD/
m3d. Two- and threefold increase in the abundance of Firmicutes was observed in
AD of glycerol, fat oil, and grease with high OLR (Ferguson et al. 2016). The
phylum Firmicutes were significantly enriched when OLR is increased from 2.74 to
4.12 kg VS/m3d (Sun et al. 2017). Bacteria of phylum Firmicutes are capable of
degrading VFAs to acetic acid. Under a high OLR, VFA productions are acceler-
ated which would favor the growth and reproduction of Firmicutes. Accordingly, it
has been indicated that the increase of Firmicutes was correlated with deterioration
in methane production, suggesting that the Firmicutes abundance could be an
indicator of process overloading and fluctuated performance.

After the phylum Firmicutes, Bacteroidetes is the second most enriched under
increased OLRs. Bacteroidetes spp. is mainly involved in hydrolysis and acido-
genesis in AD. An elevated OLR provides substrates for growth. Prevalence of
Bacteroidetes was observed in AD of macroalgae biomass associated with high
protein content due to OLR increase (Sun et al. 2017). The profound abundance of
Bacteroidetes could lead to the high production of VFAs in the digester (Regueiro
et al. 2015).
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Phyla such as Proteobacteria, Synergistetes, Spirochaetes, Chloroflexi,
Thermotogae, Actinobacteria, and Planctomycetes show variable patterns in
response to the OLR changes. OLR increase could suspend the growth of
Proteobacteria and Chloroflexi phylum from 23.8 to 5.4% and 14.5 to 2.5%,
respectively (Chen et al. 2014). The abundance of Proteobacteria increased from
6.7 to 14.5% when there is an increase in OLR from 1.37 to 2.74 kg VS/m3d but
dropped to 1.9% at OLR of 4.12 kg VS/m3d (Sun et al. 2017). Similarly,
Synergistetes was significantly suspended at 300% increase in OLR. The varied
reaction of different phyla to change in OLRs reflects the wide array of microor-
ganisms in AD with different tolerance levels to environmental pressures.

Methanogenic community shows different degrees of disturbances by OLR
stress. Methanosarcina increased from 2.9 to 22% under overloading condition,
whereas Methanosaeta decreased by approximately 50% (Fig. 15.7) (Razaviarani
and Buchanan 2014). Also, the methanogenic community shifted from
Thermoplasmata (24.4%), Thermoprotei (18.0%), and Methanobacteria (30.8%) to
Thermoplasmata (70.4%) and Methanomicrobia (16.8%) (Chen et al. 2014) at high
OLR. Lerm et al. (Lerm et al. 2012) revealed the enrichment of hydrogenotrophic
methanogens (Methanospirillum hungatei and Methanoculleus receptaculi) under
high OLR. However, in some cases, a stable methanogenic community has been
reported. High-solid AD of municipal sewage sludge under OLR range of 3.4–
5.0 g VS/Ld does not affect methanogenic community and methane yield (Gómez
et al. 2011). It is suggested that there exists a critical level of OLR increase. Overall,
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maintaining the OLR of AD is highly recommended to ensure the stability of
microbial community and system performance. In case of changing OLRs (i.e.,
addition new substrates and co-digestion), detailed evaluations on the maximum
OLR at which the resilience of AD community could be maintained are required.

15.3.3 Cell Retention Time

CRT is an important operational parameter (Appels et al. 2008). Determination of
approximate CRT has an important value on operational points. Overly long CRT
could reduce the digester capacity while too short CRT could decrease the treatment
efficiency because of biomass washout (Amani et al. 2010; Vanwonterghem et al.
2015).

Low CRT could result in the reduction of microbial community diversity in AD.
However, no report on the change of community diversities could be retrieved from
the literature at this stage. A few studies reported the shifts in the microbial com-
munity structure under different CRTs. The population of phylum Bacteroidetes
was significantly enriched from 12.5 to 22% when CRT was decreased from 20 to
5 days (Lee et al. 2011). The enrichment of Bacteroidetes is consistent with the
increase in OLR as lower CRT means higher OLR into the digester. This obser-
vation further reconfirms that there is favorable growth of phylum Bacteroidetes
under high substrate levels. Meanwhile, loss of the bacteria in the phylum
Chloroflexi occurred when CRT was decreased from 20 to 4 and 5 days. The
Chloroflexi sp. is capable of degrading persistent organic compounds but they need
longer time for the degradation.

In comparison to the bacterial community, methanogenic community is pro-
foundly affected by low CRT due to its slow growth rate. CRT of below 5 days is
insufficient for a stable digestion due to the accumulation of VFAs and washout of
methanogens (Appels et al. 2008). Accumulation of propionate was observed in a
digester operating at CRT of 8 days due to the washout of syntrophic propionate
oxidizers (Vanwonterghem et al. 2015). Similarly, the Archaea gene copies sig-
nificantly decreased under short CRT, indicating the washout of methanogens (Lee
et al. 2011). It is recommended that CRT cutoff should be above 10 days (Ju et al.
2017; Appels et al. 2008) for a stable performance. This value is subject to change
depending on substrate complexity.

15.3.4 Substrate Characteristics

In recent years, concern about climate change and energy security has renewed the
interest in AD as a platform for renewable energy production for organic wastes
(Nghiem et al. 2017). Arrays of organic wastes have used the AD process for biogas
production enhancement. Although the benefits of AD of organic wastes have been
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well documented, little is known about the effect of different substrates on AD
microbial community. Thanks to the development of high-throughput sequencing
technology, more studies have focused on revealing the microbial community
diversity and structure in AD. This section provides a summary of such studies
performed within the last 5 years on some of the most common substrates.

Lipid-rich substrates. Lipid-rich substrates are from various sources such as
dairy industry, food processing industry, slaughterhouses, restaurant oil trap, and
vegetable oil/fat refineries. The anaerobic hydrolysis of lipids produces mainly
long-chain fatty acids (LCFA). Although this process occurs rapidly, the subse-
quent step of LCFA oxidation via b-oxidation process is slow. Due to the mismatch
between LCFA production and consumption, AD of lipid-rich substrates influences
the microbial community, specifically the methanogens.

Co-digestion of lipid-rich substrates such as fat oil and grease with sewage
sludge (SS) increased both bacterial and archaeal richness (Yang et al. 2016; Ziels
et al. 2016). Adding 10% (VS) of fat, oil, and grease (FOG) into the digestion of SS
increased the community richness from 6.2 to 8.5 (Simpson index) (Amha et al.
2017). Bacterial community structure reacts faster than the methanogenic com-
munity does in response to the addition of fat, oil, and grease. For example, the
population of bacteria involved in the hydrolysis and acidification was higher in the
AcoD of fat, oil, and grease compared to the mono-digestion of SS (Fig. 15.8). The
complementarity between two substrates results in the better nutrient balance and
provides the greater opportunity for microbial growth over the mono-digestion. The
phylum Firmicutes was enriched in the AcoD of fat, oil, and grease and SS from
22.9 up to 56.5, 32.6, and 10.4% with fat, oil, and grease addition increase of 1, 2,
and 3 g VS, respectively. Fatty-acid oxidizing bacteria Syntrophomonas was sig-
nificantly enriched within the bacteria community from 3 to 14% after FOG
addition (Fig. 15.8a) (Ziels et al. 2016).

Significant changes in the methanogenic community were observed in the AcoD
of fat, oil, and grease. Hydrogenotrophic Methanospirillum was enriched from 1.3
to 34% (Fig. 15.8a). Another strictly aceticlastic methanogen, Methanosaeta, was
also out dominated in the fat, oil, and grease co-digestion (Ziels et al. 2016). The
enhancement of these genera was positively correlated with biogas production,
suggesting their roles in the AD of fat, oil, and grease. The Bray–Curtis dissimi-
larity values between the control and fat, oil, and grease digester were significantly
different, suggesting the shift of the community (Fig. 15.8b). Similarly, Yang et al.
(2016) demonstrated the dominance of Methanosaeta—a genus of
Methanosarcinales order—in AcoD of fat, oil, and grease and SS. The abundance
was positively correlated with the biogas production in the redundancy analysis
(RDA).

Changes in the microbial community were found to be similar in the AD of pig/
cattle slaughterhouse wastes. The enrichment of fatty-acid oxidizing bacteria such
as Syntrophomonas sp., Coprothermobacter sp., and Anaerobaculum sp. occurred
under digestion of pig/cattle slaughterhouse wasters (Palatsi et al. 2011). Palatsi
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et al. (2011) demonstrated the syntrophy between the Syntrophomonas and
Methanosarcina in the digester feeding with high lipids content wastes.

Carbon-rich substrates. Addition of carbon-rich and nutrient-rich substrates in
AcoD has demonstrated increased biogas production due to their complementary
effects (Nghiem et al. 2017; Wickham et al. 2018). The addition of carbon-rich
substrates also affects the digester community. AcoD of food waste strongly affects
the microbial community diversity and structure. A gradual decline in community
richness and evenness was observed upon a stepwise increase of food waste (Xu
et al. 2017). Shannon index decreased from 9.42 in control to 5.21 in digester with
57% food waste addition (OLR %) together with the disappearance of 3787
Observed species. Addition of food waste induced profoundly the growth of
substrate-favorable groups in the digester. The microbial community diversity and
evenness decreased with food waste addition and the degree of decrease was
proportional with the increased food waste ratio (Jang et al. 2016).

Two bacterial phyla, Firmicutes and Actinobacteria, showed the most distinctive
change under the addition of food waste. The phylum Firmicutes outcompeted
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Fig. 15.8 The relative abundance of three major genera, which showed significant enriched under
FOG digestion (a). The Bray–Curtis dissimilarity indicated the shift of methanogenic community
under FOG co-digestion (b). Data were extracted from a and b Ziels et al. (2016)
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others with an increase of abundance from 14.5 to 56.5% at 40% food waste
addition (OLR %), but their abundance decreased to 10.4% when added food waste
at 57%. On the other hand, Actinobacteria population gradually increased with the
increase of FW addition. Their population peaked at 56%. The results suggest that
bacteria of phylum Actinobacteria are favorable to high organic loading stress. In
another study of AcoD food waste and waste activated sludge, the phylum
Bacteroidetes increased significantly from 10.6% (control) to 39.8, 46.3 and 45.8%
with food waste addition of 25, 50, and 75% (VS ratio), respectively (Jang et al.
2016). It was suggested that the substrate characteristics and mixing ratio were
highly related to the development of various phyla in different studies.

Adding food waste caused the dominant population of the methanogenic com-
munity to shift from Methanosarcina to Methanosaeta. The abundance of
Methanosaeta increased from 3.7 to 36.1%, indicating their tolerance under high
OLR. Of note, the bacterial community was affected more by excessive food waste
addition in comparison to the methanogenic community. This suggested the high
tolerance of methanogenic community to high food waste levels, but the reasons
behind this remain unclear (Xu et al. 2017).

Lignocellulose-rich substrates. Plant-based or “lignocellulosic” substrates such
as grass silage, pulp and paper mills wastes, hay, bagasse, and agricultural residues
are considered the most abundant raw materials for biogas production in the AD
process (Anwar et al. 2014; Shrestha et al. 2017). Lignocellulose is a matrix of
biopolymers including cellulose, hemicellulose, and lignin. The AD of
lignocellulose-rich substrates is limited mainly due to the complex chemical
structure (Shrestha et al. 2017). Cellulose is a crystalline microfibril that is insoluble
and difficult to degrade. The microfibrils are attached to hemicellulose, which is a
polymer of various sugars. Lignin is crosslinked with cellulose and hemicellulose
providing a rigid structural support to the biopolymer matrix. To achieve the desired
performance, the AD of lignocellulosic substrates often required pretreatment and
co-digestion.

Only a few reports on the microbial community in the AD of lignocellulosic
substrate are available. The microbial community is less diverse in the AD of
lignocellulosic substrates probably due to the substrate recalcitrant that limits the
growth of many microorganisms. The community in the AD treatment of xylose,
xylan, and cellulose was less diverse than that of the AD treatment of food waste
(Wilkins et al. 2015). The phylogenetic structure of the AD process treatment of
lignocellulosic substrates mainly contains the phyla Firmicutes and Bacteroidetes
(Azman et al. 2015). The phylum Firmicutes accounted for 97% of the total in AD
of waste papers (Tsavkelova et al. 2018). The population of phyla Firmicutes and
Bacteroidetes was above 65% in four different digesters treatment of corn stover
(Liu et al. 2018). These observations suggest the role of bacteria in the phyla of
Firmicutes and Bacteroidetes in the hydrolysis of lignocellulosic substrates.
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15.3.5 Inoculum Sources

The effect of inoculum sources on the AD process has been demonstrated in a
number of studies (Gu et al. 2014; Ventorino et al. 2018; Han et al. 2016; Liu et al.
2017). Gu et al. (2014) compared six different inocula including digested dairy
manure, digested swine manure, digested chicken manure, digested municipal
sludge, and anaerobic granular sludge. All the inocula were used in the batch
digester treatment of rice straw with the same inoculum-to-substrate ratio of 1:1
(VS content). Digested dairy manure was found to be the best inoculum among six
different inocula. Liu et al. (2017) observed significant differences in methane
production when compared to three inocula (digested municipal sludge, digested
stillage, and digested manure) in a biomethane potential test with inoculum and
substrate (cellulose) ratio of 4:1 VS content.

Inoculum is microbial source for the AD process. The AD microbial community
resembles their respective source of inoculum. Han et al. (2016) used four inocula
from stillage, manure, paper milling, and wastewater sludge digesters. All the
inocula were used for the digestion of cellulose. The results indicated similar
compositions of inoculum and digester microbial community. However, the
microbial community diversity decreased in the digester in comparison to the
inoculum. On the other hand, De Vrieze et al. (2015a) observed that the digester
community has higher richness than inoculum community. The reason is probably
due to the variation in the substrates in different studies.

Liu et al. (2017) observed the effect of inoculum only at the initial state (one cell
retention time). Over time, the digester performance and digester community were
comparable among four different inocula sources. The authors suggested that under
a long operation period, substrate characteristics and operation condition driven the
digester performance and community structure rather than the inoculum sources. De
Vrieze et al. (2015a) also observed that the microbial community evolved toward a
similar composition in five digesters initially inoculated with five different inocula.

The effect of inoculum source on the digester community resilience has also
been reported (De Vrieze et al. 2015a). De Vrieze et al. (2015a) investigated the
resilience of digester inoculated with five different inocula under stress conditions
(i.e., high total ammonia nitrogen). The inocula included digested potato waste (I),
digested mix maize, lipid and fruit waste (II), digested mix maize and manure (III),
digested municipal sludge (IV), and a mixture of abovementioned inocula (V). The
results indicated that the effects of total ammonia nitrogen were inoculum depen-
dent. The digesters inoculated with I and II maintained their methane production
function, whereas methane production deteriorated in the digester with inocula III,
IV, and V at the maximum total ammonia nitrogen tested. This observation is
because microbes in inoculum I and II have higher level of adaptation to total
ammonia nitrogen. The results suggested that the use of selected or enriched
inoculum for typical substrates or operating conditions could enhance process
stability.
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15.4 Connecting Microbial Community to AD
Performance

15.4.1 Microbial Community Diversity and AD
Performance

Microbial community diversity indices (i.e., richness and evenness) could probably
indicate process performance. A more richness and evenness community indicates
the presence of more species that could enhance community resilience toward
perturbations (Wittebolle et al. 2009; McCann 2000; Regueiro et al. 2012). On the
other hand, less diverse community is susceptible to changes probably due to the
high level of specialization (Regueiro et al. 2012). However, to date, the linkage
between community diversity and AD performance remains unclear. Indeed, the
extent influence of microbial community diversity on AD performance has not been
determined. So far, results in the literature are still inconsistent. Venkiteshwaran
et al. (2017) showed no correlation between digester performance (i.e., CH4 pro-
duction), community richness, and evenness. Similarly, Li et al. (2015) compared
the community diversity at stable and deteriorated stages and showed no differences
in diversity indices between two stages. Their results suggested that diversity
indices were not sensitive for process status indication. This limitation is probably
because the diversity indices are statistical data to describe the community diversity
without consideration of its compositions (Li et al. 2015; Dearman et al. 2006). No
correlation between Shannon index (i.e., evenness) and methane yields has been
reported (Fig. 15.9) (Jang et al. 2016; Xu et al. 2017). On the other hand, some
studies have claimed that the microbial community evenness relates with the
digester function (Lee et al. 2017; Carballa et al. 2011). Carballa et al. (2011)
demonstrated that the digester with higher evenness in the bacterial community
achieved a higher biogas production. Lee et al. (2017) observed a positive corre-
lation between bacterial evenness and COD removal. Wittebolle et al. (2009)
reported that the initial community richness and evenness were the key factors to
preserve the community function under perturbation conditions, although this study
was not done with the AD process. Due to the inconsistency, richness and evenness
index need to be carefully considered as process indicators. More data from the
future studies, especially on those that use high-throughput sequencing technolo-
gies, are needed to unmask potential trends. It is also suggested that future studies
should focus on the methanogenic community given that it has lower diversity in
comparison to bacterial community. Until then, the finding of the community
diversity and digester performance relationship can be used to indicate proactive
AD performance.
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15.4.2 Microbial Community Structure and AD
Performance

Information on the relationship between AD microbial community structure and its
function has gained much attention recently as they can be applied to potentially
engineered AD with superior functions (Werner et al. 2011) or to indicate process
stability (de Jonge et al. 2017).

The AD microbial community naturally shows degrees of variation at constant
operating conditions. In other words, there is a degree of variation in community
population in a functionally stable community. Variation (i.e., presence and/or
variation of specific organisms) due to changes in environmental variables must be
larger than naturally occurring changes. Previous sections in this chapter have
defined a list of genera that showed significant variation under changes in envi-
ronmental variables. These include phyla of Firmicutes, Bacteroidetes, and
Actinobacteria (hydrolytic and fermentative bacteria), Syntrophomonas and
Synergistetes (acetogenic and syntrophic acetate oxidizing) and Methanosaeta, and
Methanoculleus (methanogens). Consequently, a few studies have reported the
linkage between microbial community structure and AD performance.

Analyzing the microbial community compositions at stable and deteriorative
stage, Li et al. (2015) revealed the correlation between microbial community
structure and process stability. Syntrophic fatty oxidizing and acid producing
bacteria outcompeted other bacteria at the deteriorative stage. The mismatch
between acid production and consumption were accounted for system deterioration.
Regueiro et al. (2012) observed that hydrolytic and methanogenic activities linked

Fig. 15.9 A linear regression analysis of Shannon index and methane yield with ±95%
confidence intervals. The data retrieved from Jang et al. (2016) and Xu et al. (2017). The plot
(R2 = 0.37) indicates diversity index that cannot be used to predict digester performance. The red
line and the space between two blue curves are the linear regression and the boundary of ±95%
confidence intervals, respectively
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with the high abundance of Bacteroidetes and Archaea. Lignocellulose-degrading
microorganism population was correlated with biogas production in the AcoD of
food waste and wheat straw (Shi et al. 2018). Yang et al. (2016) provided the details
positive correlations between the Methanosaeta and biogas production. The
hydrogenotrophic Methanobacteriales correlated with biogas production in 29
full-scale digester studies, confirming their role in maintenance of digester function
(De Vrieze et al. 2015b). Negative correlation between community structure and
AD performance has also been reported. High level of VFAs led to the reduction of
syntrophic acetogenic bacteria (Peng et al. 2018). Ziels et al. (2016) suggested to
track the syntrophic LCFA-degrading bacteria abundance to regulate the loading
rate of fat, oil, and grease into the AD. Understanding the linkages between com-
munity structure and AD performance provide estimation of thresholds at which the
function and resilience of the AD process are maintained.

15.5 Summary and Future Outlook

This chapter reviews recent literature to provide new insights into microbial ecol-
ogy in the AD process. The information include microbial community driven the
AD process, factors influencing the microbial community diversity and structure,
and the linkages between microbial community and AD performance. The available
studies suggest that the community diversity and structure are different among
digesters. This may be due to the greater variety of abiotic factors such as tem-
perature, OLR, CRT, substrate characteristics, and in biotic factor such as inoculum
sources among digesters. Despite these variations, some common observations
from this chapter are the following:

(i) Bacteria in the phyla of Firmicutes, Actinobacteria, and Bacteroidetes
dominate the AD microbial community.

(ii) The population of bacteria in the phyla of Firmicutes, Actinobacteria, and
Bacteroidetes varies profoundly when the AD process experiences a
changing condition.

(iii) Altering the operating conditions (e.g., increased OLR and adding
co-substrates) positively affects the microbial community diversity and
structure beyond a threshold.

(iv) The methanogenic community is more susceptible to environmental vari-
ables in comparison to the bacterial community. The reason is mainly due to
the higher diversity and functional redundancy of the bacterial community.

Understanding the connection between microbial community and AD perfor-
mance can provide intuitive information for optimization of the AD process. Future
interactions between microbial ecologists and environmental engineers in combi-
nation with the availability of new methods to characterize microbial community
could offer opportunities to integrate microbial community and performance into a
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unified picture. This information could be used to design, maintain, and operate a
more efficient AD.
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