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ABSTRACT
In the past decades, considerable attention has been directed toward anaerobic digestion (AD), which 
is an effective biological process for converting diverse organic wastes into biogas, volatile fatty acids 
(VFAs), biohydrogen, etc. The microbial bioprocessing takes part during AD is of substantial signifi
cance, and one of the crucial approaches for the deep and adequate understanding and manipulating 
it toward different products is process microbiology. Due to highly complexity of AD microbiome, it is 
critically important to study the involved microorganisms in AD. In recent years, in addition to 
traditional methods, novel molecular techniques and meta-omics approaches have been developed 
which provide accurate details about microbial communities involved AD. Better understanding of 
process microbiomes could guide us in identifying and controlling various factors in both improving 
the AD process and diverting metabolic pathway toward production of selective bio-products. This 
review covers various platforms of AD process that results in different final products from micro
biological point of view. The review also highlights distinctive interactions occurring among microbial 
communities. Furthermore, assessment of these communities existing in the anaerobic digesters is 
discussed to provide more insights into their structure, dynamics, and metabolic pathways. Moreover, 
the important factors affecting microbial communities in each platform of AD are highlighted. Finally, 
the review provides some recent applications of AD for the production of novel bio-products and 
deals with challenges and future perspectives of AD.
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1. Introduction
The dependence of the world community on non- 
renewable energy resources to maintain quality of 
life, sustain economic development and to enable 
our vast transportation network is perhaps one of 
the most important problems facing the world 
today. Dwindling reserves with rapidly increasing 
consumption rates, combined with unstable 
energy prices and the environmental concerns, 
especially climate change demand that there is an 
urgent need to develop a sustainable, affordable, 
and environmentally friendly energy resources. 
Moreover, world population growth and rapid 
industrialization resulted in the generation of 
enormous wastes such as food waste, solid muni
cipal waste, organic waste, agricultural residues, 

etc. that expected to increase to 70% by 2050. 
These wastes can be valorized into renewable 
energy sources and chemicals through different 
technologies including biological approaches 
[1,2]. Anaerobic digestion (AD) is one of the 
most promising alternatives to non-renewable 
energy resources [3]. To visualize recent distin
guished work on AD, various databases were 
explored herein to acquire the suitable publica
tions and data regarding this topic in 2021–2022 
(Figure 1).

AD – a process in which organic materials are 
digested in the absence of molecular oxygen – has 
been employed widely for various purposes such 
as biogas production, waste management, and 
pathogen deactivation among others. In the 
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natural environments, where oxygen content is 
limited, such as landfills, sediments, waterlogged 
soils, or intestinal tracts of ruminants, anaerobic 
environment exist [4,5]. Assyrians were the first 
people who employed AD to warm bathwater. In 
the 16th century, Persians also used AD to heat 
water. In the 17th century, Alessandro Volta 
recognized that anaerobic degradation of organic 
compounds could produce flammable gases such 
as methane during his summer trip to Lake 
Maggiore. However, until the 1880s, AD was not 
used in a full-scale application. In 1895, AD was 
employed in a hybrid system to treat wastewater of 
the city of Exeter in the United Kingdom. Two 
years later, in 1897, digestion plant was built up in 
Matunga, India, with biogas collection system. 
Afterwards, in the 20th century, a two-stage sys
tem (Travis Tank) was developed and subse
quently this process was widely used to treat 
wastewaters, municipal solid wastes, sewage 
sludge, manures, industrial organic wastes, etc. 
[6,7]. During the 1930s, microbiologists made 

considerable efforts to understand the mechanisms 
of biogas production in the anaerobic digesters. 
However, the application of the AD process was 
limited until 1950 due to the lack of understanding 
of the fundamentals of AD. With a better under
standing of the AD process, various small and 
industrial applications were developed [7]. 
Moreover, developments of modern techniques as 
well as technical equipment and also advances in 
the recovery of produced gases have reduced the 
total cost resulting in broad applications of AD.

The AD process provides a precisely balanced 
ecological environment that successive break down 
of the organic macromolecules, i.e. carbohydrates, 
proteins, and lipids to soluble organics, which are 
subsequently converted into biogas by diverse 
groups of bacteria and archaea in the absence of 
oxygen [8–10]. These microorganisms work inter
actively in four complicated and interdependent 
biochemical reactions, namely hydrolysis, acido
genesis, acetogenesis, and methanogenesis that 
resulting in the degradation of organic materials 

Figure 1. The bibliometric mapping of anaerobic digestion in 2021–2022.

6522 S. HARIRCHI ET AL.



and production of H2, CO2 and CH4 as well as H2 
S in trace amounts [11–14]. In Table 1, some 
examples of various microorganisms involved in 
the different AD phases are shown. AD is tradi
tionally used for waste treatment and bioenergy 
production, but it is being developed as a new 
platform in which other bio-products can be pro
duced. However, several microbiological and 
operational challenges need to be resolved to 
achieve feasible platforms of the AD process for 
various final products. Extensively, microbiological 
aspects of AD process may differ from other 
industrial processes. Because in this process, steri
lity or pure cultures might not be necessary, while 
novel microbiological procedures or techniques 
such as whole-genome sequencing (WGS), next- 
generation sequencing (NGS), comparative analy
sis, microcosms studies, and omics approaches 
such as genomics, metagenomics, transcriptomics, 

metatranscriptomics, proteomics, metaproteomics, 
metabolomics, or meta-metabolomics can be more 
effective and applicable [15–17].

Microbial diversity of anaerobic digesters 
depends on various factors such as feedstock 
type, seed inoculum, temperature, granulation, 
aeration, mixing speed, pre-treatment type, diges
ter design, organic loading rate (OLR), solids 
retention time (SRT) and hydraulic retention 
time (HRT). For example, by increasing the tem
perature, the diversity of archaeal and bacterial 
communities decreases considerably. Moreover, 
short HRT and high OLR are related to 
Acidobacteria community while long HRT and 
low OLR are associated with Planctomycetes, 
Actinobacteria, and Alcaligenaceae [13,18,19]. 
Overall, most known microbial communities in 
the anaerobic digesters are prokaryotic ones, 
while some eukaryotic microorganisms take part 

Table 1. Microorganisms involved in the various phases of the AD process [4,6,13,25,41,55].

AD Phase
Microbial 
Domain Microbial Genus

Examples of Identified 
Species

Hydrolysis and 
Fermentation

Bacteria Acetivibrio, Aminobacterium, Aminomonas, Anaeromusa, Anaerosphaera 
Bacillus, Bacteroides, Bifidobacterium, Butyrivibrio 
Caldanaerobacter, Caldicellulosiruptor, Campylobacter, Cellulomonas, Clostridium 
Devosia 
Espiroquetas. Eubacterium 
Fervidobacterium, Fibrobacter, Fusobacterium 
Gelria, Gracilibacter 
Halocella 
Lactobacillus 
Paludibacter, Peptococcus, Peptoniphilus, Proteiniborus, Pseudomonas, Psychrobacter 
Ralstonia, Ruminoclostridium, Ruminococcus 
Selenomonas, Shewanella, Sporanaerobacter, Streptococcus, Streptomyces 
Thermanaerovibrio, Thermomonas, Thermomonospora, Thermotoga, Treponema, 
Trichococcus

Pseudomonas 
mendocina 
Bacillus halodurans 
Clostridium 
hastiforme 
Gracilibacter 
thermotolerans 
Thermomonas 
haemolytica

Fungi Aspergillus 
Humicola 
Penicillium 
Trichoderma

Trichoderma reesei

Acetogenesis Bacteria Acetobacterium 
Clostridium 
Desulfotignum 
Eubacterium 
Holophaga 
Moorella 
Ruminococcus 
Sporomusa 
Thermoanaerobacter, Treponema

Moorella 
thermoacetica 
Desulfotignum 
phosphitoxidans 
Holophaga foetida

Methanogenesis Archaea Methanobacterium, Methanobrevibacter, Methanococcus, Methanoculleus, Methanosaeta, 
Methanomicrobium, Methanosarcina, Methanospirillum, Methanothermobacter

Methanobrevibacter 
smithii 
Methanobrevibacter 
arboriphilus 
Methanococcus 
vannielii
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in the digestion process such as fungi and proto
zoa. Anaerobic fungi (particularly the phylum 
Neocallimastigomycota) found in the microbial 
communities are responsible for the hydrolysis 
process [13,20–22]. However, these hydrolytic 
fungi grow slowly, affecting their frequency in 
the anaerobic digesters. For example, 
Neocallimastix is an anaerobic fungal genus 
found in the rumen and produces a wide range 
of hydrolytic enzymes such as xylanase, cellulase, 
and esterase. The co-culture of this fungus with 
methanogens resulted in direct methane produc
tion from cellulose. Other anaerobic genera 
involved in the AD of cellulose belong to 
Anaeromyces, Caecomyces, Orpinomyces, and 
Piromyces [4,23,24]. Among prokaryotes, over 
80% of the whole diversity is related to the domain 
Bacteria. The commonly identified bacterial phyla 
include Proteobacteria, Firmicutes, and 
Bacteroidetes. The latter phylum has shown hydro
lytic activity, and it seems that the members of this 
phylum dominate under a low level of volatile fatty 
acids (VFAs), salts, and ammonia at mesophilic 
temperature in anaerobic digesters [25,26]. The 
other bacterial phyla such as Actinobacteria, 
Planctomycetes, Chloroflexi, Fibrobacteres, De 
ferribacteres, Fusobacteria, Synergistetes, Nitr 
ospira, Acidobacteria, Tenericutes, Spirochaetes, 
Verrucomicrobia, and Thermotogae do sometimes 
exist. Regarding the domain Archaea, most identi
fied phylum in the anaerobic digesters is the phy
lum Euryarchaeota. However, there are some new 
microorganisms that are not assigned to any 
microbial taxonomy and introduced as the 
‘Candidatus’ [4,8,13]. Likewise, unculturable 
‘Candidatus’ has been detected in the anaerobic 
digesters (e.g. OP10, BA024, OP8, TM6, EM3, 
OP3, and OS-K in the domain Bacteria) [27].

The literature revealed that most studies focused 
on the optimal conditions for biogas production 
and waste remediation [28–31]. Such reviews are 
informative, but none of them comprehensively 
discusses the microbiological aspects of AD plat
forms in which new bio-products with various 
biotechnological applications can be produced. 
Discussion on digester configurations and operat
ing conditions of anaerobic digesters can be found 
in elsewhere [9,17,32–34].

This review was aimed to provide an inclusive 
vision of AD microbiology, the function of micro
bial communities and various factors involved, 
novel bio-products, and recent advances of 
the AD process. This work focused on bio- 
products generation from the AD process with 
special emphasis on process microbiology, assess
ment of microbial communities, and factors affect
ing their abundance. For this purpose, it was 
systematically reviewed how microbial commu
nities function and relationships led to various 
bio-products production during AD. In addition, 
this review concluded with perspectives and chal
lenges highlighting future research directions.

2. Anaerobic digestion for methane 
production

One of the final products of the AD process is 
methane. Understanding the whole AD process 
and microorganisms involved provide critical 
information for optimization of industrial-scale 
of AD system. Methanogenesis originated so 
early and is carried out via three pathways that 
depend on coenzyme M (CoM) and methyl–coen
zyme M reductase (MCR), a key enzyme in metha
nogenesis. In Figure 2, methanogenesis pathways 
were shown in details. These pathways include (1) 
methylotrophic methanogenesis; (2) acetoclastic 
methanogenesis; and (3) hydrogenotrophic metha
nogenesis through CO2 reduction [35–38]. The 
latter pathway is found in most methanogens, 
but the orders Methanosarcinales and 
Methanomassiliicoccales contain some species that 
are not able to produce methane via CO2 reduc
tion. The other two pathways are found in the 
order Methanosarcinales. Moreover, a few mem
bers of this order can utilize acetate as a substrate 
for methane production [39,40]. It seems methylo
trophic methanogenesis is not the principal route 
of methane formation due to possible competition 
with other microbial communities [41,42]. In gen
eral, in this pathway, methane is produced via 
demethylation of compounds containing methyl 
group such as methanol, dimethylamine, or mono
methylamine [43]. Methylotrophic methanogens 
are classified into two groups based on the cyto
chromes. Those methylotrophic methanogens that 
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do not have cytochromes are strictly H2- 
dependent, while the group with cytochromes 
can oxidize methyl groups to CO2 [44].

Through hydrogenotrophic methanogenesis 
(ancestral pathway of methane formation) [44], 
up to 28% of methane content is generated in the 
anaerobic system, while up to 72% of the methane 
production is driven by the activity of acetoclastic 
methanogens; however, substrate type may affect 
these percentages [25]. However, hydrogeno
trophic methanogens are more resistant to envir
onmental stresses than acetoclastic ones. For 
example, in the study by Dong et al. [45], high- 
throughput sequencing using 16S rRNA analysis 
showed that hydrogenotrophic methanogenesis 
continued stably at higher temperature. 
Moreover, the obtained results revealed that at 
elevated temperatures, the dominant archaeal 
community composed of hydrogenotrophic 
Methanothermobacter, and syntrophic bacterial 
genera changed from Coprothermobacter and 

Thermodesulfovibrio at 55°C to Thermod 
esulfovibrio at 70°C.

Generally, archaea are the major microorgan
isms involved in biomethane production that are 
very sensitive to various environmental para
meters. Therefore, it is of significance to focus on 
details of the process, archaeal communities, phy
siological aspects, microbial interactions, process 
inhibitors and inducers, and other factors [40]. 
For instance, it seems the dominance of acetoclas
tic and hydrogenotrophic methanogens is related 
to the variations and shifts of different VFAs [46].

2.1. Microbiology of anaerobic digestion for 
methane production

In natural environments such as marsh lands, river 
bottoms, deep lakes, ocean vents, ruminants’ gut, 
and hot springs, methane production has been 
going on for millions of years through microbial 
process. The domain Archaea includes the most 

Figure 2. Methanogenesis pathways: Hydrogenotrophic (a), methylotrophic (b), and aceticlastic (c). The methanogenesis common 
reactions are marked red. fdh: formate dehydrogenase; fmd: formylmethanofuran dehydrogenase; ftr: formylmethanofuran- 
tetrahydromethanopterin formyl-transferase; mch: methenyl-tetrahydromethanopterin cyclohydrolase; mtd: methylenetetrahydro
methanopterin dehydrogenase; mer: methylenetetrahydromethanopterin reductase; mtr: methyl-tetrahydromethanopterin 
S-methyltransferase; mcr: methyl-coenzyme M reductase; mt: methyltransferase; hdr: heterodisulfide reductase; ech: energy- 
converting hydrogenase; CODH-ACS: CO dehydrogenase/acetyl-CoA synthase. The figure was adapted from Niu et al. [303].
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important genera that are responsible for methane 
production in the anaerobic digesters. Generally, 
the members of this domain grow under extreme 
habitats but may be sensitive to changes in envir
onmental conditions. Archaea are widespread in 
various environments from the soil, geothermal 
systems, and wetlands to animal guts and waste
water treatment plants [39,44]. They are a unique 
group of microorganisms that are distinguished 
from bacteria due to different membrane lipids, 
distinctive ribosomal RNA, and the absence of 
peptidoglycan in the cell wall. This domain con
tains 17 phyla: Aenigmarchaeota, Aigarchaeota, 
Bathyarchaeota, Crenarchaeota, Diapherotrites, 
Euryarchaeota, Hadarchaeota, Huberarchaea, 
Hydrothermarchaeota, Korarchaeota, Lokiarc 
haeota, Nanoarchaeota, Nanohaloarchaeota, 
Thaumarchaeota, Thermoplasmatota, Undina 
rchaeota, and Verstraetearchaeota. Also, three pro
posed phyla include Incertae sedis 374, Incertae 
sedis 549, and Incertae sedis 586 possessing no 
certain place in the domain Archaea [39,44,47,48].

The metabolism feature of the domain Archaea 
displays a substantial diversity of chemolithotrophy 
and chemoorganotrophy that employ fermentation, 
anaerobic respiration, or aerobic respiration. The 
capability of archaea for methane production and 
their high sensitivity to oxygen are both unique 
characteristics specifying methanogens from other 
species. Generally, methanogens belong to the phy
lum Euryarchaeota and, the genera include 
Methanosarcina, Methanobacterium, Methano 
caldococcus, and Methanopyrus. However, methano
gens exhibit high diversity in morphology and phy
siology as classified in seven orders; Meth 
ococcales, Methanomassiliicoccales, Methanomicr 
obiales, Methanopyrales, and Methanosarcinales 
[8,11,39]. A brief description of each order is pro
vided in Table 2. Interestingly, the University of 
Wrocław database provides valuable information 
for more than 150 methanogenic species that is 
accessible through (http://phymet2.biotech.uni. 
wroc.pl/) [49]. Among these orders, 
Methanobacteriales, Methanomicrobiales, and 
Methanosarcinales are the most frequent orders 
detected in the anaerobic digesters, while methano
coccales are rarely found. Moreover, in the anaerobic 
digesters with high organic loading rates and ammo
nia levels, the members of the order 

Methanoplasmatales were detected, but the other 
orders of the phylum Euryarchaeota were not 
detected [50–52].

Due to the high intolerance of methanogens to 
oxygen, methanogens are obligatory anaerobic 
microorganisms and, strictly anoxic protocols 
such as ‘Hungate’ technique should be employed 
for their isolation, purification, and cultivation in 
the laboratory [14]. Most of methanogens grow 
optimally under mesophilic conditions, but some 
species are extremophiles and they can grow under 
harsh conditions such as high temperatures, low 
pH, or high salinity [36,39]. From the phenotypi
cal point of view, methanogens show a wide-range 
of morphological diversity from rods and cocci to 
curved rods, spirals, coccoid, sarcina, lancet, 
cuboid, irregular clusters of cells, aggregates, angu
lar plate, plate, pairs, chains, or filaments with 
various sizes. For example, in the genus 
Methanosarcina, spherical cells are grouped in 
a large packet and form a sarcina shape conversely; 
Methanosaeta forms rod-shaped cells [3]. 
Additionally, they can be motile or non-motile 
and protect the cells by S-layer [36,47].

Based on the methanogenesis pathways, methano
gens are grouped as acetoclastic, methylotrophic, and 
hydrogenotrophic methanogens. Methanosaeta and 
Methanosarcina (acetoclastic methanogens) from the 
families Methanosaetaceae and Methanosarcinaceae 
are extremely vulnerable to process inhibitors such 
as free ammonia and VFAs [38,53], while hydrogeno
trophs belong to the orders Methanobacteriales, 
Methanococcales, Methanomicrobiales and Methan 
osarcinales. Some important examples of hydrogeno
trophic methanogens were found in the genera 
Methanobrevibacter, Methanocorpusculum, Methan 
ospirillum, and Methanobacterium that can utilize 
compounds such as formate as the energy source 
and some alcohols as the electron donors 
[8,25,35,54,55].

In general, acetoclastic methanogens such as 
Methanosarcina are prevailing archaea in anaero
bic digesters, whereas, Methanothrix soehngenii, 
a species of the order Methanosarcinales, can 
degrade acetate in the absence of Meth 
anosarcina. However, Methanosarcina will be 
dominant at high concentrations of the substrate 
in the anaerobic digesters. This genus shows 
a higher growth rate and contains different 
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cytochromes from other methanogens that 
enabling it to reduce methylated compounds 
such as methanol [9,40,56]. Despite the shorter 
doubling time (1–2 days) of Methanosarcina on 
acetate, Methanosaeta has a longer doubling time 
on acetate (4–9 days). Hence, with a short SRT, it 
is likely possible that the cells of Methanosaeta 
would washout from the system and therefore, 
Methanosarcina would be dominant in the anae
robic digester. Based on this fact, alteration of 
various parameters such as SRT, configuration of 
digester, acetate concentration, or mixing speed in 
the anaerobic systems favor Methanosarcina 
growth [57]. Generally, when the hydrogeno
trophic methanogens are dominated in the anae
robic digesters, it may be concluded that hydrogen 
or formate is used as the main substrate rather 
than acetate for methane production [58].

Regarding the high diversity of methanogens, 
some species utilize various substrates such as for
mate, hydrogen, acetate, methanol CO2, CO, 
dimethyl sulfide, dimethylamine, 2-propanol and 
2-butanol, propanol, butanol, or trimethylamine to 
produce methane. The most dominant and abun
dant species in anaerobic digesters are hydrogeno
trophic species such as Methanobacterium 
formicium and Methanobrevibacter arboriphilus 
that play an important role in methane production. 
As a consequence, both types of methanogens are 
necessary for the effective consumption of hydro
gen produced in the previous steps. However, acet
oclastic methanogenesis is regarded as the rate- 
limiting stage during the AD process [12,47].

Microbial interactions during methanogenesis
Methanogenesis in the anaerobic digesters is 
a complicated process that requires coordinated meta
bolic activities among various microbial communities, 
even non-methanogenic microorganisms. For an 
enhanced understanding, it is necessary to focus on 
the noteworthy interactions occurring among bacter
ial and archaeal communities during methanogenesis. 
Moreover, the whole microbiota of an anaerobic 
digester is not only essential for various phases of 
the AD process but also stabilizes the redox potential 
(Eh) of the system. The importance of redox potential 
becomes apparent when the system requires stabiliz
ing methanogens for methanogenesis. For example, 
some especial fastidious methanogens can only grow 

in an environment with the Eh of −300 mV. However, 
environmental parameters and nutritional sources for 
microbial growth play an important role in influen
cing methanogenesis efficiency [40].

Granule formation
Granule formation is one of the important micro
bial interactions in the anaerobic digesters espe
cially, in the up-flow anaerobic sludge blanket 
(UASB) reactors. The microbial granule resembles 
a filamentous consortium through which fluids 
and gases can flow slowly. This strategy helps 
microbial cells to protect themselves in the stress
ful environments and from technical point of view; 
stable granules can increase anaerobic digesters 
efficiency. Based on the digester types and reactor 
loading rates, mechanisms of granule formation 
may differ from each other. However, these 
mechanisms are not fully understood, and the 
investigations are still in their infancy stage. 
Nevertheless, it was shown that the addition of 
some ions with proper amounts (not high concen
tration of metals) may improve the rate of granu
lation. These ions include ferrous (12–84 mg/L), 
calcium (80–200 mg/L), magnesium (12–120 mg/ 
L), and aluminum (300 mg/L) [59]. Another pro
posed mechanism is related to cell-to-cell signal
ing. It is supposed that one of the granule 
microorganisms, perhaps propionate-oxidizing 
bacteria, activates aggregation [60].

In general, a granule consists of three layers: 
(1) a packed outer layer of the methanogenic 
cells such as Methanococcus and 
Methanosarcina; (2) a central layer of methano
genic ovoid cells with intercellular spaces; and 
(3) internal cavities with non-methanogenic 
microorganisms. One of the important archaeal 
genera is Methanosaeta that significantly aids in 
the texture formation of granules. The members 
of this genus form filamentous cells and exhibit 
a higher affinity to acetate that can exclusively 
consume it in comparison to Methanosarcina 
[12]. Furthermore, in a study, the microbial 
community of UASB granules was investigated 
by 16S rDNA clone library, real-time quantita
tive-polymerase chain reaction (RTQ-PCR), and 
RFLP (restriction fragment length polymorph
ism). The obtained results revealed Meth 
anosaeta and Methanobacteria were dominant 
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archaea in the granules. However, Gram-positive 
bacteria with low G + C content and ε- 
Proteobacteria were also detected in the granules 
[61]. Other microorganisms may be present in 
the granules. For example, the presence of bac
teriophages can disintegrate the granules, while 
protozoa may play a role in the controlling of 
bacterial cell numbers [59].

Micro-spatial structures that are created via 
granules and extracellular polymeric substances 
(EPS) provide niches for various microbial com
munities and maintain the function of the com
munities. These structures are important for 
metabolite exchange among microorganisms living 
in the granules [13,59]. Many factors may affect 
the granules formation and function. For example, 
an increase in the mixing and high shear may 
reduce granules development. Furthermore, it is 
reported that the high levels of mixing changed 
the dominance from Methanosaeta concilii to 
Methanosarcina spp. [62].

Syntrophic relationship between acetate-forming 
bacteria (acetogens) and methanogens
A considerable syntrophic relationship occurs 
between methanogens and acetate-forming bacteria 
because the latter provide the main substrates (acet
ate and hydrogen) for methane production. 
Acetogens which belong to various bacterial genera 
can convert products obtained from acidogenic 
phase into acetic acid, CO2, and H2 [63,64]. 
Acetogens are strictly anaerobes that are considered 
quite susceptible to the changes in the process 
environment compared to other bacteria [13,35]. 
Metabolism in the acetogens can be heterotrophic 
or autotrophic. Autotrophic acetogens can utilize 
CO2 and sometimes CO as the carbon source for 
cellular synthesis. Conversely, heterotrophic aceto
gens can use organic compounds such as formate 
or methanol as the sole carbon source. Many het
erotrophic acetogens are isolated from sewage 
sludge that mostly belonged to the genera 
Clostridium and Acetobacterium [8]. Remarkably, 
acetogens are diverse but commonly belong to the 
low G + C branch of the phylum Firmicutes includ
ing the genera Aminobacterium, Aminomonas, 
Pelotomaculum, Syntrophobotulus, Syntroph 
omonas, Syntrophospora, Syntrophothermus, 
Thermoacetogenium, Carboxydocella, Thermosinus, 

Thermosyntropha, and Moorella [4]. Furthermore, 
the phylum Proteobacteria contain syntrophic 
members belong to the genera Pelobacter, 
Smithella, Syntrophobacter, Syntrophorhabdus, and 
Syntrophus [8].

Acetogens can be divided into two groups: (1) 
those that produce hydrogen and acetate from 
organic acids and carbohydrates (e.g. 
Anaerovorax odorimutans, Macellibacteroides fer
mentans, Saccharofermentans acetigenes, Prot 
einiphilum acetatigenes, Levilinea saccharolytica, 
Hydrogenispora ethanolica, and Hydrogenophaga 
carboriunda) and (2) those that consume hydro
gen and CO2 to produce acetate such as 
Acetobacterium wieringae, Acetobacterium woodii, 
Acetogenium kivui, Clostridium aceticum, 
Clostridium thermoautotrophicum, and Sulf 
urovum riftiae [25]. The formation of acetic acid 
by acetogens from group one produces a large 
amount of hydrogen that decreases the pH of the 
reactor. This hydrogen can be consumed in two 
ways: (1) during the formation of methane and (2) 
during the formation of organic acids such as 
butyric and propionic acids. Butyrate and propio
nate are two VFAs for acetate production; how
ever, conversion of these VFAs to acetate cannot 
take place spontaneously due to positive Gibbs free 
energy of the reaction. In the anaerobic digesters, 
propionate can be fermented by Syntrophobacter 
wolinii to acetate. The cells are gram-negative 
rods, motile and strictly anaerobic that can survive 
in anaerobic digesters; however, if propionate is 
not fermented by these types of bacteria, it will 
accumulate in the cells. The propionate accumula
tion is an indicator of stress in the anaerobic 
systems. The same as propionate, butyrate accu
mulation indicates a stressful situation in the anae
robic digesters [4,65]. In this regard, syntrophic 
relationship of propionate-degrading bacteria and 
methanogens together has an excessive impact on 
the stability of the system. It is found that these 
two groups of microorganisms are in close asso
ciation [60]. For example, 66,reported a syntrophic 
relationship between Syntrophobacter and 
Methanobrevibacter [59]. Commonly, in an anae
robic system, VFAs are produced during AD pro
cess; however, high concentration of these acids 
may disturb the system. The continuous accumu
lation of VFAs decreases the pH and results in 
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souring and eventually failure of the system. 
Among VFAs, the effect of propionic acid on 
system disruption is stronger than other VFAs. 
Based on the feedstock, initial inoculum, operating 
conditions, and reactor configuration, concentra
tion of VFAs may vary. For example, maximum 
inhibitory concentrations of propionic acid fluctu
ate from 0.8 to 21.6 g/L [67,68].

Ordinarily, the acetogenesis process is consid
ered thermodynamically unfavorable if the hydro
gen partial pressure rises above 10–3 atm. 
Therefore, it is required to keep the partial pres
sure of hydrogen below this threshold. In the 
anaerobic digesters, hydrogen removal takes place 
efficiently by hydrogenotrophic methanogens, sul
fate-reducing Bacteria (SRB) and homoacetogens 
[12]. Comprehensively, interspecies hydrogen 
transfer is a critical factor in the syntrophic rela
tionship that can prevent the hydrogen build-up as 
it is consumed by methanogens to reduce carbon 
dioxide and, in general, keep the anaerobic system 
in balance. Moreover, it helps acetogens grow 
because they can survive at very low concentra
tions of hydrogen [8,36]. In addition to interspe
cies hydrogen transfer, interspecies formate 
transfer has been reported in the syntrophic rela
tionship of acetogens and methanogens. These 
mechanisms are known as indirect or mediated 
interspecies electron transfer (MIET) [69,70]. 
Moreover, direct interspecies electron transfer 
(DIET) through bacterial pili, cytochromes, or 
nanowires (cell–cell contact) is possible among 
syntrophic microbial communities [11,42,71]. 
However, various mechanisms of electron transfer 
may co-exist in the same microbial cells [72].

MIET in anaerobic digestion process
Interspecies hydrogen transfer. As hydrogen con
centration is important for both acetogens and 
methanogens, its transfer is a usual phenomenon 
occurring in syntrophic interactions. As well, the 
metabolite exchange helps the system to have 
a balanced function [60,71,73]. Interspecies hydro
gen transfer takes place between two cells that are 
not capable to oxidize organic material individu
ally. Therefore, they exchange electrons via hydro
gen to degrade organic materials [73]. Hydrogen is 
a small molecule that diffuses easily, but its solu
bility is low; so, the transfer distance for hydrogen 

is fairly low (10 μm). However, this distance has 
a significant role in the selection of electron car
riers by microorganisms. If microbial cells have 
a distance less than 10 μm, they use hydrogen for 
the electron transfer. This point reveals that the 
close association of acetogens and methanogens in 
the anaerobic granules, soils, or anaerobic aquatic 
systems is preferred and, therefore, hydrogen is the 
most common electron carrier [71,74]. However, 
hydrogen concentration can affect electron trans
fer through hydrogen [72]. Renslow et al. [75] 
demonstrated that the hydrogen transfer rate 
depended on its diffusion flux, while electron car
rier flux in DIET relied on the conductive pili or 
conductive materials.

Interspecies formate transfer. In a syntrophic rela
tionship, both hydrogen and formate can be pro
duced by microbial communities. Interspecies 
formate transfer can be favoured when the dis
tance of microbial cells is high. This mechanism 
of electron transfer plays an important role in the 
syntrophic propionate-degrading co-cultures. 
Based on the finding, when the microbial cells 
take a distance of more than 10 μm, formate will 
be used as an electron carrier [60,74]. Also, elec
tron transfer via formate is an advantageous 
mechanism during syntrophic oxidation of fatty 
acids in floc system. In general, interspecies for
mate transfer rate is higher than interspecies 
hydrogen transfer rate based on the higher diffu
sion of formate [72].

DIET in anaerobic digestion process. The impor
tance of DIET was determined in 2010 by 
Summers et al. [73]. To investigate DIET, they 
deleted the hyb gene which encoded uptake hydro
genase protein in Geobacter sulfurreducens that 
made this strain unable to consume hydrogen. 
The mutant strain of this species was co-cultured 
with Geobacter metallireducens to metabolize etha
nol. The cell aggregate was formed during 21 days 
in comparison to the 7 months needed for the co- 
culture of wild-type G. sulfurreducens and 
G. metallireducens. The obtained results revealed 
that an alternative electron transfer occurred in the 
mutant co-culture when an interspecies hydrogen 
transfer was not possible. Moreover, it was shown 
that the deletion of the pilR gene in 
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G. sulfurreducens had a sufficient effect on the 
stimulation of aggregate formation. The pilR dele
tion enhanced the omcS gene expression, which 
encodes a multiheme c-type cytochrome asso
ciated with conductive pili that stimulate electron 
transfer to insoluble iron (III) oxide. Based on 
these results, a possible model for electron 
exchange between the cells of G. sulfurreducens 
and G. metallireducens was proposed as OmcS of 
G. sulfurreducens accepted electrons from outer- 
surface c-type cytochromes of G. metallireducens 
directly. In general, DIET is a phenomenon in 
which electrons transfer takes place from one cell 
to another cell without mediating of any reduced 
molecules such as hydrogen or formate. The elec
tron transfer between two species strongly depends 
on the durability of the cell contact. The occur
rence of DIET could explain the syntrophic rela
tionship of the microbial cells in the anaerobic 
aggregates. Moreover, DIET has some distinctive 
advantages such as higher speed of electron trans
fer and no requirement for hydrogen/formate 
shuttles. Also, by increasing hydrogen partial pres
sure, DIET is the most likely mechanism for elec
tron transfer. However, in the suspended 
anaerobic microbial consortia, interspecies hydro
gen or formate transfer may favor if they are not 
limited by a severe prerequisite for inter-microbial 
distances [69,71,72]. The electron transfer rate of 
DIET depends on interspecies distance, amount of 
cytochromes and nanowires, microbial community 
resistivity, and cell-nanowire cofactor electron 
transfer rate constant [72].

With the discovery of importance of DIET, 
researchers tried to enhance this mechanism of 
electron transfer to improve methane production, 
shorten the start-up time, prevent system souring, 
and stabilize the whole system during the AD pro
cess [69,76]. For example, adding conductive 
materials such as graphene, granular activated car
bon (GAC), biochar, zero-valent metals, or hema
tite to the anaerobic digesters can promote DIET 
among methanogens (mostly Methanosaeta, 
Methanosarcina, Methanoregula, Methano 
bacterium, Methanospirillum, and Methanolinea) 
and exoelectrogenic bacteria such as Geobacter, 
Smithella, Thauera, and Syntrophomonas. In addi
tion, some species of Bacteroides and Streptococcus 
may participate in DIET. Also, putative e-pilin 

(electrically conductive pilin) genes were detected 
in Desulfobacterium, Deferribacter, Geoal 
kalibacter, Desulfobacula, and Syntrophus that 
making them probable partners for taking part in 
DIET [69,71,72,77–80]. There is need for further 
research on monitoring of DIET in the anaerobic 
systems. Lately, molecular techniques such as tran
scriptomics, analysis of microbial community 
structure by 16S rDNA sequencing, or genomic 
analysis, high-resolution imaging approaches, the 
characterization of spatial distribution, cellular, 
and electrical properties, change of conductivity, 
and performance of the system aid us to gain more 
insight on the occurrence of the DIET among the 
anaerobic microbial communities [76]. 
Transcriptomics is the most direct method for 
DIET evaluation [72,81]; however further research 
on a combination of various techniques needs to 
carry out to gain insight about DIET in the micro
bial communities of the anaerobic digesters.

Sulfate-reducing bacteria (SRB): importance in the 
anaerobic digestion process. Among anaerobic 
microorganisms living in the anaerobic digesters, 
SRB play a significant role that may result in the 
inhibition of methanogenesis. This group of 
microorganisms competes with methanogens to 
achieve hydrogen and acetate, the same substrates 
for methanogens, to reduce sulphate [47,57]. 
Thoroughly, two major types of SRB can be 
demonstrated: (1) those can oxidize the substrates 
to acetate like the genera Desulfobulbus, 
Desulfomonas, Desulfotomaculum, and 
Desulfovibrio and (2) those which can oxidize 
organic acids, including acetate to CO2. This 
type of SRB comprises Desulfobacterium, 
Desulfobacter, Desulfosarcina, Desulfococcus, and 
Desulfonema. SRB can simply obtain the sub
strates compared to methanogens; therefore, 
they can quickly be the dominant community in 
the anaerobic digesters. However, SRB may make 
syntrophic association with hydrogenotrophic 
methanogens to degrade propionate or butyrate. 
In addition, SRB can work independently in the 
anaerobic digesters and compete with methano
gens [25]. One of the strictly anaerobic genera of 
SRB is Desulfotomaculum that can reduce sul
phate to hydrogen sulphide (H2S). This toxic 
and corrosive gas has an inhibitory effect on the 
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growth of methanogens and acetogens and may 
reduce the rate of methane production and pro
duce malodor in the reactor [12,47]. By micro
aeration, sulphide/sulphur-oxidizing bacteria 
(SOB) such as Acinetobacter, Halothiobacillus, 
Sulfuricurvum, or Thiobacillus can be predomi
nant genera that their activities result in the H2 
S removal from the anaerobic digesters. But the 
oxidation of H2S to elemental sulphur or other 
products is associated with pipe clogging and 
a low rate of methanogenesis that are practical 
challenges during microaeration of the system 
[82]. In addition to SRB, iron-reducing and 
nitrate-reducing bacteria can compete with acet
oclastic methanogens. For this purpose, iron and 
nitrate should be present to accept electrons. 
Deferribacter and Denitrovibrio are common gen
era of iron-reducing and nitrate-reducing bac
teria, respectively [4,83].

Phages and their effects on the microbial commu
nities of anaerobic digestion. The phages that 
infected bacterial cells are abundant in natural 
and human-made environments and can affect 
the structure, abundance, and dynamics of micro
bial communities. Anaerobic digesters are no 
exception, and phages may be present in these 
systems. In addition to bacteriophages, archaeal 
viruses (archeoviruses, infect archaeal cells) may 
be found. To the best of our knowledge, no report 
was detected about mycoviruses (infect fungal 
cells) in the anaerobic digesters. Overall, the details 
about these viruses occurrence in the anaerobic 
digesters are limited, most likely since detection, 
purification, and characterization of the phages 
need advanced equipment and methods such as 
fluorescence assay, transmission electron micro
scopy (TEM), and field inversion gel electrophor
esis (FIGE). However, understanding the phages 
ecology and function are important as they can 
simplify genetic exchanges among microbial com
munities and influence metabolic diversity among 
them [84–86].

Various bacteriophages and archaeal viruses 
are reported to infect microorganisms asso
ciated with AD. Desulfovibrio and Clostridium 
can be infected by myophages and siphophages, 
respectively, [84]. Among methanogens, it is 
known that Methanosarcinales do not harbour 

phages, while Methanococcus and 
Methanobacterium can be infected by sipho
phages [84,85]. In a study, 87,reported domi
nant viral families during AD to be Podoviridae 
(16.2%), Myoviridae (36.0%), and Siphoviridae 
(42.4%), where the first family can only infect 
bacterial hosts. In Table 3, some examples of 
methanogens infected by archaeal viruses are 
presented. It can be concluded that the viral 
outbreak of infected methanogens is the prob
able reason for the instability of microbial com
munities and the sudden breakdown of the 
digesters. It could be one the reasons that anae
robic digesters lose their functionality without 
any recognized reason. However, a lower load 
of these viruses may not significantly affect 
digester performance [84,88,89]. It is assumed 
that these viruses target the most rapid growing 
microbial communities in the anaerobic diges
ters (‘kill the winner’ strategy) and stimulate 
microbial diversity. However, there is an infor
mation gap about viral infection mechanisms 
and the factors that affect these mechanisms 
[90,91].

One of the newest omics approaches that pro
vide valuable details is viromics, in which virome 
analysis is performed. By comparison of the vir
omes to clustered regularly interspaced, short 
palindromic repeats (CRISPRs), likely hosts for 
bacteriophage and archaeal viruses can be deter
mined [85,92]. Moreover, by detecting viral com
munities and their relationship with 
methanogens, an improvement in the stability of 
anaerobic digesters may happen. In addition, per
forming a phage-based treatment can regulate the 
frequency of target microbial groups that resolve 
system problems such as bulking and foaming, or 
operate the system toward an expected product 
[93–96].

Table 3. Some examples of methanogens infected by archaeal 
viruses belong to the order Caudovirales.

Methanogen Virus Name Reference

Methanobacterium thermoautotrophicum 
Marburg

psiM1 [287]

Methanothermobacter wolfeii psiM100 [288]
Methanobacterium species phiF1 and 

phiF3
[289]

Several Methanobacterium species phiF1
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2.2. Assessment and identification of 
methane-producing microbial communities

In general, assessment of a special microbial com
munity in the anaerobic digesters is a not simple 
task, as some microbial cells attach to surfaces, and 
some create consortia with different properties in 
comparison to single cells. Therefore, for microbial 
analysis in the anaerobic digesters, it is required to 
extract and isolate each microbial group. However, 
for viable biomass, assessments are designed based 
on the common constituents of the cell. For example, 
living cells can be measured by a luciferin-luciferase 
or fluorescence assay that estimates whole viable 
biomass in the anaerobic digesters. Another techni
que for the assessment of microbial biomass is the 
analysis of signature lipids, which can differentiate 
prokaryotic from eukaryotic microorganisms and 
estimate the ratios of aerobic and anaerobic micro
organisms in the anaerobic system. Moreover, the 
metabolites produced in each stage in AD can be 
measured by analytical methods such as high perfor
mance liquid chromatography (HPLC) and gas 
chromatography (GC) that makes it possible to 
monitor each stage of the AD process [40].

It is known that methanogenic microorganisms 
belong to the domain Archaea that are quite difficult 
to be cultivated and isolated under laboratory con
ditions due to their requirement to the low redox 
conditions. Providing low redox conditions can be 
performed by removing or replacing oxygen from 
the growth medium. In the last decades, various 
strategies such as co-cultivation or six-well plate 
system were developed to isolate strict anaerobic 
methanogens such as Methanomassiliicoccus, but 
these methods could not be enough for identification 
of whole system microbiota [97,98]. Thus, molecular 
methods and techniques are promising way for iden
tification of this group of microorganisms. The 
breakthrough development of high-throughput 
sequencing technologies has facilitated the identifi
cation of microorganisms. Obviously, microbial 
communities in the anaerobic digesters are diverse 
and abundant, but conventional methods (culture- 
dependent) cannot detect the majority of species 
existing in the anaerobic digesters. Additionally, the 
pure culture of microorganisms involved in the AD 
process cannot reveal the competition, synergism, or 
interactions that occur among microbial 

communities. Conversely, culture-independent 
methods that are less laborious and more rapid 
provide more details and data about microbial struc
ture, diversity, dynamics, functioning, and quantifi
cation. Moreover, uncultivable microorganisms can 
be detected by this type of molecular methods. For 
this purpose, the analyses of bacterial and archaeal 
communities based on the generation of 16S rRNA 
gene clone libraries and Sanger sequencing of 16S 
rDNA amplicons have been the most common 
methods applied recently [8,15,99,100].

The rDNA-based molecular methods like T-RFLP 
(terminal-RFLP) allow rapid fingerprinting of 
archaeal populations [101] but have not been fully 
successful for methanogenic and non-methanogenic 
lineages [102,103]. The structure of a microbial com
munity is well defined by fingerprinting techniques, 
such as denaturing gradient gel electrophoresis 
(DGGE), stable isotope probing (SIP), quantitative 
real-time PCR (qPCR), temperature gradient gel 
electrophoresis (TGGE), T-RFLP, ribosomal inter
genic spacer analysis (RISA), and DNA microarrays 
that are important to find out about the functional 
properties of a microbial community in the AD pro
cess [13]. Molecular techniques facilitate better char
acterization and understanding of prevalent species 
in an anaerobic microbial community, their meta
bolic capacity, and their interspecies interactions, 
which can lead to a better control of microbial- 
based production in such systems [6,8].

In anaerobic processes, methane is produced 
by methanogenic archaea and methane oxidiz
ing archaea (MOA) groups. This process is 
expressed by methyl coenzyme M reductase 
(MCR) consisting of mcrA operon. This operon 
has composed of two alpha (mcrA), beta 
(mcrB), and gamma (mcrG) subunits [6,104]. 
The genes of both mcrA and mrtA, which is 
isoenzyme methyl-coenzyme M reductase, are 
highly conserved [105,106]. The mcrA gene 
has been frequently screened to identify the 
methanogenic organisms [104,107–110]. 
Table 4 presents various molecular-based meth
ods for identification of methanogens. 
Convincingly, there is a substantial complexity 
among microbial communities of the AD that 
requires more research to realize the exact 
function at the species level.
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2.3. Factors and inhibitors affecting 
methanogenic communities

In the AD process, the methane-forming microor
ganisms diverge extensively in terms of nutritional 
requirements and irritability to environmental con
ditions [111]. Failure to sustain the optimum condi
tion for the microorganisms is the fundamental 
reason of reactor instability in methane production 
[57]. Due to the low-rate growth of methanogens, it 

is a perquisite to increase retention time (e.g. more 
than 12 days) to ensure the establishment of metha
nogen communities in the anaerobic digesters [47]. 
However, low feedstocks’ digestibility in the hydro
lysis phase of the AD process by hydrolytic bacteria 
may become rate-limiting step. In this case, it is 
necessary to pretreat wastes before entering AD. 
Thermal and mechanical pretreatment, microaera
tion, adding extracellular enzymes such as cellulase 
or aerobic bioprocessing are examples of 

Table 4. Molecular-based methods for identification of methanogens.
Method Target Sequence Identified Methanogens Reference

PCR 16S rRNA Methanobrevibacter sp., 
Methanosaeta concilii 
Methanolinea tarda 
Aciduliprofundum boonei

[290]

16S rRNA, with using primers 27 f and 1492 r Archea; 
Methanobacterium palustre 
Methanobacterium aarhusense 
Bacteria; 
Methylocystis 
Desulfovibrio putealis 
Petrimonas sulfuriphila 
Ottowia thiooxydans

[291]

T-RFLP analysis rRNA-encoding genes (rDNA) Methanosarcinaceae 
Methanosaetaceae

[102]

rDNA amplicons Methanosarcinaceae 
Methanosaetaceae 
Methanomicrobiaceae 
Methanobacteriaceae

[103]

mcrA and mrtA sequences Methanobacterium bryantii 
Methanosarcina spp. 
Methanosaeta concilii 
Methanospirillum hungatei 
Methanoculleus thermophilus

[108]

PCR mcrA Methanobacteriales 
Methanomicrobiales 
Methanosarcinales 
Unclassified euryarchaeota

[292]

RFLP mcrA and 16S small subunit rRNA gene sequences Methanobacterium formicicum 
Methanothermobacter thermoautotrophicus 
Methanobrevibacter arboriphilicus 
Methanoculleus bourgensis 
Methanospirillum hungatei 
Methanocorpusculum bavaricum 
Methanocorpusculum parvum 
Methanomicrobium mobile 
Methanosarcina barkeri 
Methanosaeta concilii

[293]

PCR Small subunit rRNA and mcrA gene amplification Methanothermobacter thermoautotrophicus 
Methanosarcina barkeri 
Methanocaldococcus jannaschii 
Methanospirillum hungatei

[104]

mcrA and 16S rRNA gene-specific primers Methanoculleus marisnigri 
Methanoculleus chikugoensis 
Methanospirillum hungatei 
Methanosaeta concilii 
Methanosaeta thermophila 
Uncultured Archaeal

[110]
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pretreatments that are examined to accelerate the 
hydrolysis phase of the AD process 
[4,33,82,112–115].

The increased OLR regularly results in the accu
mulation of VFAs. High levels of VFAs results in 
an interruption of biogas production due to the 
high acidity of the digester. This state clearly 
shows the shifts toward the bacterial community, 
particularly Chloroflexi. However, this phylum 
mostly dominates in the municipal wastewater 
plants, while in the digesters with manure as feed
stock, the phylum Firmicutes was reported to be 
the dominant representative [56]. The high levels 
of VFAs act as inhibitors that decrease the popula
tions of the hydrogenotrophic genera such as 
Methanoculleus and Methanothermobacter and 
increase acetoclastic Methanosarcina spp. [8]. In 
general, inhibitory factors that have a dominant 
effect on the reactor upset consist of substances 
such as ammonia, sulfide, heavy metals, as well as 
environmental factors like, temperature, pH, and 
concentration [116].

2.3.1. Ammonia
The optimal concentration of ammonia guarantees 
efficient methanogens activity and increases the 
stability of AD [117]. Proteins are nitrogenous 
constituents in feedstock that are degraded to 
ammonia through digestion processes [118]. 
A low concentration of total ammoniacal nitrogen 
(TAN) is indispensable for synthesizing amino 
acids and nucleic acids, and is eventually vital for 
microbial growth. Moreover, ammonia acts as the 
base to neutralize the organic acids provided by 
the fermentative bacteria, therefore assists in buf
fering capacity and keeping pH in the neutral 
condition, which is critical for cell growth 
[119,120]. However, a high concentration of 
ammonia (more than 1.7 g/L) inhibits methano
genesis [11,119,121]. The level of pH in AD is an 
important factor. The optimal pH range in the 
digestion is 6.5–7.5 to obtain maximum methane 
yield. However, this optimum level is dependent 
on the substrate and digestion technique 
[122,123]. There are various theories for the 
ammonia inhibition mechanism, such as a shift 
in cell pH, accession in energy demand for main
tenance, and blockage of enzyme reaction [124]. 

Among the four types of anaerobic microorgan
isms, methanogens are the most susceptible micro
organisms to inhibitory effect of ammonia [118]. 
Some studies indicate that high ammonia concen
tration has a more potent inhibitory effect for the 
acetoclastic methanogens than for the hydrogeno
trophic methanogens [125,126]. Moreover, the 
environmental factors such as substrate concentra
tion, pH, and temperature could inhibit the 
methanogens and synergize the inhibition effect 
of ammonia [127–129].

Increasing the total ammonia nitrogen concentra
tion to the range of 1.7–14 g/L is reported to decrease 
methane yield to half of the optimum value 
[130,131]. The pH induces the 
microorganism’s growth plus compound of total 
ammonia nitrogen [132]. The total ammoniacal 
nitrogen is most likely converted to free ammonia 
(FA) in higher pH, and this form is the actual toxic 
agent [133]. Temperature variation could influence 
both microbial growth and free ammonia concentra
tion. The high free ammonia concentration represses 
methanogens more efficiently in thermophilic tem
peratures than in mesophilic temperatures [134]. 
Some specific ions such as Ca2+, Na+, and Mg2+ 

were determined to be antagonist to the ammonia 
inhibition effect, an incident wherein the presence of 
ions barricaded the ammonia effect. It was shown 
that the methane generation from acetic acid was 
reduced by 20% because of 0.15 M ammonia in the 
system, whereas a surplus of 0.05 M Na+ produced 
5% more methane [135,136].

2.3.2. Sulfide
SRB convert sulfate to sulfide in anaerobic diges
ters [137]. Sulfide can inhibit methanogenesis 
through two mechanisms. Initial inhibition is 
owing to SRB rivalry for common organic and 
inorganic substrates that quench methane genera
tion [138]. Subsequent inhibition is due to the 
toxicity of sulfide to diverse microbial commu
nities that play a critical role in the methanogen
esis [139].

2.3.3. Light metal ions (Na, K, Mg, Al)
Light metal ions exist in the influent of anaerobic 
digesters. They could be discharged by degradation 
of organic matters or supplemented as pH 
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modification chemicals [140]. Extreme values 
diminish the microbial growth and make 
a negative osmotic pressure for methanogens, 
which dehydrate the cells and lead to death 
[141,142].

2.3.4. Heavy metals
A distinctive characteristic of heavy metals is that 
they are not biodegradable, unlike other toxic ele
ments, and can accumulate to possibly inhibiting 
concentrations. The inhibiting effect of heavy metals 
such as cobalt, copper, zinc, cadmium, and nickel is 
associated with the interruption of enzyme operation 
and structure. They can interlock with thiol and 
other parts of proteins that result in cellular mal
function or cell death [141,143].

2.3.5. Antibiotics
The ubiquity of antibiotics and their residues in 
anaerobic reactors restrain the microbial community 
and performance. Their inhibiting effect is diverse 
due to their various action mechanisms and concen
trations [144]. Macrolides principally involve roxi
thromycin, erythromycin, and tylosin. Erythromycin 
most likely hinders acetate utilization by acetoclastic 
methanogens; thus, the concentration of acetate 
increases, followed by subsequent pH drop, resulting 
in methanogenesis suppression [145]. Roxit 
hromycin seems to restrain more methanogens 
than hydrolytic bacteria, followed by VFAs accumu
lation and digestion failure [146].

Tetracyclines including terramycin, aureomy
cin, and tetracycline do not inhibit methanogens 
below 25 mg/L, but suppress methane production 
in concentrations above 500 mg/L [147]. 
Commonly, antibiotics’ inhibition effect leads to 
VFAs accumulation in the system, though the 
presence of different types of VFAs depends on 
type and concentration. The inhibition effect could 
be diversified extensively concerning the origin, 
composition, environmental factors, and condi
tions of the substrates. Accumulation and synergy 
of these elements could lead to fermentation fail
ure, as designated by methanogenesis decrement.

3. Anaerobic digestion for VFAs production

Nowadays, the recovery of value-added products 
from wastes is an attractive issue for researchers 

and engineers. In this regard, VFAs or short car
boxylic acids are considered noteworthy products 
that can be recovered from anaerobic digesters and 
used in the pharmaceutical, food, textile, and che
mical industries. Moreover, they are suitable sub
stitutes for biodegradable polymers production, 
biofuels production (butanol, ethanol, and biodie
sels), and nitrogen removal from wastewater to 
replace petrochemicals. These acids include C2 to 
C6 carboxylic acids including acetic, propionic, 
butyric, isobutyric, valeric, isovaleric and caproic 
acids [11,24,148,149]. During the AD process, 
hydrolysis and fermentation of wastes by faculta
tive anaerobic bacteria result in the production of 
a wide variety of organic compounds such as 
organic fatty acids, alcohols, indole, skatole, 
hydrogen, etc. [24,37,41,150]. This variety is 
strongly dependent on bacterial species. Thus, 
any changes in the operation of the system may 
change bacterial community, and eventually the 
products. The acidogenic reactions using carbohy
drates as substrate can follow different pathways, 
such as Embden–Meyerhof–Parnas or Entner– 
Doudoroff, in which pyruvate acts as an electron 
acceptor for re-oxidation of NADH [8,11,55]. For 
amino acids’ fermentation, there are two pathways: 
'(1) Stickland reaction between a pair of amino 
acids and (2) deamination of single amino acid. 
In addition, glycerol is the main product of lipid 
hydrolysis that can be fermented to various fatty 
acids, alcohols, hydrogen, and CO2. The long-fatty 
acids may degrade via β-oxidation pathway [4,8].

The bacterial community can produce VFAs via 
several metabolic pathways including acetate- 
ethanol type, butyrate-type, propionate-type, and 
mixed acid fermentation that in all pathways, pyru
vate is the critical point resulting in different pro
ducts [151]. From techno-economical point of view, 
biological production of VFA must be sufficiently 
affordable with high yield and productivity to com
pete with petrochemicals [8,47]. In the routine anae
robic digesters, acidogenic reactions take place faster 
than methanogenesis; therefore, with the high OLR 
and short HRT, fast-growing microbial community 
dominates and accumulation of VFAs occurs signif
icantly. Moreover, a range of redox potential 
between −100 and −200 mV is suggested to optimize 
VFAs production for higher yield, but at the higher 
redox potential, propionic acid will be dominant 
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[82]. Another configuration for VFAs production 
under anaerobic conditions is called dark fermenta
tion (DF) process, which is similar to AD; however, 
methanogenesis does not occur in this configuration 
[2,152]. However, for the sustainable production of 
VFAs, final products should be extracted by various 
approaches like membrane technology from the sys
tem to decrease the product inhibition effect. In 
practice, the pH adjustment (out of methanogens 
tolerance) and the usage of methanogen inhibitors 
are other strategies that favor the higher production 
of VFAs, but it should be considered that maintain
ing alkaline conditions in the anaerobic systems may 
raise operating cost [149,153–155]. Furthermore, the 
microaeration strategy can be employed for VFAs 
production instead of methane, hydrogen, and CO2 
in the anaerobic digesters. In this configuration, 
obligatory anaerobic methanogens are excluded, 
and the environment is suitable for facultative anae
robic bacteria producing VFAs [82].

3.1. Microbiology of VFAs production

In recent decades, biotechnology, metabolic engi
neering, and system biology had a great impact on 
the development of engineered microbial strains for 
VFAs production from renewable sources. The 
VFAs can be produced aerobically and anaerobi
cally, but during anaerobic fermentation, higher 
productivity and yield can be achieved due to less 
carbon substrate usage for energy generation and 
microbial cell growth. The most significant VFAs in 
the anaerobic digesters are acetic and propionic 
acids, which are required precursors for methane 
production but formic and butyric acids can also 
convert to methane [8,12,40]. Acidogenic bacteria 
can either be aerobes, facultative anaerobes, or strict 
anaerobes. They include members of enteric bac
teria such as Klebsiella, Citrobacter, Enterobacter, 
and Escherichia, Bacteroidia, Bifidobacteria, 
Clostridia, Bacilli, and Lactobacilli [10,156–158].

3.1.1. Acetic acid
Under anaerobic conditions, acetogens such as 
Moorella thermoacetica, Clostridium formicaceti
cum, Clostridium aceticum, Acetobacterium woodii, 
and Thermoanaerobacter kivui can produce acetic 

acid as the only fermentation product from 
a variety of hexoses and pentoses. Other important 
microorganisms responsible for the production of 
acetic acid are Streptococcus lactis, Clostridium ther
moaceticum, Acetobacter pasteurianus, Acetobacter 
aceti, Acetobacterium wieringae, Acetomicrobium 
and Gluconobacter strains [159–164]. Furthermore, 
the Wood–Ljungdahl pathway (Figure 3) used by 
anaerobic acetogens is a sustainable method that 
contributes to the reduction of greenhouse gases 
(GHGs) and lowering the costs of downstream 
processing [165,166].

3.1.2. Propionic acid
Propionic acid is usually produced along with 
acetic and succinic acids in the anaerobic diges
ters. The microbial community that is responsi
ble for propionic acid production includes 
propionibacteria. This group of bacteria belongs 
to the phylum Actinobacteria that their members 
are gram-positive anaerobic rod-shaped cells. 
The most significant species of propionibacteria 
are Propionibacterium freudenreichii and 
Propionibacterium shermanii which can produce 
acetic acid by using phosphotransacetylase 
(PTA), acetate kinase (ACK), acetate-CoA ligase, 
or acetyl-CoA synthetase. In the obligatory anae
robic Clostridium propionicum, propionic acid is 
produced through the acrylic acid pathway. 
Other involved species of the genus 
Propionibacterium for propionic acid production 
are P. acidipropionici, P. thoenii, and P. jensenii 
[8,167–169].

3.1.3. Butyric acid
Another beneficial VFA usually reported in the anae
robic digesters is butyric acid (four-carbon), which is 
widely applied in various industries. Butyric acid can 
be produced by a wide variety of anaerobic bacterial 
genera such as Butyribacterium, Butyrivibrio, 
Clostridium (especially Clostridium tyrobutyricum 
and Clostridium butyricum), Coprococcus, Eub 
acterium, Fusobacterium, Megasphaera, Roseburia, 
and Sarcina. In butyric acid fermentation, acetyl- 
CoA derived from a hexose can be converted to acetate 
or either butyryl-CoA. The latter is further converted 
to butyrate by two key enzymes including 
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phosphotransbutyrylase (PTB) and butyrate kinase 
(BUK) that are frequently found in the butyrate- 
producing Clostridia, especially C. butyricum, 
Clostridium acetobutylicum, and Clostridium beijer
inckii [8,170–172].

3.2. Identification and assessment of 
VFAs-producing communities

The diversity of VFAs produced is associated with its 
mixed microbial community. Although metagenomic 
analysis has recently been used to determine micro
bial diversity in anaerobic processes, PCR-DGGE has 
advantageous because of its simplicity and high accu
racy [154,173,174]. Other molecular techniques (16S 
rRNA-based PCR-RFLP, ribotyping, pulsed-field gel 
electrophoresis) have been tried for isolation of VFA- 
producing microorganisms [175–177]. More recently, 
quantitative PCR applications have also been success
fully performed on specific microorganisms that pro
duce VFA [178–180]. Since VFAs production 
requires a multi-stage and long-term incubation, 
quantitative PCR may be considered as a more appro
priate method to determine which type of 

microorganisms is dominant at certain incubation 
times in AD, as well as complex communities.

3.3. Factors and inhibitors affecting 
VFAs-producing communities

Comprehending the factors and inhibitors that 
affect VFAs production would facilitate designing 
better strategies for balancing the system. Hence, 
more VFAs would be generated [181]. Various 
authors have studied the importance of physico
chemical parameters such as pH, temperature, 
OLR, and substrate, which act as factors and inhi
bitors during acidogenesis in the AD process 
[155,182,183].

3.3.1. Substrate
One of the aspects that influence the VFAs pro
duction is the substrate composition. It has been 
found that the carbohydrate-rich materials 
improve protein conversion rate and enhance the 
VFAs yield [184,185]. Proteins are degraded faster 
than lipids throughout the hydrolytic-acidogenic 
step [186]. It is worth noting that lipids are 

Figure 3. Wood–Ljungdahl pathway. The genes encoding critical enzymes are: fd formate dehydrogenase, fts formyl-THF synthase, 
ftc formyl-THF cyclohydrolase, mtd methylene-THF dehydrogenase, mtr methylene-THF reductase, mtf methyltransferase, and acs 
acetyl-CoA synthase. THF, tetrahydrofolate.
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challenging for microorganisms to employ in fer
mentative situations since reductive byproducts 
produced from lipid fermentation would agitate 
the redox instability of microorganism metabolism 
[181]. Yin et al. [187] studied VFAs concentration 
generated from glucose, peptone, and lipid. The 
VFAs yield for glucose, peptone, and glycerol were 
38.2, 32.1, and 31.1 gCOD/L, respectively. This 
study demonstrated that co-digestion had 
a synergistic impact among microorganisms. 
Consequently, it could ameliorate the acidogenesis 
process. Lignocellulosic materials prolong the 
hydrolysis stage by robust digestible lignin struc
tures. Due to these recalcitrant features, the micro
organism could not degrade the basic substrate 
(cellulose) [155,188,189]. Hence, it would lead to 
decreasing VFAs production rate. Several sub
strates contain some compounds that inhibit acid
ogenesis. For example, the presence of D-limonene 
in citrus waste has a negative impact on the AD 
process [190].

3.3.2. pH
The biodiversity and microbial attribution in the 
system are affected by the profound impact of the 
pH. The alkaline or acidic pH conditions diminish 
the microbial population [191]. Due to its regulat
ing out home for anaerobic fermentation, pH has 
been investigated broadly. JIang et al. [192] ana
lyzed different pH conditions on VFAs produc
tion. They observed that pH ranging from 6.0 to 
7.0 induced hydrolysis up to 20% and increased 
the soluble chemical oxygen demand [sCOD). 
These parameters doubled the VFAs production 
in the bioreactor. Zhang et al. [193] confirmed 
the pH near the neutral heads to further VFAs 
yield. They achieved a VFAs yield of 0.27 g 
VFAs/g TS compared to 0.15 g VFAs/g TS in the 
control group with uncontrolled pH. On the other 
hand, some studies demonstrated that the alkaline 
range could considerably increase VFAs produc
tion from sewage sludge (194]. It is recognized that 
alkaline pH promotes the organic material solubi
lity and enhances their bioavailability for acido
genic microorganisms in the process [195]. In 
another study, the pH 4.0 and pH 12.0 inhibited 
the VFAs’ production [196], which can be assigned 
to the point that the majority of acidogenic 

microorganisms cannot endure actual acutely 
acidic (pH 3) or alkaline (pH 12) conditions 
[197,198].

3.3.3. Temperature
Temperature plays a vital role in acidogenic fer
mentation owing to its straight contention in 
microbial growth and metabolism. Altering work
ing temperature can change the composition of 
microorganisms in the microbial consortium 
included in acidogenesis. He et al. [199] discovered 
the inhibitory effect of temperature when it chan
ged from mesophilic (35°C) to thermophilic range 
(55°C), led to a drop in VFAs production from 17 
to 11 g/L. Similarly, later studies supported this 
theory as they observed a remarkable advance in 
acidogenesis in AD. Subsequently, increasing the 
temperature leads to an improvement in the 
degradation of organic matters [200].

3.3.4. Salts and heavy metals
Salts could change the microbial community and 
VFAs yield in the process. He et al. [201] investi
gated the effect of four different concentrations on 
the acidogenesis stage. They reported an inhibition 
at NaCl concentration of 10 g/L. Likewise, Kim 
et al. [202] observed that a high concentration of 
NaCl would suppress acidogenic fermentation. 
Heavy metals inhibit VFAs production as they 
are toxic for VFAs-producing microorganisms. 
Yu and Fang [203] studied the toxic concentration 
range of Cd. They showed that the dosage over 
20 mg/L inhibits acidogenesis. However, Cd 
dosage at 5 mg/L increased the VFAs production 
by 100%. All mentioned factors have a practical 
impact when they are in the optimum range; how
ever, they can act as an inhibitory factor in 
extreme ranges and disrupt the microbial commu
nity that has a role in acidogenesis. Eventually, it 
leads to system failure in VFAs production.

4. Anaerobic digestion for hydrogen 
production

The demand for clean energy sources has 
increased in the recent past. Biohydrogen is con
sidered a promising carbon-free fuel with many 
socio-economic benefits that can be a suitable 
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source of clean energy [24,204]. Fascinatingly, 
hydrogen is a valuable raw material for the synth
esis of chemicals (e.g. ammonia, ethanol, and alde
hydes), fossil fuels, and edible oils hydrogenation 
[205,206]. In recent years, the AD process is 
underexploited to determine the appropriate con
figuration for hydrogen production. At the present 
time, 99% of hydrogen is produced from natural 
gas, heavy oils, coal, and electrolysis that do not 
help to solve environmental problems. Hence, 
hydrogen production via biological processes can 
be an environmentally friendly alternative to rou
tine methods. Already, AD of affordable renewable 
feedstock and various organic wastes is the best 
biological way for hydrogen production because, 
unlike light fermentation (by phototrophic purple 
non-sulfur bacteria) and photosynthesis (by cya
nobacteria), biohydrogen production via AD does 
not require expensive and complicated bioreactors 
and can produce hydrogen continuously from 
renewable sources [6,41,207–209].

Despite available information about the AD pro
cess, hydrogen production through the AD process 
is an emergent technology that still requires more 

attention and research to realize the economic con
ditions, sustainability of the process, optimal condi
tions for improving yield in macro-scale production, 
and other aspects. Figure 4 summarizes the hydro
gen production pathway during AD. In addition to 
routine AD, two-step anaerobic digestion (TSAD) 
can be used for biohydrogen production. This 
approach consists of two different bioreactors that 
separate hydrogen-producing microorganisms 
(HPMs) and hydrogen-consuming microorganisms 
(HCMs), mostly Clostridia and hydrogenotrophic 
methanogens, from each other. This kind of proces
sing facilitates bioreactor operation, and more 
energy yield than a one-step AD can be achieved. 
Because in one-step AD, only one-third of the energy 
content can be captured in the hydrogen, while in 
the TSAD process, remaining organic materials and 
by-products can be more converted to methane, 
hydrogen, or other products [210,211].

4.1. Microbiology of biohydrogen production

During conventional AD of organic materials, 
hydrogen is produced as an essential intermediate 

Figure 4. Hydrogen formation during AD. Red crosses show blocked pathways that lead to more hydrogen production. Inhibitors of 
each stage were shown in the right boxes.
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that can be assimilated via methanogenesis to pro
duce methane. The microbial production of 
hydrogen is a vital response to the cellular neces
sity to discharge extra electrons from the biological 
system [212]. HPMs are responsible for biohydro
gen production via DF. The theoretical yield of 
hydrogen strongly depends on microbial commu
nities and their growth conditions. During DF, the 
enzyme hydrogenase and the protein ferredoxin 
(Fd) play an essential role in the production of 
gaseous hydrogen. The hydrogenases are usually 
located at accessible positions from outside by 
electron shuttles in the periplasm of HPMs. The 
Fd is an iron-sulfur protein that acts as an electron 
carrier at low redox potential. Inclusively, micro
organisms through hydrogen production maintain 
the redox potential balanced. If the hydrogen pro
duction is prohibited, more reduced compounds 
will be formed [209].

In general, favorable conditions for hydrogen 
production occur when HCMs are inhibited, and 
HPMs get the dominant communities. HPMs 
have a broader pH range and can grow more 
rapidly than HCMs. Besides, HPMs are more 
resistant to harsh conditions in comparison to 
methanogens. Among HPMs, the best hydrogen 
producers belong to the anaerobic genus 
Clostridium with the capability of utilizing 
numerous organic substrates. However, they can 
exhibit various metabolic configurations based on 
the conditions, used substrates, and whole process 
design. For instance, C. acetobutylicum is able to 
shift its metabolism from hydrogen production to 
solventogenic metabolism under low pH, high 
concentrations of carbohydrates, or low growth 
rate of the cells [213]. Clostridia can be grouped 
into two types of proteolytic and saccharolytic 
based on the substrate type. However, some 
Clostridia are neither proteolytic nor saccharoly
tic, and some of them are both proteolytic and 
saccharolytic. Approximately, 70–80% of the 
mixed HPMs in a bioreactor belong to the genus 
Clostridium. The gram-positive, spore-forming 
and strictly anaerobic members of this genus can 
break down glucose into pyruvate and produce 
NADH (Nicotinamide adenine dinucleotide 
hydrogen) via DF. Under low partial pressure of 
hydrogen, the NADH molecule can be oxidized 
by hydrogenases that results in additional 

hydrogen production [214]. Produced pyruvate 
is further broken down to acetyl-CoA and CO2. 
Then, acetyl-CoA is transformed to acetyl phos
phate as ATP and acetate excreted. During oxida
tion of pyruvate into acetyl-CoA by pyruvate 
ferredoxin oxidoreductase (PFOR), the protein 
Fd is reduced and then oxidized by the hydroge
nase to produce gaseous hydrogen. Moreover, the 
NADH is oxidized which produces hydrogen 
under low partial pressures of hydrogen. The 
order of highest yields of hydrogen from VFAs 
is acetate>butyrate>propionate>alcohols>lactate 
[6,209,215,216]. In addition to Clostridium, the 
facultative anaerobic bacteria such as the genera 
Enterobacter, Alcaligenes, Escherichia, and 
Citrobacter from the phylum Proteobacteria, 
some species of Bacillus, some cyanobacteria 
(Synechocystis), and algal strains from the genus 
Chlamydomonas are considered as HPMs [217– 
219]. These microorganisms are less sensitive 
than Clostridia to oxygen; however, in the pre
sence of oxygen, their substrate (formate) for 
hydrogen production degrades and, no hydrogen 
can be produced. The key enzyme in this kind of 
HPMs is pyruvate formate lyase (PFL) that rever
sibly converts pyruvate into formate and acetyl- 
CoA. Produced formate is further metabolized to 
hydrogen and CO2 [6,220,221].

The DF process can be carried out under meso
philic and thermophilic conditions. Microbial 
communities will vary based on the used tempera
ture. Mesophilic DF has a high capacity for hydro
gen production, but due to the production of other 
reduced products, hydrogen yield is low. In this 
process, initial inoculum originates from soils, 
compost, or wastewater sludge with undefined 
microbial communities that mainly contain facul
tative and obligatory anaerobic HPMs. However, 
undesired microorganisms such as methanogens 
and propionic acid bacteria (PAB) may be present 
in the inoculum. Hence, it is mandatory to per
form a pretreatment to minimize HCMs [8]. 
Thermophilic DF can be performed by a broad 
range of thermophiles such as thermophilic species 
of Clostridium (e.g. Clostridium thermocellum) and 
Caldicellulosiruptor [222,223]. This process has 
some advantages, such as the lower risk of con
tamination, a wide range of utilizable substrates, 
and less formation of various by-products in 
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comparison to mesophilic DF. Moreover, the ther
mophilic hydrogen producers are usually isolated 
from hot springs and hydrothermal vents with 
a glycoside hydrolytic activity (via extracellular 
hydrolases or attached cellulosome) that makes 
them enable to break down lignocellulosic materi
als [8,205].

Based on the main goal in the AD process, the 
operation of the digesters may vary. In the old- 
fashioned AD, the final goal is methane produc
tion; hence, it is desirable to utilize hydrogen for 
methane generation. In general, hydrogen pro
duced in the digesters is directly assimilated by 
a wide variety of microorganisms included hydro
genotrophic methanogens, homoacetogens, SRBs, 
autotrophic denitrifiers, or iron reducers. 
Therefore, it is compulsory to repress the growth 
of HCMs. Many researchers reported methods 
employed to sewage sludge to dominate hydrogen- 
producing microbial communities [6,209]. The 
heat shock (80–100°C for 20–60 min) and freeze/ 
thawing (−20/25°C cycle for 6 h) are the most 
routine ways for the selection of resistant HPMs 
due to their ability for spore formation. The pH 
(lower than 6.3 or higher than 7.8), radiation, 
electric current, aerobic stresses, kinetic selection, 
or use of chemicals such as acetylene, chloroform, 
and 2-bromoethanesulfonate (BES) can be applied 
to inhibit HCMs and increase the HPMs popula
tion [224,225]. However, chemicals are not added 
continuously because of the probable resistance of 
HCMs to them that result in a higher dose of 
inhibitors. By employing the higher dose of che
micals, HPMs may be affected that does not make 
it a sustainable approach for long-term usage. For 
kinetic selection, Yang and Shen [226] used anae
robic mixed cultures that were enriched in 
a chemostat for 1 month which the HRT was 
hold at 12 h (a short HRT); therefore, HCMs 
such as methanogens were washed out due to 
their slower growth rates in comparison to 
HPMs. In fact, specific growth rate (μ) is approxi
mately 4–5 times greater for HPMs [225].

In the anaerobic digesters, some other commu
nities rather than HPMs may benefit the hydrogen 
production process. The microorganisms that reg
ulate the oxygen content and those that regulate 
the medium pH, such as lactic acid bacteria (LAB), 
are vital for hydrogen production. However, LAB 

may be a double-edged sword that compete with 
HPMs for pyruvate and inhibit them by lowering 
pH or producing bacteriocins. Some other bacteria 
can metabolize VFAs in order to prevent their 
accumulation in the system and provide 
a buffering condition [41]. Moreover, Bacillus, 
Paenibacillus, Prevotella, or Klebsiella can produce 
exopolysaccharides and form granules to increase 
the resistance of microbial biomass to toxic sub
stances and prevent biomass losing [227].

4.2. Identification and assessment of 
hydrogen-producing communities

Among various molecular techniques, PCR-DGGE 
easily reveals and visualizes mixed microbial cul
ture communities to analyze biohydrogen produ
cers, so it is the most commonly applied method 
[228,229] (Table 5). The first step in identifying 
microorganisms is the isolation of genomic DNA 
followed by identification with standard 16s rRNA 
primers. Also, hydrogenase genes or their tran
scripts can be screened for identifying 
a hydrogen producer microorganism [230–232].

The qPCR method combines qualitative and quan
titative analysis and is also a faster method that can be 
used for both mRNA and DNA targeting analyses. 
However, this method has been too limited in the 
determination of microorganisms that can produce 
hydrogen [230–235]. Similarly, other molecular tech
niques, such as T-RFLP and RISA, have been rarely 
used for identifying microorganisms (Table 5). FISH 
is a method generally used to determine its presence 
in a sample using 16S rRNA probes specific to 
a particular bacterial strain, species or taxon.

Recently, NGS has started a great era in micro
bial ecology and genomic screening studies. NGS 
can easily identify microbial communities of envir
onmental samples (such as seawater, soil, waste
water, etc.) in a short time at low cost. Similarly, 
researches on the identification of hydrogen- 
producing microorganisms by the NGS method 
have been applied [236,237].

4.3. Factors and inhibitors affecting 
hydrogen-producing communities

Various factors that may inhibit biohydrogen pro
duction could be extensively categorized as 
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Table 5. Molecular-based methods for identification of hydrogen producers.

Molecular Method Primers Microorganisms References

PCR-DGGE 16S rDNA Thermoanaerobacterium 
thermosaccharolyticum

[294]

Universal Primer Clostridium sp. (possibly Clostridium 
pasteurianum) 
Klebsiella oxytoca 
Streptococcus sp.

[295]

16S rRNA Clostridium diolis 
C. butyricum 
Aneurinibacillus aneurinilyticus 
Bacillus sp. 
Swine manure bacterium

[296]

V3–16S rDNA region with pufM gene fragments Rhodopseudomonas palustris [297]

16S rDNA C. butyricum 
C. pasteurianum 
C. tyrobutyricum 
Klebsiella pneumoniae 
Streptococcus sp. 
Pseudomonas sp. 
Bifidobacterium 
Dialister

[298]

Specific PCR primer set (Chis150f–ClostIr), rRNA, Clusters I and II 
Clostridia

C. pasteurianum 
C. butyricum 
C. tyrobutyricum 
K. pneumoniae 
Dialister 
Bifidobacterium sp.

[232]

16S rRNA, forward primer C356F with reverse primer 517 R Citrobacter freundii 
Clostridium perfringens 
Lachnospiraceae 
Enterobacter cloacae

[299]

Primer pair EUB968F, UNIV1392R, 16S rRNA Clostridium stercorarium 
C. pasteurianum 
Thermoanaerobacterium saccharolyticum

[300]

16S rDNA Majority: Clostridia and Bacilli 
Desulfotomaculum putei 
Clostridium difficile 
Clostridium polysaccharolyticum 
Bacillus cereus 
Bacillus subtilis 
Bacillus licheniformis 
Dialister sp. 
Minority: Bacteroidia, Flavobacteria and 
Aquificae 
Prevotella buccae 
Bactericides acidifaciens 
Prevotella stercorea 
Tamlana sediment 
Sulfurihydrogenibium kristjanssonii

[231]

Universal Primer Enterobacter ludwigii 
Shigella sonnei 
Bacillus amyloliquefaciens 
Bacillus atrophaeus 
B. licheniformis 
B. subtilis 
Staphylococcus warneri 
A. faecalis 
C. freundii

[301]

16S rDNA-based 
T-RFLP

PCR primer 27 F-FAM with 1492 R Clostridium paraputrificum 
C. butyricum 
C. acetobutylicum 
C. beijerinckii

[302]

(Continued )
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preprocess and in-process inhibitors. Preprocess 
inhibitors already exist before AD. This category 
roofs the microflora or substrates properties. 
Provided, in-process inhibitors such as metal ions, 
hydrogen pressure, and soluble metabolites are 
formed over the path of the AD process. Many 
factors may affect HPMs, especially Clostridia that 
are very sensitive to environmental conditions. 
These factors include temperature, operating pH, 
redox potential, HRT, OLR, substrate, nutrients, 
hydrogen partial pressure, reactor configuration, 
initial inoculum, pretreatment, and mixing 
[6,209,238]. One of the most important factors that 
lead to the limitation of hydrogen production is 
hydrogen partial pressure. Hydrogen should be 
effectively removed from the system; otherwise, it 
accumulates up to 12–70 times in the medium and 
causes the ratio of NADH/NAD+ to increase that 
shift the cellular metabolism toward other end pro
ducts [8].

4.3.1. Microbial community structure
The hydrogenotrophic methanogens, homoaceto
gens, and SRB consume hydrogen as substrate and 
increase different end products such as sulfide, 
which inhabit the hydrogen production [239,240]. 
Hydrogenotrophic methanogens utilize H2 as the 
electron donor for reducing CO2 to produce 
methane, resulting in a diminished hydrogen yield 
[241,242]. Homoacetogens can grow autotrophi
cally, heterotrophically, or mixotrophically on var
ious substances to produce acetate [239,243]. 
Autotrophic homoacetogens support the generation 
of acetate by reducing CO2 using H2 as the electron 

donor, therefore decrease the hydrogen concentra
tion in the process [244]. SRB use a diversity of 
substrates as electron donors such as H2 to reduce 
sulfate to sulfide and decrease the hydrogen yield. 
Furthermore, these bacteria release sulfide which has 
been reported to have toxic impacts on the perfor
mances and growth rates of HPMs [245].

4.3.2. Substrate
It is evident from the experimental studies that over
all hydrogen production could be influenced by sub
strate concentration [organic load) and substrate 
composition. Mohan et al. [246] found an improve
ment in hydrogen production with increasing 
organic load from 4.8 to 32.0 kg COD/m3. 
Afterward, it revealed a subtractive trend from 
36.0 kg COD/m3. Although carbohydrate-rich 
wastes have the potential to be utilized for hydrogen 
production, they can produce more acid during 
digestion and reduce the pH range thereby prevent
ing optimal hydrogen production (247].

One of the most effective treatments for organic 
waste is co-digestion that forms different organic 
substrates as a homogenous mixture for anaerobic 
digestion. Due to the synergy between substances 
that compensate for the nutrient deficiency in the 
process, providing better pH conditions and a more 
balanced C/N ratio, co-digestion can improve the 
efficiency of hydrogen production [248,249]. 
Nevertheless, co-digestion requires a delicate equili
brium among organic substances, since low volatile 
solid or high biodegradability of substrates would 
lead to VFAs accumulation in-process and cause 
inhibition in biohydrogen production [250].

Table 5. (Continued). 

Molecular Method Primers Microorganisms References

FISH Oligonucleotide probes Clostridium [295]

Oligonucleotide probes labeled with Cy3 Clostridium genus [298]

Real-time PCR 16S rRNA gene Clostridium spp. 
Klebsiella spp. 
Streptococcus spp. 
Pseudomonas spp. 
Bifidobacterium spp.

[230]

RT-qPCR Hydrogenase genes of hydrogen-producing C. pasteurianum 
C. butyricum

Hydrogenase mRNA-targeted Clostridium saccharobutylicum 
C. pasteurianum

[233]
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4.3.3. Metal Ions
Metal ions have a vital role in the AD process. They 
facilitate microbial metabolism, cell growth, enzyme 
activation, and biohydrogen production [251,252]. 
Metal ions could be categorized into light metal ions 
such as Mg2+, Na+, and Ca2+ and heavy metal ions 
such as Fe2+ and Ni2+ [116]. Nevertheless, biohydro
gen production might be suppressed by high concen
trations of metal ions [253]. Bao et al. [254] unveiled 
that the addition of 20.0 mg/L Mg2+ would inhibit 
biohydrogen production from starch. This inhibition 
in hydc rogen production was also confirmed by Li 
and Fang [253], who stated that 1600 mg/L of nickel 
was toxic for bioactivity of HPMs and decreased the 
rate of hydrogen production .

4.3.4. Hydrogen concentration
The reduction of protons to hydrogen at a high 
concentration of H2 in the liquid phase is thermo
dynamically inappropriate, leading to oxidation of 
H2 to proton and inhibition of hydrogen produc
tion [255]. Dong et al. [256] revealed that the 
partial pressure of H2 could suppress the conver
sion of long-chain fatty acids into acetate and H2. 
Besides, Van Niel [257] reported that high H2 
partial pressure causes a metabolic shift to pro
mote acetate, ethanol, acetone, and butanol gen
eration at the expense of H2.

4.3.5. Soluble metabolites concentration
Soluble metabolites are also produced 
during AD. These metabolites include organic 
acids such as acetic acid, propionic acid, butyric 
acid, formic acid, and lactic acid, or solvents 
such as ethanol, acetone, or butanol [258]. The 
pathway is commonly categorized as acidogen
esis (for organic acids’ generation) and solvento
genesis (for solvents’ formation) [259]. These 
metabolites negatively affect hydrogen produc
tion by increasing the ionic strength and dimin
ishing the pH of anaerobic digestion, which 
leads to cell death of HPMs and decreases 
hydrogen production [260,261]. The inhibitory 
threshold concentration of each factor is varied 
between studies, which could be assigned to the 
various sources and concentrations of inoculum 
and substrates and diverse process conditions 
like temperature and pH.

5. Anaerobic digestion for other purposes

Along with the main products of the AD process, 
some other by-products may produce that depends 
on how organic matters are broken down and 
which kind of microorganisms are fermenting. 
For example, polyhydroxyalkanoates, nisin, 
amino acids, solvents, phenolics, flavonoids, di/ 
tricarboxylic acids, lactic acid, carotenoids, ter
penes, or furans may form during the processing 
[6,41,151]. Another significant by-product that is 
formed during the AD of wastes is stabilized 
sludge (digestate) which is a suitable fertilizer for 
various lands such as public parks or agricultural 
lands. This fertilizer is more appropriate than 
undigested ones such as manure due to its 
decreased organic matters, odor, and pathogens. 
Moreover, the nutrient bioavailability is increased 
in the digested sludge [4,13,16,19,262]. Digestate is 
recently subjected to various trace elements recov
ery such as phosphorus due to its higher content 
in the digestate [263,264]. Moreover, digestate 
could be a suitable and affordable nutrient source 
for microalgae cultivation [265]. In addition to by- 
products, the configuration of the AD can be used 
for various purposes such as metal removal and 
recovery, bioremediation of recalcitrant and toxic 
compounds, and nitrate removal via nitrification 
[27]. The AD process can be employed to mitigate 
heavy metals pollution. In a recent study, Shi et al. 
[266] showed a mixed microbial consortium in an 
anoxic membrane batch biofilm reactor could per
form methane-dependent selenate reduction with 
high rates. The mixed consortium was composed 
of methanogens and bacteria, and the reduction 
efficiency decreased meaningfully in the absence of 
each group.

5.1. Microbial fuel cells with anaerobic digestion

Nowadays, MFCs with the AD process are promis
ing devices in which the biochemical energy of 
organic matter converts into electricity. MFCs 
have been increasingly applied for industrial was
tewater treatment and renewable energy genera
tion. In the MFCs, anaerobic exoelectrogenic 
bacteria oxidize the substrates in the anodic cham
ber under anoxic conditions, and the released 
electrons are transferred to the cathode to generate 
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electrical energy [33,267,268]. The MFCs can work 
with mixed and pure cultures. Mixed cultures 
show excessive resistance to the interfering pro
cesses and have higher rates for substrates intake. 
This natural community can be obtained from 
activated sludge, lakes, or sediments in which var
ious bacterial strains such as Shewanella, 
Geobacter, Aeromonas, Bacteroides, Clostridium, 
Desulfuromonas, Alcaligenes faecalis, Enterococcus 
faecium, and Pseudomonas aeruginosa are found. 
Despite many researches, the application of MFCs 
using AD encounters some struggles (e.g. high 
costs of equipment) that limit scaling up for the 
industry [27,41,269].

5.2. Rumen: a unique environment for anaerobic 
digestion

One of the natural ecosystems in which AD occurs 
is the rumen of ruminant animals such as cows, 
deer, and sheep. The rumen is a complicated 
environment with diverse microbial populations 
that effectively digest various compounds through 
intensive and coordinated activities of hydrolytic 
enzymes such as cellulases, esterases, or amylases 
and produce VFAs and biogas. Hence, rumen can 
be used as a model for industrial AD systems such 
as batch reactor (BR), plug-flow reactor (PFR), 
anaerobic sequencing batch reactor (ASBR), and 
continuous flow stirred-tank reactor (CSTR) to 
improve production rate, operation, and system 
control [270]. In addition, using rumen microbial 
communities in AD reactors had an increasing 
trend in recent years. These artificial rumens or 
rumen derived anaerobic digestion (RUDAD) can 
simulate biological processes and microbial rela
tionships that lead to considerable development 
and insights for AD in the so-called rumen simu
lating technique (RUSITEC) [270,271]. However, 
there are notable differences between rumen and 
anaerobic digesters. For instance, in the rumen, 
absorption reactions take place along with hydro
lysis that results in the removal of hydrolysis and 
fermentation products such as VFAs and affects 
cellulolytic activities of rumen microorganisms. 
Another difference is related to a process known 
as rumination. During rumination, semi-digested 
materials are vomited and chewed again for a long 
time. This process increases the digestible surfaces 

of materials to facilitate microorganism’s access 
and their enzymes attacks. The rumination can 
be compared with upstream processing carried 
out in the AD bioreactors [270,272]. In addition 
to modeling, seeding of conventional anaerobic 
digesters with rumen introduces microorganisms 
with a higher hydrolytic activity that can facilitate 
degradation of lignocellulosic materials and 
decreases pretreatment costs [273–276]. In 
a study, HU and Yu [277] showed cattail was 
effectively converted into VFAs, particularly acet
ate and propionate by rumen microorganisms dur
ing 125 h, as the total VFAs production was 
371.9 mg/g volatile solids.

Although most microbial communities of the 
rumen are not cultured, omics approaches and func
tional analysis showed the main microbial structures 
of the rumen. The most important bacteria isolated 
from rumen belong to the genera Fibrobacter, 
Ruminobacter, Bacillus, Lactobacillus, Clostridium, 
and Bifidobacterium. In addition to bacteria, ciliate, 
protozoa, and anaerobic fungal genera such as 
Neocallimas, Piromonas, and Sphaeromonas are 
reported in the rumen to exhibit lignocellulolytic 
activity. Moreover, Methanobacterium, 
Methanobrevibacter, and Methanomicrobium are 
identified in the rumen that are responsible for 
methanogenesis [270,278–280]. Many factors such 
as sampling time, feeding time, feed composition, 
etc., may affect microbial communities of the 
rumen fluid that is used as inoculum for the anaero
bic digesters. Consequently, inoculum composition 
can influence the final products of the anaerobic 
digesters [281,282]. For example, fresh rumen fluid 
(obtained at 3 h after feeding) had the highest micro
bial numbers, activity, and fermentation rate [281].

6. Conclusion and future perspectives

Regarding worldwide concerns about climate change, 
widespread pollution, and scientists’ efforts for the 
reduction of carbon footprint, biomass conversion 
technologies, especially AD are promising platforms. 
A brilliant prospect for the AD process is conceivable 
as a sustainable technology, in which the biochemical 
energy of organic matters can be efficiently extracted. 
The AD process is a low-priced and multi-purpose 
technology, which can use various feedstocks such as 
food wastes, various wastewaters, agricultural 
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residues, sludge, manure, etc. AD is a very complex 
biological process, and intensive efforts are still 
required to determine effective factors and optimum 
conditions for stabilization, higher yield, and produc
tivity of new high-value products such as hydrogen 
and VFAs. Moreover, some impediments influence 
the AD process that should be overcome to achieve 
the great potential of this process for bioenergy and 
other products production. In this way, both tradi
tional and cutting-edge methods are necessary to 
attain these goals. Precise prediction, process monitor
ing, real-time controlling, and modeling of microbial 
communities’ performance in the AD system would 
be promising and informative approaches for 
improved AD operation. Additionally, to investigate 
microbial communities’ complexity, their structure, 
function, activities, and interactions during AD, 
omics approaches have had successful impacts in 
recent years. These approaches may reveal an accurate 
vision of microbial and viral biodiversity and the 
spatial organization of microbial communities in dif
ferent anaerobic digesters. However, all involved spe
cies in the AD process are not known and identified 
completely. Providing an entire dataset of all these 
species, their function during four stages of AD, and 
their metabolic capacity may guide researchers to 
operate anaerobic digesters under controlled situa
tions. Comprehensively, these findings allow us to 
conduct the process better and shift the various phases 
based on the final products desired. Furthermore, the 
findings can bridge among microbiologists, bioinfor
matics scientists, and chemical engineers to discover 
novel microbial communities, metabolic pathways, or 
products of the AD process.
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