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PERSPECTIVES
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Abstract Methanogenesis is the last step in anaerobic
digestion, which is usually a rate-limiting step in the
biological treatment of organic waste. The low methano-
genesis efficiency (low methane production rate, low
methane yield, low methane content) substantially limits
the development of anaerobic digestion technology. Tradi-
tional pretreatment methods and bio-stimulation strategies
have impacts on the entire anaerobic system and cannot
directly enhance methanogenesis in a targeted manner,
which was defined as “broad-acting” strategies in this
perspective. Further, we discussed our opinion of metha-
nogenesis process with insights from the electron transfer
system of syntrophic partners and provided potential
targeted enhancing strategy for high-efficiency electron
transfer system. These “precise-acting” strategies are
expected to achieve an efficient methanogenesis process
and enhance the bio-energy recovery of organic waste.
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1 Introduction

As the by-product of the world’s economic development
and population increase, considerable organic waste (OW)
generated every day and the overall volume is increasing
rapidly (Li et al.,, 2021a). Under the consideration for
harmless treatment, resources recovery, and carbon emis-
sions reduction, the application of anaerobic digestion

Received May 10, 2021; Revised July 24, 2021; Accepted August 12,
2021; Available online September 25, 2021

D Corresponding author
E-mail: daixiaohu@tongji.edu.cn

(AD) has been viewed as an important and significant
process in OW treatment, which requires low operation
cost, stabilizes OW and produces biomass energy (i.e.,
biogas) (Pace et al., 2018). Methanogenesis is the last step
in AD, after which the biological treatment of OW is
finished and biogas is generated. Typically, there are three
aspects to evaluate methanogenesis process in practice,
that is, methane production rate, methane yield, and
methane content in biogas. However, methanogenesis in
the biological treatment is usually a rate-limiting step and
the conversion degree from complex organic compounds
to biogas also remains low. What’s more, CO, content in
biogas can be up to 50% and much of it must be removed
before utilization to meet the standards similar to natural
gas (85-96% CHy) (Liu et al., 2021). To sum up, the low
methanogenesis efficiency (low methane production rate,
low methane yield, low methane content) substantially
limits the development of AD technology.

2 Conventional enhancing strategies have
been challenged

Methanogenesis pathways can be mainly classified into
three categories according to their substrates for methano-
gens, namely aceticlastic, hydrogenotrophic, and methylo-
trophic (Xu et al.,, 2021). By contrast, organic wastes
usually have multiple organic compositions and different
chemical structures, which cannot be converted to methane
directly and efficiently. Therefore, during anaerobic
methanogenesis, multiple metabolism pathways are
involved in the degradation of complex OWs and in
which methanogenesis is often not robust. To address the
low efficiency of methanogenesis process, studies have
focused on the property optimization of OW and bio-
stimulation of methanogens. On the one hand, considering
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the limited substrate scope for methanogens to use,
multiple pretreatment methods (biological, physical, and
chemical approaches and integrated protocols) have been
adopted to enhance the solubilization and conversion of
complex OWs. On the other hand, strategies for improving
key enzymes (e.g., coenzyme M and F,) activities and
alleviating inhibition (e.g., ammonia nitrogen, amines)
effects have been developed to enhance the metabolic
ability of methanogens (Yan et al., 2020). However,
traditional pretreatment methods (acid-base, ultrasonica-
tion, thermal hydrolysis, etc.) can only enhance the
solubilization and hydrolysis of organic wastes to an
uncertain extent with no access to provide proper substrate
for methanogenesis precisely. Common bio-stimulation
strategies (trace elements regulation, exogenous material
addition, etc.) also fail to stimulate the methanogenic
metabolism of methanogens precisely. What’s worse, the
concentration of metabolites such as ammonia nitrogen
could be significantly increased after pretreatment, which
would aggravate feedback inhibition on methanogens
activity. Under certain circumstances, new refractory
substances would generate by the physical and/or chemical
reactions during pretreatment process, which would further
decrease the organics conversion rate and methane yield.
For example, furfural, phenol, and other products could be
formed after thermal hydrolysis pretreatment via the
Maillard reaction (Wilson and Novak, 2009).

In conclusion, these conventional strategies for improv-
ing methanogenesis result in consecutive concerns and
dilemmas. Taking one step further, we define these
conventional strategies as ‘“broad-acting” strategies,
which have an impact on the entire anaerobic system and
cannot directly enhance methanogenesis in a targeted
manner. In an attempt to overcome the bottlenecks of
traditional methods, “precise-acting” strategies, that is,
potential targeted enhancing methods for methanogenesis
need to be further developed.

3 Electron transfer of syntrophic partners is
important for methanogenesis

In fact, methanogenesis process represents a significant
portion of carbon flow in anaerobic biological treatment of
OW, which requires methanogens to build syntrophic
association with functional bacteria for sequential organics
conversion. The fundamental principle for this syntrophy
is to achieve redox balance, that is, the redox state and
energy conservation of methanogens and their partners
highly rely on the property and availability of initial
electron donor and terminal electron acceptor. For
example, when growing solely in pure culture, Rumino-
coccus albus converts the electron donor glucose to
ethanol with 2 ATP generated. However, when the
syntrophic relationship is built between R. albus and
hydrogen-consuming methanogens, glucose is converted

to acetate with 4 ATP generated (Stams and Plugge, 2009).
Thus, large amount of energy is conserved by such
syntrophic partners via possible thermodynamic reactions.
Generally, there are five basic elements in the electron
transfer system for syntrophic methanogenesis: 1) electron
donor, 2) syntrophic bacteria, 3) electron transfer carrier, 4)
methanogens, and 5) electron acceptor. In most cases, Hy/
formate is the electron carrier during the interspecies
electron transfer (IET) process between syntrophic bacteria
and methanogens. Hydrogen formation and consumption
are simple redox reactions, which nevertheless require
multiple enzymes with complex active centers to catalyze
reversible conversion of H, into electrons and protons.
Actually, the production, distribution, and consumption of
the electron carriers occupy a significant proportion of
energy requirements during syntrophic methanogenesis.
Luckily, the discovery of direct interspecies electron
transfer (DIET) provides an efficient and energy conser-
ving electron transfer process between syntrophic bacteria
and methanogens (Lovley, 2017), which maintains a
biological film touch or electrical connection via cyto-
chromes, e-pili or abiotic conductive materials with no
need for Hy/formate serving as electron carriers (Li et al.,
2021b). Previous studies have proved that the methano-
genic efficiency of simple substrates is largely improved
via DIET pathway, which further indicates that electron
transfer system has a significant influence on the metabolic
driven force of syntrophic partners. Thus, we here provide
the hypothesis that a high-efficiency electron transfer
system drives a high-efficiency syntrophic methanogenesis
process, that is, the targeted enhancing strategy for high-
efficiency electron transfer system leads to the “precise-
acting” effect on syntrophic methanogenesis of OW.

4 Potential targeted strategies for high-
efficiency electron transfer system deserve
more investigation

Based on these backgrounds, developing the high-
efficiency electron transfer system between syntrophic
bacteria and methanogens is of great importance, encom-
passing optimized electron donor (for improving methane
yield), direct electron transfer process (for improving
methane production rate), and proper electron acceptor (for
improving methane content). First of all, targeted fermen-
tation process is necessary for OW to become optimized
electron donor. The fermentation process of organic waste
may be managed by the design of specific fermentation
microorganisms or microbiota. For example, the utilization
of substrates, as well as the intracellular electron genera-
tion, can be broadened and strengthened by synthetic
biology strategies (Li et al., 2018), genetic technologies, in
particular the genomic editing tools, can play an important
role (Bai et al., 2021). Also, anodic electro-fermentation
(AEF) is another promising biotechnology which can
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Fig. 1 Diagrammatic sketch of the evolution from “broad-acting” strategies to “precise-acting” strategies with different syntrophic

methanogenesis efficiency (OW: organic waste).

achieve electrochemical control of the redox metabolism
and energy conservation, steering the carbon flow of OW
toward a product of interest (Vassilev et al., 2021).
Secondly, recyclable or fixed conductive materials and
biosynthetic e-pilis can be further explored for their stable
application in direct electron transfer process between
syntrophic partners. Also, microbial 3D printing technol-
ogy can be further developed to prepare functional living
materials with controllable and desirable microbial syn-
trophy structure (Gonzalez et al., 2020). Lastly, the
application of bio-electrochemical system (BES) in
anaerobic methanogenesis needs more investigation and
the bio-electrochemical CO, reduction by methanogens
can lead an economic and promising biogas upgrading
process (Dykstra et al., 2020). By the effective combina-
tion of these sections, a high-efficiency electron transfer
system can be constructed with the successful production,
distribution, and consumption of electrons (Fig. 1).
Therefore, the targeted enhancing goal of methanogenesis
improvement of OW can be achieved.

5 Conclusions

Based on the discussion above, we analysis the present
limitations in anaerobic methanogenesis of OW, summar-
ize the traditional enhancing strategies and argue their
bottlenecks, further gain insights from the electron transfer
system of syntrophic partners and draw a specific
conclusion that developing targeted strategies to construct
a high-efficiency electron transfer system is of great

significance for improving syntrophic methanogenesis
efficiency. More profound investigations of “precise-acting
strategies” based on targeted fermentation for electron
donor, direct electron transfer process, and CO, reduction
as electron acceptor are still needed. With these efforts, the
resource utilization of OW can be maximized by a
promising efficient methanogenic process.
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