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Anaerobic digestion was one of the first bioenergy strategies developed, yet the
interactions of the microbial community that is responsible for the production of
methane are still poorly understood. For example, it has only recently been
recognized that the bacteria that oxidize organic waste components can forge
electrical connections with methane-producing microbes through biologically
produced, protein-based, conductive circuits. This direct interspecies electron
transfer (DIET) is faster than interspecies electron exchange via diffusive electron
carriers, such as H2. DIET is also more resilient to perturbations such as increases
in organic load inputs or toxic compounds. However, with current digester prac-
tices DIET rarely predominates. Improvements in anaerobic digestion associated
with the addition of electrically conductive materials have been attributed to
increased DIET, but experimental verification has been lacking. This deficiency
may soon be overcomewith improved understanding of the diversity of microbes
capable of DIET, which is leading to molecular tools for determining the extent of
DIET. Here we review the microbiology of DIET, suggest molecular strategies for
monitoring DIET in anaerobic digesters, and propose approaches for re-engineer-
ing digester design and practices to encourage DIET.

INTRODUCTION

Anaerobic digestion (the conversion of organic wastes to methane) is one of the few economically success-

ful large-scale bioenergy strategies (Appels et al., 2011; Holm-Nielsen et al., 2009; Mao et al., 2015). The

three major factors limiting broader adoption of anaerobic digestion are slow rates of waste conversion

to methane, low conversion efficiencies (50%–70% of theoretical methane yield for conventional digesters),

and susceptibility to system disruption by toxins or system overloads (Chen et al., 2008; De Clercq et al.,

2016; Holm-Nielsen et al., 2009). Anaerobic digestion has been practiced for hundreds of years (Meynell,

1982). Thus, the possibility of dramatically changing the performance of anaerobic digestion after all this

time might have been considered slim.

However, simple strategies for accelerating, stabilizing, and increasing the efficiency of anaerobic diges-

tion has recently been documented for a broad diversity of organic wastes. As detailed below, a diversity

of inexpensive electrically conductive materials promotes methane production from many organic sub-

strates. The most likely explanation for conductive materials enhancing anaerobic digestion process is

that they facilitate direct interspecies electron transfer (DIET) between the bacteria contributing to the

degradation of organics and the methane-producing archaea. Digester process designs that favor DIET

have also been discovered. The possibility of rewiring the electrical connections between microbes offers

substantial new opportunities for re-engineering and optimizing anaerobic digestion. The purpose of this

review is to summarize the evidence that conductive materials improve anaerobic digestion, to discuss how

this is related to the microbiology of DIET, and to emphasize urgent research and engineering needs that

could lead to further improvements in the function of DIET-based anaerobic digesters.

EVIDENCE FOR CONDUCTIVE MATERIALS PROMOTING ANAEROBIC DIGESTION

Over 80 studies have demonstrated that electrically conductive materials such as iron minerals, granular

activated carbon, and biochar enhance anaerobic digestion (Tables 1 and S1 in Supplemental Information).

In most instances, the evaluation of the impact of the conductive material was based solely upon compar-

isons with controls with no additions. However, in some instances controls of non-conductive materials
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Conductive Materiala Organic Substrate Types of Digestersb and

Controlsc

Granular activated carbon Acetate AnSBR (Zhang et al., 2017b,c;

Zhu et al., 2019,c; Park et al.,

2018), CSTR (Lei et al., 2016)

Ethanol AnSBR (Park et al., 2018; Lin

et al., 2017)

Propionate AnSBR (Xu et al., 2018; Guo

et al., 2020; Zhao et al.,

2016b)

Butyrate AnSBR (Xu et al., 2018; Zhao

et al., 2016b)

Benzoate AnSBR (Zhang et al., 2020a)

Glucose AnSBR (Yang et al., 2017),

UASB (Zhang et al., 2020b;

Guo et al., 2020)

Dairy waste AnSBR (Zhao et al., 2017a,c)

Bagasse waste AnSBR (Zhao and Zhang,

2019,c)

Dog food AnSBR (Dang et al., 2016,c;

Dang et al., 2017,c)

Kitchen waste AnSBR (Zhang et al., 2017a,

2018a; Capson-Tojo et al.,

2018)

Waste activated sludge AnSBR (Yan et al., 2020;

Yang et al., 2017; Sun et al.,

2020)

Carbon cloth Butanol AnSBR (Zhao et al., 2017c,c)

Leachate UASB (Lei et al., 2016)

Dog food AnSBR (Dang et al., 2016,c;

Dang et al., 2017,c)

Biochar Sucrose UASB (Wang et al., 2018a)

Phenol AnSBR (Wang et al., 2020c)

Citrus peel waste AnSBR (Fagbohungbe et al.,

2016)

N-rich substrate AnSBR (Mumme et al.,

2014,c)

Carbon nanotube Acetate AnSBR (Shen et al., 2020)

Benzoate AnSBR (Zhang et al., 2020a)

Oleic acid AnSBR (Mostafa et al., 2020)

Graphene Ethanol AnSBR (Lin et al., 2017)

Glucose

Table 1. Studies Reporting Stimulating Anaerobic Digestion to Methane with Conductive Materials

(Continued on next page)
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Conductive Materiala Organic Substrate Types of Digestersb and

Controlsc

AnSBR (Tian et al., 2017),

UASB (Tian et al., 2017)

Magnetite Acetate AnSBR (Wang et al., 2020b,c;

Zhuang et al., 2018); UASB

(Chen et al., 2020)

Propionate AnSBR (Guo et al., 2020;

Yamada et al., 2015; Jing

et al., 2017; Cruz et al., 2014)

Glycerol AnSBR (Im et al., 2019),

Electrochemically Assisted

Digester (Im et al., 2019)

Oleic acid AnSBR (Mostafa et al., 2020)

Sucrose EGSB (Wang et al., 2019b)

Leachate UASB (Lei et al., 2018)

Whey AnSBR (Baek et al., 2015)

Tryptone AnSBR (Yin et al., 2017a,

2018)

Table 1. Continued
aMore detailed expanded table is available as Table S1.
bAbbreviations: AnSBR, anaerobic sequencing batch reactor; CSTR, continuous stirred tank reactor; UASB, up-flow anaerobic

sludge blanket; EGSB, expanded granular sludge blanket.
cDesignates control studies with non-conductive materials were conducted.
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were also included and the results demonstrated that the improvements in methane production could be

attributed to the conductivity of the material (Dang et al., 2016, 2017; Guo et al., 2018; Liu et al., 2020; Mei

et al., 2018; Wang et al., 2020a, 2020b; Zhang et al., 2017b; Zhao et al., 2017a, 2017c; Zhao and Zhang, 2019;

Zhu et al., 2019).

Conductive materials have enhanced methane production under a diversity of conditions. For example,

methane production is often sensitive to low pH. Conductive materials can improve methane production

in digesters under acidic conditions and also hasten the resumption of methane production once acidity is

neutralized (Dang et al., 2016; Lei et al., 2019; Ren et al., 2020; Wang et al., 2017, 2018c, 2019b; Zhao et al.,

2017c). Conductive materials also lessen the usual negative impacts of high ammonium concentrations on

anaerobic digestion (Baek et al., 2016; Cheng et al., 2020; Lü et al., 2016; Shen et al., 2016; Wang et al.,

2020b; Yan et al., 2020; Zhuang et al., 2018). High rates of organic loading can inhibit methane production

through the accumulation of organic acids and ammonia. Conductive materials also help protect anaerobic

digestion against these metabolic imbalances (Chen et al., 2020; Dang et al., 2016; Lei et al., 2016; Wang

et al., 2019a, 2019b, 2020a; Yang et al., 2020; Zhang et al., 2018a, 2020c; Zhao et al., 2015).

DIRECT INTERSPECIES ELECTRON TRANSFER AS THE LIKELY TARGET FOR CONDUCTIVE

MATERIALS

In order to most effectively take utmost advantage of the possibility of enhancing anaerobic digestion with

conductive particles it is important to understand how conductive particles might influence methane-pro-

ducing microbial communities. The elucidation of these stimulatory mechanisms can be evaluated within

the existing paradigms for microbial community function.

Interspecies Hydrogen Transfer

Overall, anaerobic digestion is the production of methane and carbon dioxide from multi-carbon sub-

strates (Figure 1). Polymeric organic compounds must be hydrolyzed to simpler monomers. Methanogens
iScience 23, 101794, December 18, 2020 3



Figure 1. Schematic Diagram of Methane Formation in Anaerobic Digestion

ll
OPEN ACCESS

iScience
Review
are only able to directly metabolize mono-methyl compounds and acetate, and thus most of these organic

monomers must be further metabolized down to acetate prior to methanogenesis. This typically requires

further oxidation. Oxidation requires removal and disposal of electrons. The best known strategy for elec-

tron disposal in methanogenic communities is the reduction of protons to produce H2. A functional equiv-

alent is the reduction of carbon dioxide to produce formate. Some methanogens can oxidize H2 and/or

formate and use the electrons to reduce carbon dioxide to methane. Subsequent discussion will focus

on H2 with the understanding that formate may substitute for H2.

Bacterial production of H2 from organic substrates and H2 consumption by methanogens, known as

interspecies hydrogen transfer, has been the guiding principal for interspecies electron transfer meth-

anogenic systems for over 50 years (Bryant et al., 1967; Kato and Watanabe, 2010; Sieber et al., 2012;

Stams and Plugge, 2009). Much of the research focus on interspecies hydrogen transfer has been on

the metabolism of non-fermentable compounds such as short- and long-chain fatty acids, alcohols,

and aromatic compounds because metabolism of these compounds with the production of H2 is

only thermodynamically feasible when H2-consuming methanogens maintain pace with the H2-produc-

ing bacteria and maintain H2 at very low levels. However, a substantial amount of H2 may also be pro-

duced from the fermentation of sugars and amino acids, which is less sensitive to high H2

concentrations.

Systems that depend on interspecies hydrogen transfer are susceptible to disruption. Trafficking in H2 is a

relatively slow way to transfer electrons. It relies on diffusion. If H2 consumption fails to keep up with pro-

duction, the system breaks down as non-fermentable intermediates, some of which are toxic to methano-

gens buildup. No engineering strategies to speed up interspecies hydrogen transfer are readily apparent.

It is not apparent how the stimulation of methane production by conductive particles could be attributed to

an impact on interspecies hydrogen transfer.

What if there was an alternative? Prior to 2010 data from studies on methanogenic communities were in-

terpreted through the lens of interspecies hydrogen transfer, but there were results that suggested some-

thing else was going on. Most notably, a study of H2 turnover in anaerobic sludge found that H2 turnover

rates could only account for 4.7% of the methane produced from carbon dioxide reduction to methane

(Conrad et al., 1985). No studies have provided evidence for a greater contribution of H2 to interspecies

electron transfer. As previously discussed (Walker et al., 2020), themost likely interpretation of these results

is that H2 is not an important electron donor for methane production.
4 iScience 23, 101794, December 18, 2020



Figure 2. Schematic Diagram of Interspecies Electron Transfer between Electron-Donating Bacteria (Blue) and

Electron-Accepting Methanogens (Red)

DIET mechanisms: cell-to-cell electron transfer through electrically conductive pili (e-pili) (A), cell-to-cell electron transfer

through cytochromes associated with outer cell surfaces (B), and cell-to-cell electron transfer through a conductive

material (C). In contrast, cell-to-cell electron transfer via intermediary soluble electron carriers, like H2, is a diffusive

transport process (D).
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Direct Interspecies Electron Transfer

Direct interspecies electron transfer (DIET) is an alternative to interspecies hydrogen/formate transfer. In

DIET, electron-donating partners pass electrons to electron-accepting partners through electrical contacts

rather than producing intermediary soluble electron carriers, like H2 and formate, that carry electrons via

diffusive transport (Figure 2). As previously reviewed in detail (Lovley, 2017c), conductive non-biological

materials can often replace or enhance the electron transfer via the biologically produced proteins that

are common conduits for DIET.

The general phenomena of DIET (Lovley, 2011; Summers et al., 2010) and the possibility of DIET in anaerobic

digesters (Morita et al., 2011; Rotaru et al., 2014a) are relatively new concepts, but the potential importance

of DIET is being increasingly recognized as evidenced by increased rapid increase in publications on this topic

(Figure S1). The likely connection between the addition of conductive materials, which could potentially supple-

ment biological electrical connections, DIET, and enhancedanaerobic digestion is readily apparent, andgeneral

practice has been to assume that bettermethane productionmeans improvedDIET. However, the evidence has

often been circumstantial and indirect. For example, themetabolism of non-fermentable substrates such as pro-

pionate are less susceptible to inhibition by high H2 concentrations in the presence of conductivematerials, sug-

gesting that interspecies electron transfer is proceeding via DIET rather than interspecies hydrogen transfer

(Cruz et al., 2014; Guo et al., 2020; Xu et al., 2016; Zhang et al., 2020c; Zhao et al., 2017c). In some instances

the enhancement of methane production following the addition of conductive materials is associated with

the enrichment of microbial populations for which pure culture representatives are known to participate in

DIET (Guo et al., 2020; Lei et al., 2016; Lei et al., 2019; Lin et al., 2017; Ma et al., 2020a; Mei et al., 2018; Sun

et al., 2020; Tian et al., 2017; Wang et al., 2018a, 2018b, 2019b; Xing et al., 2020; Xu et al., 2016; Yang et al.,

2017; Zhang et al., 2018b, 2020a, 2020c; Zhao et al., 2016a, 2017c). However, in very few instances has the in

situ physiological state of the microbial community been investigated in sufficient detail to verify the predomi-

nance ofDIET (Rotaru et al., 2014a), and in those studies the impact of conductivematerials was not investigated.

Therefore, in order to move beyond the empirical approach of assuming that enhanced methane produc-

tion when conductive materials are added reflects an engineered shift toward more DIET, it will be
iScience 23, 101794, December 18, 2020 5
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necessary document how, why, and how much conductive materials actually improve DIET in different

treatment systems. Only then with the information it will be available to knowledgably design even better

anaerobic digestion strategies. Such an analysis will require a basic understanding of the microbiology of

DIET and how its importance can be diagnosed in anaerobic digesters.

MICROBIOLOGY OF DIET

The study of DIET is still in its infancy with a rather limited understanding of which microorganisms can

participate in DIET and the nature of the electrical connection between the microorganisms. Some insights

into general mechanistic aspects of DIET are available from the few model microbes available in pure cul-

ture that have been studied in detail. However, it must be recognized that, as detailed below, different

electrical contacts for DIET have independently evolved many times and thus the specific proteins that

serve as electrical contacts in the currently available model microbes may not be found in other microbes

that participate in DIET.

Bacterial Models for DIET

The electrical connections for DIET have been most extensively studied in Geobacter species. Geobacter

are abundant and metabolically active in a diversity of methanogenic environments, including some anaer-

obic digesters (Morita et al., 2011; Rotaru et al., 2014a; Shrestha et al., 2014) and rice paddy soils (Holmes

et al., 2017; Kato et al., 2012a; Li et al., 2015a; Rotaru et al., 2018). The first defined co-culture participating in

DIET comprised G. metallireducens as the electron-donating partner and G. sulfurreducens as the elec-

tron-accepting partner in a medium with ethanol as the electron donor and fumarate as the electron

acceptor (Summers et al., 2010). Much of the focus was on the electrical connections expressed by G. sul-

furreducens because it is the most intensively studied Geobacter species and readily genetically manipu-

lated for functional studies (Lovley et al., 2011). It is important to recognize that as an electron-accepting

partner G. sulfurreducens differs significantly from methanogens in likely outer surface electrical contacts.

The outer-surface electrical contacts involved in DIET inG.metallireducens does serve as a likely model for

one approach to expressing electrical contacts in bacteria that serve as the electron-donating partner for

DIET in methanogenic systems.

Electrically conductive pili (e-pili) are important electrical contacts for DIET in bothG.metallireducens and

G. sulfurreducens. The evolution of e-pili in Geobacter and closely related species as well as the features

that confer conductivity has been previously reviewed in detail (Lovley, 2017a; Lovley and Holmes, 2020;

Lovley and Walker, 2019) and will not be repeated here. Initial studies demonstrated that mutant strains

of G. metallireducens and G. sulfurreducens that could not express their e-pili could not participate in

DIET (Rotaru et al., 2014a, 2014b; Summers et al., 2010). Studies with Geobacter strains that expressed

pili, but with greatly reduced conductivity, demonstrated that DIET was possible if the electron-accepting

partner (G. sulfurreducens) lacked e-pili, but DIET with a strain ofG.metallireducens that expressed poorly

conductive pili was not possible (Ueki et al., 2018). Geobacter e-pili enable electron transfer over micro-

meter distances, and networks of interconnected e-pili confer conductivity to thick (up to ca. 100 mm) bio-

films and large (millimeter diameters) cell aggregates (Malvankar et al., 2011, 2012; Morita et al., 2011; Sum-

mers et al., 2010).

e-Pili have independently evolved multiple times in bacteria (Walker et al., 2018, 2020). Of particular inter-

est to anaerobic digestion is the finding that Syntrophus aciditrophicus expresses e-pili (Walker et al.,

2020). S. aciditrophicus has been intensively studied as a model organism for the metabolism of non-

fermentable substrates via interspecies H2 (or formate) electron transfer in methanogenic environments

(Sieber et al., 2012, 2014). However, S. aciditrophicus expresses e-pili with a conductance comparable

with G. sulfurreducens and can grow via DIET (Walker et al., 2020). Many of the other microbes also known

to grow via interspecies hydrogen transfer have genes expected to yield e-pili, suggesting that the capacity

for DIET is widespread among microbes that metabolize non-fermentable substrates in anaerobic di-

gesters and other methanogenic environments (Walker et al., 2020).

Another important component in DIET for G. metallireducens and G. sulfurreducens is multi-heme c-type

cytochromes that are exposed on the outer surface of the cell. Strains in which some of these cytochrome

genes have been deleted are unable to participate in DIET (Rotaru et al., 2014a; Summers et al., 2010). Only

one of these c-type cytochromes, the OmcS cytochrome of G. sulfurreducens, has been studied in detail

(Filman et al., 2019; Leang et al., 2010; Mehta et al., 2005; Qian et al., 2011). As previously reviewed in detail
6 iScience 23, 101794, December 18, 2020
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(Lovley andWalker, 2019), OmcSmay be associated with the outer surface of the cell, attached to e-pili, and

may even form its own conductive filaments. More studies on the role of outer surface c-type cytochromes

in DIET are needed, especially in microbes like G. metallireducens that can serve as an electron-donating

partner. Furthermore, the ability of S. aciditrophicus, which lacks outer-surface cytochromes, to participate

in DIET demonstrates that c-type cytochromes are not an absolute requirement for microbes to function as

the electron-donating partner for DIET (Walker et al., 2020).

Methanogens Participating in DIET

The electrical contacts on methanogens are more enigmatic.Methanothrix harundinaceae, the first metha-

nogen found to directly accept electrons in pure culture (Rotaru et al., 2014a), lacks c-type cytochromes.

Several Methanosarcina species, including M. barkeri, M. horonobensis, M. mazeii, M. subterranean,

and M. vacuolate, have also been shown to also participate in DIET (Rotaru et al., 2014b; Yee and Rotaru,

2020), but none of these species are known to display c-type cytochromes on their outer surface.

The archaella of archaea are homologous to the type IV pili that have evolved into e-pili in bacteria, and the

one methanogen archaellum that has been examined appears to be more conductive than G. sulfurredu-

cens e-pili (Walker et al., 2019). However, this archaellum was fromMethanospirillum hungatei, which could

not be grown via DIET with G. metallireducens as the electron-donating partner (Rotaru et al., 2014a). As

noted above, a strain ofG. sulfurreducens that expressed poorly conductive pili could serve as the electron-

accepting partner in co-cultures in which the electron-donating partner (G. metallireducens) expressed e-

pili (Ueki et al., 2018). By analogy it seems likely that methanogens could also function as the electron-ac-

cepting partner in DIET without electrically conductive archaella. Energy conservation inmethanogens with

DIET as the sole potential energy source has been demonstrated (Wang et al., 2016), and mechanisms to

describe methane production and energy conservation from the reduction of carbon dioxide to methane

with electrons received via DIET have been described (Holmes et al., 2018). However, how those electrons

enter the cell remains a mystery. Additional information on the mechanisms for extracellular electron ex-

change in methanogens could aid in further tailoring conductive materials to further enhance anaerobic

digestion and provide additional molecular targets for diagnosing the prevalence of DIET.

THE ROLE OF CONDUCTIVE MATERIALS IN DEFINED CULTURE SYSTEMS

Carbon Materials

The potential role of electrically conductive carbonmaterials and the conductive mineral magnetite in DIET

has been studied with defined co-cultures, and the function of these materials have been evaluated with

mutant strains in which genes for key extracellular electron transfer constituents were deleted. For

example, when granular activated carbon (GAC) was added to medium in which growth of G. metalliredu-

cens and G. sulfurreducens was only possible via DIET, there was little or no lag in metabolism and growth

(Liu et al., 2012). This is in contrast to the long lag periods (30–35 days) before DIET was established in the

absence of GAC. Glass beads did not promote DIET. A similar stimulation of DIET was observed with car-

bon cloth (Chen et al., 2014a) and biochar (Chen et al., 2014b), two other conductive carbon materials.

Poorly conductive cotton cloth did not promote DIET, and conductive carbon cloth did not have a stimu-

latory effect on a co-culture in which Desulfovibrio vulgaris (a microbe that can participate in interspecies

hydrogen transfer, but not DIET) was substituted for G. metallireducens as the electron-donating partner

(Chen et al., 2014a). GAC also greatly accelerated the initiation of DIET in defined co-cultures of G. met-

allireducens and M. barkeri (Rotaru et al., 2014b) and in samples from a laboratory digester in which Geo-

bacter and Methanothrix species were involved in DIET (Liu et al., 2012).

Conductive carbonmaterials with particle sizes larger than cells appear to function as an electrical grid con-

necting electricity generation (the electron-donating partners) with electricity consumers (the electron-ac-

cepting partners). Both partners attach to the conductive carbon material rather than making cell-to-cell

electrical connections (Figure 3). The simplicity of the partners attaching anywhere on a conductive carbon

material versus two or more species locating each other and establishing direct contact may be one of the

factors leading to much faster establishment of DIET with conductive carbon materials.

Another mechanism by which conductive carbon materials may facilitate DIET is by reducing the need for

microbes to express an extensive array of extracellular electrical connects. Although mutant strains that

lacked e-pili or key outer-surface c-type cytochromes were inhibited in DIET, these same strains readily

participated in DIET in the presence of electrically conductive carbon materials (Chen et al., 2014a; Liu
iScience 23, 101794, December 18, 2020 7



Figure 3. Scanning Electron Micrograph of a

Syntrophic Co-culture of G. metallireducens (Rods)

and M. barkeri (Spheres) with Biochar

Image reprinted with permission from Chen et al.

(2014b).
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et al., 2012; Rotaru et al., 2014b). The reduced requirement for biological extracellular electrical contacts in

the presence of conductive carbon materials further illustrates that greater simplicity of different species

establishing electrical connections when the cells have the option to plug into a large conductive surface

that can be shared with substantial numbers of electron-donating and electron-accepting cells.

Furthermore, eliminating the need to produce abundant e-pili in order to increase the odds of making con-

tact with an electron-accepting partner may yield a substantial energetic advantage. The high conductivity

of e-pili is associated with a greater abundance of aromatic amino acids than found in poorly conductive pili

(Lovley, 2017a; Lovley and Holmes, 2020; Lovley and Walker, 2019). Biosynthesis of aromatic amino acids

requires substantial metabolic energy, a cost to the cell that can be avoided when cells can attach to

conductive carbon materials. The combined effects of simplifying the establishment of interspecies elec-

trical connections and reducing the metabolic costs to make those connections are likely contributors to

enhanced DIET in the presence of conductive carbon materials.
Magnetite

Nanoparticles of the conductive iron mineral magnetite stimulated methane production in enrichment cul-

tures initiated with rice paddy soils with an accompanying enrichment of Geobacter and Methanosarcina

species, suggesting an ‘‘electric syntrophy’’ in which magnetite served as a conduit for interspecies elec-

tron transfer (Kato et al., 2012a). Magnetite greatly enhanced DIET in defined co-cultures of G. sulfurredu-

cens and Thiobacillus denitrificans (Kato et al., 2012b),G.metallireducens andG. sulfurreducens (Liu et al.,

2015), and G. metallireducens and M. barkeri (Wang et al., 2018d).

The available evidence suggests that the mechanism for magnetite stimulation is different from that for

conductive carbon materials (Liu et al., 2015; Ueki et al., 2018). In addition to composition, a major differ-

ence between magnetite and conductive carbon materials is size. The conductive carbon materials exam-

ined in defined co-cultures are much larger than cells, whereas the typical size of magnetite (20–50 nm) is

much smaller. At best, each magnetite crystal contacts a small proportion of an individual cell’s surface and

two cells would need to be within nanometers of each other to be simultaneously in contact with the same

magnetite crystal. This contrasts with conductive carbon materials facilitate long range (hundreds of micro-

meters or more) electron exchange between DIET partners. It is conceivable that multiple magnetite par-

ticles could agglomerate to form larger particles or chains, but such formations have not been observed in

the transmission electron micrographs of co-cultures in which DIET was promoted with magnetite (Kato

et al., 2012b; Liu et al., 2015; Wang et al., 2018d). Some added magnetite adsorbs to cell surfaces, but

in co-cultures of G. metallireducens as the electron-donating partner and either G. sulfurreducens or M.

barkeri as the electron-accepting partner, much of the magnetite is specifically associated with pili (Liu

et al., 2015; Wang et al., 2018d).

The association of magnetite with pili is notable because, in contrast to conductive carbon materials (Chen

et al., 2014a; Rotaru et al., 2014b; Ueki et al., 2018), the addition of magnetite cannot restore the capacity for

DIET when Geobacter cannot express e-pili or expresses poorly conductive pili (Liu et al., 2015; Ueki et al.,

2018). This result is consistent with the concept that magnetite crystals are too small to enable long-range
8 iScience 23, 101794, December 18, 2020



ll
OPEN ACCESS

iScience
Review
electron transport. Magnetite additions did enable DIET in a G. sulfurreducens strain deficient in OmcS

that did not grow via DIET without magnetite (Liu et al., 2015). This result suggests that magnetite might

replace a proposed function of OmcS, which is facilitating electron transport between e-pili and the

external environment. The addition of magnetite to DIET-based co-cultures with wild-type G. sulfurredu-

cens repressed expression of theOmcS gene (Liu et al., 2015), further suggesting that magnetite could sub-

stitute for OmcS and that the cell sensed the reduced need for OmcS.

The size of magnetite, the lack of evidence for long magnetite chains in DIET-based co-cultures, and the

ability of magnetite to rescue OmcS deficient, but not e-pili deficient, mutants suggest that the electron

transfer capabilities of magnetite enable it to substitute for outer-surface c-type cytochromes in DIET.

The differences between conductive carbon materials and magnetite in their mechanisms for stimulating

DIET are significant, and thus strategies to promote anaerobic digestion with conductive carbon materials

may not be effective with magnetite and vice versa.
POTENTIAL REASONS FOR DIET STABILIZING AND ACCELERATING ANAEROBIC

DIGESTION

Owing to the limited understanding of the routes for electron transfer during DIET, the reasons why pro-

moting DIET can accelerate and stabilize anaerobic digestion are still somewhat a matter of speculation.

The potential energy yield from the overall reaction of the conversion of organic substrates to methane is

the same with DIET and when H2/formate serve as an intermediary electron carrier. Increased energy con-

servation may be available to DIET partners because electron transfer via DIET is more direct with fewer

electron transfer steps incurring energy losses (Lovley, 2011). However, the key comparative studies on en-

ergy conservation and cells yields in support of this speculation have yet to be conducted (Lovley, 2017c).

Furthermore, high efficiency in energy conservation may not be the prime consideration (Lovley, 2011). En-

ergetic considerations must also include the energy that DIET partners need to invest to establish their

extracellular electrical connections and the relative reduction in this cost when conductive materials are

added (Lovley, 2017b).

Once interspecies electrical connections are established, electron transfer via DIET should be faster than

diffusive electron exchange via soluble electron shuttles. DIET is also less sensitive to the accumulation of

H2 (Cruz et al., 2014; Guo et al., 2020; Xu et al., 2016; Zhang et al., 2020c; Zhao et al., 2017c). Thus, DIET is

expected to be especially beneficial when rates of organic loading are high and more rapid metabolism of

fermentable substrates releases H2 at elevated levels. As more data become available it may be possible to

construct mathematical models that can quantify the cost/benefits of DIET versus interspecies H2 transfer

under different environmental conditions, as well as the benefits of conductive material amendments,

providing a valuable tool for anaerobic digester design. However, there are not yet enough data on the

fundamental parameters necessary to build reliable/predictive models (Lovley, 2017c).
DIAGNOSING SUCCESS IN PROMOTING DIET

The rational design of strategies to improve anaerobic digestion by promoting DIET will require methods

for quantifying the degree to which DIET has been stimulated. An underlying assumption in many studies

appears to be that, prior to the addition of conductive materials, interspecies hydrogen transfer predom-

inates in most anaerobic digester samples. However, as discussed previously, in general, there is no sup-

porting evidence for this assumption, which is a remnant of a time prior to the discovery of DIET. In some

instances, such as the treatment of relatively simple brewery wastes in UASB digesters, DIET is prevalent

prior to the addition of conductive materials, as evidenced with detailed analysis of the composition

and gene expression of the microbial community (Morita et al., 2011; Rotaru et al., 2014a; Shrestha

et al., 2014). The prevalence of DIET in other types of digesters is not well understood. The degree to which

methanogenesis is stimulated with conductive materials is not a reliable indication of the extent of DIET

prior to amendment because, even when DIET appears to be the predominant route for interspecies elec-

tron exchange, the addition of conductive materials can further accelerate methanogenesis (Liu et al.,

2012).

In the current early stages of DIET studies stimulation of methane production following addition of electri-

cally conductive carbon materials or magnetite is typically attributed to promotion of DIET based on

extrapolation from the results with defined co-cultures in which DIET can be verified in greater detail. In
iScience 23, 101794, December 18, 2020 9
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some instances, enhanced methane production is associated with an increased enrichment of microbes

closely related to microbes that are available in pure culture that are known to participate in DIET, such

as Geobacter, Syntrophus, Methnothrix, and Methanoarcina species (Baek et al., 2016; Barua and Dhar,

2017; Guo et al., 2020; Kato et al., 2012a; Lei et al., 2019; Lin et al., 2020; Ma et al., 2020a; Mei et al.,

2018; Shen et al., 2020; Tian et al., 2017; Wang et al., 2018a, 2018b, 2019b; Xing et al., 2020; Xu et al.,

2015, 2016; Yan et al., 2018; Yang et al., 2017; Zhang et al., 2018b, 2020c; Zhao et al., 2016a, 2017c; Zhuang

et al., 2015b). However, in many other studies the addition of conductive materials to samples from anaer-

obic digesters or other methanogenic environments has led to the enrichment of other bacteria andmetha-

nogens (Baek et al., 2015; Barua et al., 2018; Fu et al., 2018; Guo et al., 2018, 2020; Hu et al., 2017; Im et al.,

2019; Jing et al., 2017; Lei et al., 2016, 2018; Lin et al., 2018; Luo et al., 2015; Ma et al., 2020b; Mostafa et al.,

2020; Ren et al., 2020; Rotaru et al., 2018; Sun et al., 2020; Tan et al., 2015; Usman et al., 2019; Wang et al.,

2019a, 2020a; Xia et al., 2019; Xu et al., 2018; Yamada et al., 2015; Yang et al., 2017; Yan et al., 2018; Yang

et al., 2015, 2016, 2020; Yin et al., 2017a, 2017b, 2018; Zhang et al., 2018b, 2020a; Zhang and Lu, 2016;

Zhuang et al., 2015a) (Table S2). Known characteristics of some of the enriched microbes further support

the possibility that they are involved in DIET. For example, Syntrophus, Smithella, Syntrophobacter, Syntro-

phorhabdus, Syntrophomonas, Desulfatibacillum, Syntrophaceticus, Flexistipes, Desulfurivibrio, and Cal-

diterrivibrio (Walker et al., 2018, 2020) have genes likely to yield e-pili, and several of these microbes

were enriched in studies in which conductive materials were added to methanogenic samples (Baek

et al., 2016; Capson-Tojo et al., 2018; Fu et al., 2018; Guo et al., 2020; Guo et al., 2020, 2020; Lei et al.,

2016; Lim et al., 2020; Luo et al., 2015; Ma et al., 2020a, 2020b; Mostafa et al., 2020; Wang et al., 2019b,

2020a; Xia et al., 2019; Xing et al., 2020; Xu et al., 2018; Zhang et al., 2018b, 2020c; Zhang and Lu, 2016) (Ta-

ble S2). However, as previously discussed in detail (Lovley, 2017c), the mechanisms for electron exchange

via DIET may be diverse, and more studies are required to further identify the diversity of bacteria capable

of functioning as electron-donating partners for DIET.

In a similar manner, the diversity of methanogens capable of DIET probably extends well beyond theMeth-

anothrix and Methanosarcina species, which have been shown to participate in DIET in defined co-culture

studies (Rotaru et al., 2014a, 2014b; Yee and Rotaru, 2020). A broad range of methanogenic genera,

including Methanobacterium, Methanospirillum, Methanocella, Methanoregula, Methanolinea, Metha-

nosphaerula,Methanomassiliicoccus,Methanothermobacter, andMethanoculleus species, were enriched

with the addition of electrically conductive materials and inferred to be capable of accepting electrons via

DIET (Capson-Tojo et al., 2018; Chowdhury et al., 2019; Fu et al., 2018; Guo et al., 2018, 2020; Im et al., 2019;

Jing et al., 2017; Lei et al., 2016; Lei et al., 2016; Lin et al., 2017, 2018; Ma et al., 2020b; Tian et al., 2017; Xia

et al., 2019; Yang et al., 2016; Zhang and Lu, 2016; Zhang et al., 2018b; Zhuang et al., 2015a) (Table S2). The

inability of Methanobacterium formicum and Methanospirillium hungateti to grow in defined co-culture

with G. metallireducens as the electron-donating partner argues against some of these methanogens be-

ing capable of DIET (Rotaru et al., 2014a). However, it must be considered that the available pure cultures of

these methanogens were enriched, cultured, and maintained for years with H2 or formate as the electron

donor and may have lost their ability to participate in DIET. For example, enrichment conditions that

favored DIET yielded a Methanobacterium species capable of DIET with G. metallireducens as the elec-

tron-donating partner. Therefore, it is not possible to classify microbes in terms of their capacity to partic-

ipate in DIET based solely on the currently available analysis of a limited number of laboratory isolates.

Studies with defined co-cultures have focused on the limited subset of non-fermentable substrates such as

short-chain fatty acids, alcohols, and aromatic compounds (Rotaru et al., 2014a, 2014b; Summers et al.,

2010; Walker et al., 2020; Wang et al., 2016). However, a broad range of organic compounds are metabo-

lized faster when DIET in methanogenic mixed-species systems is promoted with conductive materials in

Table S2. These include glycerol (Im et al., 2019), oleic acid (Mostafa et al., 2020), glucose (Guo et al., 2018,

2020; Luo et al., 2015; Ren et al., 2020; Tian et al., 2017; Xu et al., 2016; Yang et al., 2017; Zhang et al., 2020b),

sucrose (Hu et al., 2017; Wang et al., 2018a, 2019a, 2019b), phenol (Yan et al., 2018), tryptone (Yin et al.,

2017a, 2017b, 2018), complex mixtures of fructose and polyethylene glycol (Mei et al., 2018), hydrocarbons

(Usman et al., 2019; Yang et al., 2020), and N-heterocyclic compounds (Wang et al., 2018b), dairy waste

(Baek et al., 2016), whey (Baek et al., 2015), leachate (Lei et al., 2016, 2018, 2019), dog food (Dang et al.,

2016, 2017), kitchen waste (Capson-Tojo et al., 2018; Lim et al., 2020; Zhang et al., 2018a), waste activated

sludge (Li et al., 2018; Sun et al., 2020;Wang et al., 2020d; Yang et al., 2017), corn straw (Zhu et al., 2019), and

cyanobacterial biomass (Tan et al., 2015). The possibility that these substrates directly serve as substrates

for DIET will require more in-depth microbiological investigations.
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As more is learned about the scope of DIET in the microbial world it should be possible to estimate the

importance of DIET in anaerobic digesters with metatranscriptomic analysis that identifies the levels of

expression for key genes diagnostic of DIET. The promise of this approach is evident from transcriptomic

analysis of DIET in defined co-cultures (Holmes et al., 2018; Rotaru et al., 2014a; Shrestha et al., 2013), rice

paddy soils (Holmes et al., 2017), and a UASB reactor (Rotaru et al., 2014a). Ideally, advanced analytical

techniques capable of directly quantifying in situ fluxes of interspecies electron transfer as well as H2

and formate turnover will be developed so that the relative importance of DIET and interspecies hydrogen

(formate) transfer can be determined.
ENGINEERING A BETTER DIET-BASED DIGESTER

Alternative Strategies to Favor DIET

The inclusion of conductive materials is likely to be just one component of the best strategies for enhancing

anaerobic digestion. The prevalence of DIET in UASB digesters treating ethanol (Morita et al., 2011; Rotaru

et al., 2014a; Shrestha et al., 2014) even without the addition of conductive materials suggests that

strategies that retain biomass within the digester may provide time for biological interspecies electrical

connections to be established and justify the biological energy expenditure to synthesize these additional

proteins. Also, the fact that ethanol is a good substrate for establishing DIET-based communities should be

considered in digester start-up. For example, UASB digesters initially developed with ethanol feed to

establish DIET-based communities formed highly conductive aggregates and metabolized subsequent

propionate and butyrate inputs faster than digesters that were only fed with propionate or butyrate

(Zhao et al., 2016b).

It is uneconomical to continuously feed digesters to promote DIET. An alternative strategy is to pretreat

complex organic wastes to favor ethanol production. This approach has been evaluated with dairy wastes

(Zhao et al., 2017a), kitchen wastes (Zhao et al., 2020), and corn straw (Zhu et al., 2019). For example, UASB

digesters fed with dairy wastes pretreated with an ethanol-producing fermentation (ethanol content 15%–

20%) could tolerate higher organic loading rates (53–79.5 kgCOD [chemical oxygen demand]/m3/day)

versus control digesters (13.25–39.75 kgCOD/m3/day) and methane conversion efficiency was increased

to more than 85% (Zhao et al., 2017a). Other studies also noted the increased energy yield derived from

an ethanol fermentation pretreatment (Yu et al., 2018; Calicioglu and Brennan, 2018; Dererie et al., 2011;

Wu et al., 2015), but the possibility of DIET enhancement was not considered.

Ethanol fermentation pretreatment is optimal at pH 4.0–4.5 (Ren et al., 1997), too low for effective methano-

genesis. However, in a full-scale anaerobic digestion system, the excessive acidity can be alleviated by mix-

ing with a fraction of the effluent of the anaerobic digester (neutral reflux liquid) with the acidic ethanol-rich

feed (Zhao and Zhang, 2019). This relatively simple, low-cost design (Figure 4) does not require any changes

to internal structure of the anaerobic digester.
Economically Providing Conductive Surfaces in Full-Scale Digesters

Although laboratory studies have routinely mixed conductive materials into small-scale batch systems (Fig-

ure 5), this approach is not scalable economically. In a study evaluating this approach, granular activated

carbon (15 g/L, 0.037–0.149 mm) was mixed with kitchen wastes that were then fed to a semi-contin-

uous-flow pilot-scale digester for methane production, increasing the methane production rate by 40%

(Zhang et al., 2018a). However, the daily loss of granular activated carbon in the digester discharge

(0.345 kg) needed to be replenished each day (Zhang et al., 2018a). The costs of maintaining the granular

activated carbon levels (0.97–2.07 Yuan/gVSS [volatile suspended solid]/day) account for 38.3%–81.8% of

the income expected from the methane produced (approximately 2.53 Yuan/gVSS/day). Furthermore,

additional costs would be associated with the labor and equipment for the daily additions of granular acti-

vated carbon. DIET has been successfully stimulated in laboratory studies with the addition of carbon nano-

tubes and graphene oxides (Li et al., 2015b; Lin et al., 2017, 2018; Mostafa et al., 2020; Shen et al., 2020; Tian

et al., 2017; Yang et al., 2017) but cost more than granular activated carbon. Biochar, which costs ca. 15%–

35% as much as granular activated carbon, would help the economics. However, there is no apparent

method for removing either biochar or granular activated carbon from the digester discharge, and thus

their use will increase the final solid volume of waste residues. Therefore, application of carbon-based

conductive materials with the particle sizes that have typically been employed in laboratory studies seems

unlikely to be an economically feasible strategy for improving full-scale anaerobic digestion.
iScience 23, 101794, December 18, 2020 11



Figure 4. Flow Diagram of a Full-Scale Anaerobic Digestion System Treating Bagasse Wastes

Image reprinted with permission from Zhao and Zhang (2019).
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More promising are approaches that retain conductive materials within digesters, such as increasing their

size. The addition of larger particles of granular activated carbon provided greater resilience to high rates

of organic loading in UASB digesters than smaller particles (Xu et al., 2015) despite the fact that larger par-

ticles are expected to have less surface area per volume than smaller particles. Graphite powder mixed with

high-density polyethylene formed yielded conductive carriers, suspended by hydraulic mixing and external

reflux (Figure 6), that increased methane production rates from brewery wastes by 7.8%–23.3% over con-

trols with non-conductive high-density polyethylene suspended carriers (Liu et al., 2020).

Carbon cloth, felt, or fiber is amendable to incorporation in anaerobic digesters. Carbon fiber has been

employed as a packed bed for biomass retention in continuous-flow anaerobic digesters (Sasaki et al.,

2007; Tatara et al., 2005, 2008; Zhang et al., 2012) and bioelectrochemical reactors (Cheng et al., 2011; Sa-

saki et al., 2013), but could have the added benefit of providing a conduit for DIET. High mechanical

strength and corrosion-resistant materials such as stainless steel mesh can serve as the physical support

to fix the carbon fiber sheets to the top or bottom of the digester (Figure 7).

Carbon cloth is less expensive than carbon felt and carbon fiber and enhanced the stability of continuous-

flow laboratory-scale methanogenic digesters treating the non-fermentable substrates such as ethanol

(Zhao et al., 2015) and butanol (Zhao et al., 2017c), leachate (Lei et al., 2016), and dog food (Dang et al.,

2016). Carbon cloth promoted methane production from dog food better than carbon felt with the same

geometry (Dang et al., 2016). The cost of the one-time addition of carbon cloth was only 0.84–1.27
12 iScience 23, 101794, December 18, 2020



Figure 5. Image of a Semi-Continuous-Flow Pilot-

Scale Anaerobic Digester Treating Kitchen Wastes

with Granular Activated Carbon

Image reprinted with permission from Zhang et al.

(2018a).
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Yuan/L (working volume of digester), which corresponds to the 200- to 300-day income derived from the

biogas production under the organic loading rate of 8.5 kgCOD/m3/day (Dang et al., 2016). Therefore,

from the perspective of a long-term economic and technical feasibility, carbon cloth may be the best of

carbon-based conductive materials that can be used and designed as an electron conduit to permanently

promote DIET in a full-scale anaerobic digester.

Although magnetite has shown promise in promoting methane production in continuous-flow systems

(Baek et al., 2016; Lei et al., 2018; Wang et al., 2018b, 2019b), there are also issues with retaining magnetite

for long-term operations. There is no apparent method for recycling magnetite from the digester

discharge, and in some instances, an equal amount of magnetite was periodically supplemented into

the digester to compensate for the loss during the sludge withdrawal period (Wang et al., 2018b; Yin

et al., 2017a, 2018). A potential strategy to avoid magnetite loss is to modify magnetite loaded with a

porous and biocompatible carrier (Song et al., 2019). Another source of magnetite loss can be microbial

reduction of the Fe(III) in magnetite, which destroys the crystalline structure (Wang et al., 2019b). In one

study the diameter of large particles of aggregated magnetite derived from industrial waste residues
Figure 6. Study Reporting a Laboratory-Scale Moving-Bed Anaerobic Digester with Graphite-Based Suspended

Carriers

Images of graphite-based suspended carriers (A), a laboratory-scale moving-bed anaerobic digester (B), and schematic

diagram of the moving-bed anaerobic digestion process (C). Image (C) reprinted with permission from Liu et al. (2020).
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Figure 7. Study Reporting Laboratory-Scale Bioelectrochemical Reactors with Carbon Fiber

Images of carbon fiber sheets horizontally (A) or vertically (B) physically supported by stainless steel mesh. Image (A)

reprinted with permission from Cheng et al. (2011). Image (B) reprinted with permission from Sasaki et al. (2013).
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declined over 100 days of digester operation from 10–15 mm to 8–13 mm (Zhao et al., 2017b), whereas in

another study (with similarly sized magnetite, 10–15 mm) no magnetite was detected after 56 days (Peng

et al., 2018). Therefore, magnetite does not appear to be a good solution for long-term improvement of

methane production in full-scale anaerobic digesters.
OUTLOOK

The finding that promoting DIET improves methane yields and increases resilience against instabilities has

suggested that re-engineering anaerobic digesters to favor DIET will enhance the effectiveness of this

important bioenergy strategy. To date, investigations on the impact of amendments of conductive mate-

rials on DIET have primarily been empirical. The improvements in methane production observed are gener-

ally attributed to a shift in electron flow toward more DIET, but the evidence has been circumstantial at

best. In the absence of suitable technologies for directly tracking the flow of electrons in methanogenic

microbial communities, molecular analyses such as metatranscriptomics are likely to be the best approach

for documenting the extent of DIET. The potential for diagnosing DIET with metatranscriptomics has

already been demonstrated in anaerobic digesters in which a limited diversity of microbes was metabo-

lizing one simple primary substrate (Rotaru et al., 2014a). It will be more challenging to diagnose DIET

with metatranscriptomics for systems anaerobically digesting more complex wastes because the diversity

of microorganisms andmetabolic pathways is much greater. Development of the paradigms for DIET diag-

nosis in such systems will require basic research to better understand the diversity of bacteria and metha-

nogens that have the potential to participate in DIET and the mechanisms by which these microbes partic-

ipate in extracellular electron exchange. The insights derived from such research is also likely to lead to new

concepts for the design of new materials to enhance DIET.

Improved engineering of anaerobic digestion, based on existing information, should proceed in parallel

with the suggested microbiological studies with a focus on technologies that are sustainable and econom-

ically feasible for long-term operation. A holistic approach that considers physical/chemical modifications

to favor DIET-based communities as well as the deployment of conductive materials is likely to be most

effective. For example, co-digestion of wastes with a high saccharide content likely to yield ethanol with

other types of wastes could provide an ethanol ‘‘spiked’’ fuel likely to promote DIET-based communities.

Digester designs should consider that conductive materials are only likely to be economical if they are a

permanent fixture within the digester.

This is an exciting time in anaerobic digestion. Modern tools of microbiology and engineering show prom-

ise for advancing the understanding of the function of this early bioenergy technology and improving its

effectiveness to enhance the sustainable conversion of wastes to energy.
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METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101794.
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