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At the sediment-water interfaces, filamentous cable bacteria transport electrons from sulfide oxidation
along their filaments towards oxygen or nitrate as electron acceptors. These multicellular bacteria
belonging to the family Desulfobulbaceae thus form a biogeobattery that mediates redox processes
between multiple elements. Cable bacteria were first reported in 2012. In the past years, cable bacteria
have been found to be widely distributed across the globe. Their potential in shaping the surface water
environments has been extensively studied but is not fully elucidated. In this review, the biogeochemical
characteristics, conduction mechanisms, and geographical distribution of cable bacteria, as well as their
ecological effects, are systematically reviewed and discussed. Novel insights for understanding and
applying the role of cable bacteria in aquatic ecology are summarized.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,

Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Microorganisms are key ecosystem agents for biogeochemical
elemental cycling, greenhouse gas generation, environmental pol-
lutants degradation, and human health protection [1,2]. These
functions are ultimately linked to microbial redox processes [3—5].
In water-sediment systems, the diffusion of dissolved oxygen (DO)
results in a redox potential gradient with an oxidizing environment
at the surface of the sediment and a reducing anoxic environment
below. A low electrical current can be detected by connecting the
deep sediment and the overlaying water using metal wires [6].
Notably, recent advancements have confirmed the occurrence of
long-distance electrical currents (LDET) involving the coupling of
sulfide oxidation with oxygen reduction at the surface of marine
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sediments (i.e., electrogenic sulfide oxidation (e-SOx)) [7,8]. Sub-
sequent research has established that these currents were micro-
bially mediated by a new type of multicellular filamentous bacteria,
cable bacteria. These unique organisms form networks of bacterial
filaments, connecting thousands of single cells end to end and
spanning centimeters from the oxic surface to the anoxic subsur-
face of the sediment (Fig. 1) [8,9].

The electron transfer capability of cable bacteria, extending over
centimeter ranges, surpasses any observed in organisms to date
[10]. This remarkable phenomenon involves the guided current
along cells via fibers in a common periplasm of the entire cable
bacterium [11]. Although the molecular composition remains un-
clear [8,10,12,13], such long-range electron transfer adds a new
dimension to our understanding of biogeochemistry and microbial
ecology in aquatic sediments [7,8]. A growing number of findings
suggest that cable bacteria are widely distributed in sedimentary
environments, such as offshore oceans, mangrove wetlands,
freshwater bodies, and underground aquifers [14—17]. Notably,
cable bacteria actively influence the redox conditions of the
aqueous phase covering the sediment [18,19]. For example, cable
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Fig. 1. The e-SOy process of cable bacteria. Cable bacteria oxidize sulfide to sulfate,
channeling electrons upward to oxygen (or nitrate) via conductive fibers connecting
each single cell. The illustrated depiction on the right side expounds upon the pro-
posed mechanisms of sulfide oxidation and electron transfer within a singular cell.
SRB, sulfate-reducing bacteria; SQR, sulfide-quinone oxidoreductase; PSR, polysulfide
reductase; Dsr, dissimilatory bisulfite reductase; Apr, adenosine phosphosulfate
reductase; APS, adenosine-5-phosphosulfate; Sat, sulfate adenylyltransferase.

bacteria regulate the cycling of sulfur, phosphorus [20], manganese
[21], and iron in seasonal hypoxic environments [18]. Furthermore,
cable bacteria can also suppress methane release and serve as an
electrical connection to oxygen for other bacteria flocking around
them [22—24]. Moreover, filamentous microorganisms, putatively
cable bacteria, have been seen to cover the deap sea sulfide chim-
neys [25]. Therefore, speculation arises regarding the potential of
cable bacteria and many other electroactive microorganisms to
support biogeochemical cycles in aquatic environments by forming
a widespread redox network, especially for cable bacteria through
LDET processes from the sediment's depths to its surface [22].

This review summarizes the current knowledge about the
niches and functions of cable bacteria in aquatic ecosystems.
Additionally, we delve into the key metabolism and LDET mecha-
nisms of cable bacteria. Conclusively, we outline the research gaps
and questions that need to be addressed to better understand or
apply cable bacteria in aquatic environments.

2. Biological characteristics
2.1. e-SOx and oxygen/nitrate reduction

Phylogenetically, cable bacteria are categorized within the
Desulfobulbaceae family, exhibiting notable diversity [8,26]. Sulfide
oxidation occurs in the anodic cells in the anoxic zone, sustaining
LDET through continuous conductive fibers in the periplasmic
space and feeding oxygen reduction in the cathodic cells in the oxic
zone [13]. Cable bacteria lack characteristic marker genes of typical
sulfur-oxidizing bacteria [13]. Instead, all key genes of the dissim-
ilatory sulfate reduction (DSR) pathway [13,27,28] were found, and
many genes of this pathway were highly expressed in Candidatus
Electronema sp. GS. The metabolic reconstruction based on the first
genome of freshwater cable bacteria suggests that cable bacteria
reverse the canonical sulfate reduction pathway for sulfide oxida-
tion to sulfate [29]. This is consistent with the features of DSR found
in Desulfobulbaceae bacteria, such as Desulfurivibrio alkaliphilus
[13]. D. alkaliphilus can also grow by sulfur disproportionation and
nitrate-dependent sulfide oxidation [29,30] and oxidize sulfides to
elemental sulfur and, eventually, sulfate [31]. A similar two-step
process is hypothesized to occur in cable bacteria [13]. A periplas-
mic type III sulfide-quinone oxidoreductase (SQR) is expressed in
cable bacteria and, therefore, a reasonable candidate for the initial
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sulfide oxidation step [15], while a type I SQR oxidizes sulfide in
D. alkaliphilus [31]. The formed sulfur reacts chemically with sulfide
to dissolve polysulfides, which can be translocated from the peri-
plasm into the cytoplasm [32]. Currently, type III SQRs are poorly
characterized [32,33]. In the second step, sulfate is produced from
polysulfide in the cytoplasm via the reverse DSR pathway [13].
Although the mechanism of elemental sulfur or polysulfide trans-
port across the cytoplasmic membrane in cable bacteria remains
unclear, genomic information suggests potential involvements of a
membrane protein YeeE mediating thiosulfate uptake, the cyto-
plasmic enzyme rhodanese, and the sulfur transferases TusA and
the subunit-EFH in dissimilatory sulfite reductase complex DsrEFH
in the transport process [13,34,35]. Hypotheses propose the for-
mation of the subunit-C in dissimilatory sulfite reductase complex
DsrC-trisulfide (DCT) through the reaction of reduced sulfur from
TusA or sulfide with DsrC, which is subsequently oxidized by the
subunit-AB in dissimilatory sulfite reductase complex DsrAB to
form sulfite and DsrC [13]. Finally, sulfate is generated by adenosine
5-phosphate reductase (AprAB) or sulfate adenylyltransferase (Sat),
representing an adenosine triphosphate (ATP)-generating process.
Sulfate can then be released from the cell via the sulfate permease
SulP (Fig. 1) [13,28,36]. Fig. 1 summarizes how cable bacteria
oxidize sulfide to sulfate, transferring electrons upward to oxygen
(or nitrate) via conductive fibers connecting each single cell.

The electrons released from the sulfide oxidization process can
be transferred to the membrane quinone pools in dissimilatory
sulfite reductase complex DsrMK and the quinone-interacting
membrane-bound oxidoreductase QmoABC complexes. Subse-
quently, a membrane-anchored complex, i.e., CydA (subunit-A in
cytochrome bd oxidase) -CytB (subunit-B in cytochrome bc com-
plex) -Rieske protein, may oxidize the quinols and transfer elec-
trons to periplasmic conductive fibers via soluble cytochromes.
Meanwhile, the CydA-CytB-Rieske complex is predicted to play a
key role in forming trans-membrane proton gradient and gener-
ating energy in cable bacteria [13].

The mechanism of the oxygen reduction step during e-SOy is yet
unclear. Despite extensive investigations, classical terminal
membrane-bound oxidases within the genomes of cable bacteria
have not been conclusively identified, with a potential exception
being the membrane-bound cytochrome c oxidase. However, the
presence of periplasmic cytochromes suggests an oxygen reduction
process without energy conservation [13]. Two independent
studies concluded that the cathodic oxygen-reducing cells within
the filament are solely responsible for efficient electron transport to
oxygen without energy conservation or carbon fixation [37,38]. The
ability to oxidize inorganic sulfur compounds using oxygen as
electron acceptors has also been demonstrated in single-cell sulfate
reducers. Desulfovibrio desulfuricans and Desulfobacterium auto-
trophicum can perform oxygen reduction that is not associated with
growth or energy generation [39]. Moreover, it has been demon-
strated that Desulfovibrio vulgaris Hildenborough exhibits adaptive
responses to increased oxygen concentrations facilitating energy
conservation after 114 generations [39].

Cable bacteria can also use nitrate and nitrite as electron ac-
ceptors for oxidation of inorganic sulfur compounds via LDET,
forming ammonium as the end product via dissimilatory nitrate
reduction to ammonium (DNRA) [40]. A model for the DNRA of Ca.
Electronema sp. GS has been proposed: nitrate is reduced by a
periplasmatic nitrate reductase (NapAB), and the formed nitrite is
reduced to ammonium by a putative nitrite reductase (pOCC) in the
periplasm [38]. The reduction of nitrate and nitrite is likely not
connected to energy generation in Ca. Electronema sp. GS during
LDET, similar to oxygen reduction [38]. Notably, cable bacteria can
favor other DNRA bacteria as they stimulate Fe?* dissolution (e.g.,
either by oxidizing Fe—S-containing minerals or decreasing the



Z. Wang, L. Digel, Y. Yuan et al.

ambient pH), which can serve as an exclusive electron donor for
DNRA [9]. Nitrate reduction by cable bacteria using LDET to get
privileged access to distant electron donors is a hitherto unknown
mechanism in nitrogen transformations, and the quantitative
importance in elements cycling remains to be addressed [40].

2.2. Long-distance electron transport mechanism

In contrast to the extracellular electron transfer (EET) of other
electroactive microorganisms, electrons in cable bacteria travel
along the periplasmic conductive fibers, extending from anodic to
cathodic cells [41,42]. A gradient in cytochrome redox potential
along individual cable bacteria was detected by Raman spectros-
copy, and was immediately disrupted upon oxygen removal or
laser-cutting of the filaments [10]. These results provide direct
evidence for LEDT in living cable bacteria. Studies using conductive
atomic force microscopy showed that the parallel conductive fibers
of cable bacteria have a conductivity of 10 S cm™!, comparable to
some artificial polymer nanowires [43]. Moreover, these fibers are
electrically interconnected between adjacent cells and thus form a
fail-safe electrical network [44]. This unique biological electrical
circuit can maintain the LDET of cable bacteria even when partial
fibers or cells are impaired.

In addition to their electrical conductivity, the periplasmic fibers
also have an important function in maintaining the integrity of
individual cable bacteria cells as a united filament [45]. Moreover, it
was recently demonstrated that these fibers also provide a
community-serving electrical conduit that can deliver electrons
from diverse microorganisms flocking around cable bacteria to
oxygen. When the conductive fibers of cable bacteria actively
mediate e-SOy, their associated bacteria flock around the anoxic
part of cable bacteria with oxidized cytochromes [23,46]. Upon a
cut between the anoxic and oxic parts of cable bacteria, the flocking
cells spread out, and their cytochromes are reduced, indicating the
flocking cells (mostly aerobes) donate electrons to the conductive
fibers of cable bacteria and eventually to oxygen (Fig. 2) [46].
Although the mechanisms of the interspecies electron transfer
between cable bacteria and the flocking microorganisms are un-
clear, this function renders an even broader role of cable bacteria in
microbial ecology with electrons derived from multiple donors.
These results indicate a crucial role played by the conductive fibers
in facilitating connections not only among cable bacteria cells but
also in establishing links between cable bacteria and other
microorganisms.

Although the periplasmic fibers of cable bacteria have been
extensively studied, the molecular structure and mechanism of
electron conduction remain unclear [11,44,47,48]. Cytochromes are
common electron carriers in bacterial cells [49]. C-type
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Fig. 2. The role of cable bacteria as an electronic conduit delivering electrons from the
flocking bacteria to oxygen. Left: oxygen-respiring cable bacteria with flocking bac-
teria; Right: bacteria spread out after a cut of cable bacteria.
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cytochromes were identified in cable bacteria and gradually
changed from a reducing state to an oxidation state from the anoxic
end to the oxic end, but there is no direct evidence that c-type
cytochromes are the main electron carrier for cable bacteria's LDET
[10,13]. The mechanism of electron conduction in cable bacteria has
not been elucidated yet, but was found to be thermally activated
[48].

High-resolution observation on the fiber structure of cable
bacteria is the key to understanding their LDET mechanism. High-
resolution microscopy, spectroscopy, and chemical imaging of in-
dividual cable bacterium filaments showed that the periplasmic
wires of cable bacteria encompass a conductive protein core sur-
rounded by an insulating protein shell layer [50]. The core proteins
contain a sulfur-ligated nickel cofactor, essential for electron con-
duction; this importance is underscored by observations of
decreased conductivity when nickel undergoes oxidation or se-
lective removal [50]. Recent studies have further demonstrated the
formation of a fiber network in cable bacteria, showcasing electrical
interconnectivity between adjacent cells [11,44]. Such structural
organization provides a fail-safe electrical network for LDET in
these filamentous microorganisms [44]. Moreover, the electron
conduction within this network does not exhibit apparent direc-
tionality. Remarkably, when anodic cells were exposed to oxygen,
electric currents were rapidly restored, indicating a seamless
transition from oxidation to reduction in the anodic cells [37].

Interestingly, the most abundant protein in Ca. Electronema sp.
GS is subunit-A in pilin (PilA), a type IV pili-forming protein [13].
However, no pili-like structures have been observed on the surface
of cable bacteria. Although it has been demonstrated that PilA can
facilitate the construction of conductive nanowires (or even build
conductive e-pili directly) in some electroactive microorganisms
such as Geobacter species [51], the role of the highly expressed PilA
in cable bacteria remains unclear, and the existence of e-pili is still
debatable [52].

3. Geochemical and geographical distribution characteristics
3.1. Geochemical characteristics

e-SOy significantly affects the cycles of sulfur, iron, manganese,
nitrogen, phosphorus, and other redox-active elements, resulting in
a distinct geochemical fingerprint detectable by microsensor
profiling [7,8,20,21]. Noteworthy characteristics include the pres-
ence of a wide suboxic zone with no detectable oxygen and sulfide
in the porewater ([02] < 1 pmol L™, [H5S] < 1 pmol L~1). The depth
of the suboxic zone serves as a reliable indicator of the extent to
which the cable bacteria network is prevalent [8]. Another feature
is a distinct pH signature in the sediment porewater caused by the
spatial segregation of the two redox half-reactions [53]. Cathodic
reduction of oxygen generates alkalinity in the top sediment while
protons are produced (acidification) by the anodic sulfide oxidation
in the bottom [40,54,55]. The acidification caused by the e-SOy of
cable bacteria in deep sediment increases the dissolution of many
solid minerals, such as calcium carbonates and iron sulfides [56].
On the other hand, the alkaline sediment-water interface can buffer
the diffusion of the dissolved carbonate, Fe?>*, and Mn?* from the
deep sediment to the overlying water by accelerating the rate of
carbonate accumulation and the process of mineral diagenesis
[57,58].

3.2. Geographic distribution
By combining microsensor profiling [7,8,15,59], microscopic

techniques [8,24,25,55], and 16S rRNA gene sequencing [22,54],
cable bacteria have been observed in over sixty locations
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worldwide. Predominantly, these occurrences are situated in ma-
rine environments, encompassing 42 sites, with subsequent in-
stances identified in freshwater and other environments. A map of
the global distribution of cable bacteria based on recent reports is
provided in Fig. S1.

3.2.1. Coastal sediments

Cable bacteria exhibit growth across diverse coastal sediment
environments, encompassing salt marshes, seasonally hypoxic ba-
sins, and subtidal coastal mud plains [55]. Within marine sedi-
ments, these cable bacteria are classified under the taxon Ca.
Electrothrix, featuring four species: Ca. Electrothrix marina, Ca.
Electrothrix aarhusiensis, Ca. Electrothrix japonica, and Ca. Elec-
trothrix communis [13]. Complementary laboratory experiments
with intertidal sands demonstrated that mechanical disturbance
destroyed the e-SO, signal, showing that bioturbation may control
the natural distribution of cable bacteria [55]. In New England salt
marsh sediments, the activity of cable bacteria appeared to be more
persistent compared to that of coastal sediments, as the sulfide was
constantly provided by sulfate reduction rather than accumulated
iron sulfide [17]. Microsensor profiling combined with fluorescence
in situ hybridization (FISH) recorded filament densities of
77 m cm~2 and the signature of e-SOy in laboratory incubations of
sediments from grey mangroves near Melbourne, Australia, which
shows that cable bacteria are present and active in mangrove
sediments [60]. Furthermore, cable bacteria were found in the salt
pans (sabkhas) in Tunisia, characterized by a highly variable salinity
[14]. Salinity is a controlling factor for cable bacteria diversity and
species composition. Recent evidence showed that cable bacteria
living in freshwater or marine environments have different ion
translocation channels to maintain the osmotic balance [26].

3.2.2. Freshwater sediments

In freshwater sediment, cable bacteria were first observed in the
freshwater stream Giber A, Denmark [15]. This finding hinted at the
broader prevalence and biogeochemical significance of cable bac-
teria, surpassing initial expectations tied to the lower sulfide/sul-
fate content in freshwater compared to marine environments
[15,16,26]. The density of cable bacteria in freshwater sediments
was shown to be less than 100 m cm™2, while the density of cable
bacteria in marine sediments can be up to 2000 m cm 2 [14,15].
River sediments host a diverse array of cable bacteria, featuring
both generalists and many specialists [15,61]. Despite this diversity,
the contribution of cable bacteria in the freshwater ecosystem and
other influencing factors remain unclear due to sulfide limitations.
Dong and colleagues (2022) evaluated cable bacteria assemblages
from ten river sediments in the Pearl River Delta, China. The results
revealed that the communities of cable bacteria were determinis-
tically assembled through water quality-driven selection; sulfide-
lacking or highly contaminated water environment could reduce
the cell width and diversity of cable bacteria [59]. However, cable
bacteria were found in contaminated freshwater sediments, and
the density of cable bacteria after enrichment reached a maximum
0f 95.48 m cm 2. This revelation contributes fundamental data that
supports further exploration of the role of cable bacteria in the
bioremediation of freshwater sediment [16,22].

3.2.3. Other habitats

Aquatic plants can release oxygen into the rhizosphere,
rendering it an ideal habitat for cable bacteria. Direct observations
revealed the presence of cable bacteria at seagrass roots (Fig. 3),
with the oxygen-leaking roots contributing to a higher abundance
of cable bacteria [62]. Cable bacteria are also associated with the
rhizosphere of freshwater aquatic plants, including the important
crop Oryza sativa (rice), Lobelia cardinalis, and Salicornia europaea
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[63]. Large filamentous bacteria (LFB) have also been found in deep
seafloor environments, playing a considerable role in the biogeo-
chemical cycling of elements in such environments [25]. Analyses
of a 16S rRNA gene clone library showed that these LFB belongs to
the Desulfobulbaceae. Notably, compared to cable bacteria through
phylogenetic, morphological, and environmental considerations,
they exhibit high similarity [25]. Additionally, the discovery of cable
bacteria in hydrocarbon-contaminated aquifers and black-odorous
sediments suggests that cable bacteria may tolerate a certain de-
gree of pollutant stress and survive in contaminated habitats
[64—67]. Yet, a survey of published geochemical data and 16S rRNA
gene sequences identified that the global distribution of cable
bacteria is strongly underestimated [14].

4. Cable bacteria for environmental protection
4.1. Promoting degradation of organic pollutants in sediments

The detection of Desulfobulbaceae at the oxic—anoxic interface
of fresh sediment cores taken at a hydrocarbon-contaminated
aquifer suggests that cable bacteria are active and mediate the
sulfur cycle of polluted aquifers [64,65]. In a BMFC operating in a
temperate estuarine environment for over a year, cable bacteria
attached to the fibers of a carbon brush anode might use the anode
as an electron acceptor to motivate toluene degradation in sedi-
ments [68]. Furthermore, it was demonstrated that cable bacteria
and other Desulfobulbaceae members could be enriched in bio-
electrochemical snorkels deployed for the remediation of
hydrocarbon-contaminated marine sediment, concomitant with
sulfur metabolism and toluene degradation. SRBs have been known
to participate in the degradation of hydrocarbons [69—71], and the
accelerated degradation of some hydrocarbons, such as toluene or
petroleum hydrocarbons, has been related to the sulfate generation
from the e-SOy of cable bacteria [22,67,72]. Meanwhile, the sulfide-
scavenging capability of cable bacteria also plays an important role
in accelerated degradation, as sulfide is toxic to sulfate-reducers
[68,74]. Cable bacteria can also behave like bioelectrochemical
snorkels and stimulate sulfate regeneration in the anoxic sediment,
accelerating alkane degradation by 24% [73]. Phylogenetic ecolog-
ical network analyses further revealed that elevated DO concen-
trations in the overlying water reinforced interspecific interactions
between cable bacteria and functional microorganisms, such as
SRB, contaminant degraders, and electroactive microorganisms in
anoxic sediment. This suggests enhanced microbial syntrophies
using cable bacteria LDET and metabolism to regenerate SO5~ [22].

Additionally, motile microorganisms in sediments can poten-
tially transport organic pollutants into deeper sediments through
microbial gliding or twitching motility [74]. Gliding motility is
particularly common in sulfur bacteria and Cytophaga-
Flavobacterium groups [75,76]. Cable bacteria use gliding or
twitching motility to access sulfide [72,77]. Recent studies have
evidenced that cable bacteria can accelerate the migration of pyr-
ene from the sediment surface to deeper layers, where they
collaboratively enhance pyrene degradation alongside SRB and
other contaminant degraders [72]. Furthermore, e-SOx can influ-
ence the redox potential and pH of sediments, consequently
impacting the physical and chemical properties of minerals. This, in
turn, leads to changes in the bioavailability of organic pollutants
adsorbed on the surface of the mineral particles (Fig. 3) [19,22].
Therefore, cable bacteria may play important roles in the self-
healing capacity of contaminated sediments and inspire novel
remediation treatments upon persistent organic pollutants (POPs)
spillage.
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Fig. 3. The effects of cable bacteria e-SO, on water ecosystems. MRB, mineral-reducing
bacteria; ANME, anaerobic methanotrophic archaea; SRB, sulfate-reducing bacteria;
AHs, aromatic hydrocarbons.

4.2. Regulating the migration and cycling of metal elements

Furthermore, beyond their crucial involvement in the cycles of
C, N, S, and O elements, cable bacteria affect the ecosystem by
regulating the cycles of pivotal metal elements, such as Fe, Mn, and
As, as summarized in Fig. 3 [14,19—21,53].

The metabolic activity of cable bacteria was found to induce an
electrical field of 12—17 mV m~! in the upper centimeters of
freshwater sediment, which affected the depth profiles and fluxes
of major cations (e.g., Ca®*, Fe?*, and Mn®") and anions (SO3 ") in
the pore water through an ionic drift [78,79]. The strong acidifi-
cation of the pore water at greater depths increased the dissolution
of calcium carbonates and iron sulfides, thus elevating the con-
centrations of Ca?>* and Fe?" in the pore water [56,78,79]. Subse-
quently, the mobilized iron diffused to the oxic zone, oxidizing it as
FeOOH, while calcium precipitated in the oxic zone as magnesium-
calcite [79]. The development of e-SOy also increased the release of
dissolved manganese at the sediment—water interface and inhibi-
ted phosphate efflux [21,56]. Trace elements arsenic and cobalt can
be adsorbed on the sulfide precipitation, and when e-SOy acidifies
the pore water, the dissolution of iron sulfide may release the trace
elements again to the overlying water [79]. Molybdenum in sedi-
ments was mainly enriched on the surface of iron oxides and hy-
droxide particles. The metabolism of cable bacteria causes the
dissolution of manganese carbonate and FeS, indirectly affecting
molybdenum kinetics and expanding the seasonal variation of
molybdenum change [80]. Based on these reports, it can be
assumed that cable bacteria also play an important role in affecting
the redox and distribution of many other heavy metals (e.g., Cr, U)
in sediments, indicating possible applications of cable bacteria in
remediating metal-contaminated environments and recovering
noble metals.

4.3. Relieving sulfide toxicity

Seasonal oxygen depletion (hypoxia) is very common in coastal
bottom waters, leading to the release and persistence of free sulfide
(euxinia), which is highly toxic to ecosystems [81,82]. A recent
report showed that cable bacteria can delay the onset of euxinia in
coastal waters [18]. Cable bacteria generate a large buffer of sedi-
mentary iron oxides before the onset of summer hypoxia, capturing
free sulfide in the surface sediment, thus likely preventing the
development of bottomwater euxinia and protecting aquatic life
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[18]. For example, bivalves rely on external microbial sulfide
oxidation to prevent diffusive uptake of sulfide across the gill sur-
face [83,84]. This protective mechanism, however, is not observed
in other organisms like blue mussels and Pacific oysters [85]. High
cable bacteria densities may be critical in sediment detoxification
for bivalve reef sustainability [85]. A symbiosis between cable
bacteria and seagrass was recently proposed [62]. Aquatic plants
release oxygen into the rhizosphere of marine and freshwater
sediments, influencing the balance between sulfide-oxidizing
bacteria (SOB, sulfide consumption) and SRB (sulfide production)
within the rhizosphere. It was demonstrated that cable bacteria
were enriched at the oxic—anoxic transition zone next to roots
compared to the bulk sediment in the same depth [63]. There is a
possibility that radial oxygen loss (ROL), by influencing the abun-
dance, activity, and spatial distribution of SOB, such as cable bac-
teria and SRB that colonize these younger roots, acts as a ‘barrier’ to
sulfide intrusion [62]. Given the presence of cable bacteria in many
seasonally hypoxic systems, the euxinia-preventing firewall
mechanism, characterized by a substantial buffer of sedimentary
iron oxides, may be widely active. This could elucidate why euxinia
is relatively infrequently observed in the coastal ocean [18].

4.4, Mitigation of greenhouse gas emissions

Methane, mainly generated by methanogens, is the second most
important greenhouse gas on Earth, superseded only by CO,. It has
more than 80-fold greater global warming potential than CO, over
the first 20 years after it enters the atmosphere. Cable bacteria have
a competitive effect on methanogens due to their ability to induce a
surge in sulfate concentrations in the surface layer, thereby stim-
ulating SRB. This stimulation competes with methanogenic archaea
for substrates like acetate [22,86]. Scholz and colleagues (2020)
found that inoculating rice-vegetated soil pots with cable bacteria
led to a fivefold increase in sulfate inventory, resulting in a
remarkable 93% reduction in methane emissions compared to
control pots lacking cable bacteria [86]. Liu and colleagues (2021)
also showed increased activity of cable bacteria promoting the
accumulation of sulfate and depletion of organic carbon (Fig. 3)
[22]. There is a possibility that the acidification by cable bacteria
hinders the production of organic carbon from root exudations and
sloughed root material, thus further limiting the fermentation and
methane production of sediments [86,87]. Therefore, promoting
cable bacteria in different habitats by enrichment or sensible
management may contribute to climate change mitigation by
reducing methane emissions [86].

5. Outlook

The study on cable bacteria is still in its infancy. To further
discover the functions and underlying mechanisms of cable bac-
teria, numerous questions and challenges must be tackled.

The primary consideration revolves around cultivating cable
bacteria in a pure form. The development of reliable genetic engi-
neering protocols, the investigation of specific syntrophic in-
teractions, and an assessment of the ecological safety of cable
bacteria for potential biomaterial production or environmental
remediation necessitate their cultivation in pure culture. To this
end, further genomic and metabolic information on cable bacteria
in different environments becomes imperative for optimizing
cultivation strategies. Moreover, a simplified sediment-like culti-
vation environment and isolation of cable bacteria-associated mi-
croorganisms are also important in cultivating cable bacteria,
whether in pure culture or co-culture. Secondly, the interaction or
cross-feeding networks of cable bacteria and their microbial part-
ners need to be comprehensively elucidated. Unraveling the nature
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of the interaction between cable and flocking bacteria and
discerning whether the latter can contribute nutrients to the
former holds the key to securing a purified culture of cable bacteria.
These insights are paramount for comprehending and regulating
the ecological role of cable bacteria within ecosystems. Thirdly, the
mechanism underlying the LDET of cable bacteria remains un-
known. Clarifying elements such as the molecular structure of
conductive fibers and the process by which these fibers accept
electrons from the redox chain of cable bacteria is indispensable for
unraveling the distinctive lifestyle of cable bacteria. Furthermore,
this knowledge serves as a catalyst for advancements in green
electronic materials. Finally, the application and regulation of cable
bacteria in diverse environments warrant scrutiny. The potential of
cable bacteria in fields such as the bioremediation of contaminated
environments, mitigation of global warming, and design of green
conductive materials is promising. The global distribution of cable
bacteria and numerous laboratory-scale studies affirm their impact
and environmental application potential. Therefore, shifting focus
towards large-scale and in situ investigations is imperative to
further ascertain the practical implications and real-world viability
of cable bacteria in various contexts.

Cable bacteria represent a lifeform characterized by a unique
cellular organization dependent on a highly efficient yet unidentified
electron conduction mechanism and serves an important environ-
mental function. To answer these inquiries, future research should
apply various interdisciplinary theories and techniques, including
but not limited to microbiology, structural biology, geochemistry,
environmental engineering, and material chemistry. Uncovering the
solutions to these queries will undoubtedly contribute to advancing
knowledge within these respective disciplines.
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