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a  b  s  t  r  a  c  t

Cable  bacteria  are  long,  multicellular  filaments  that  can  conduct  electric  currents  over  centimeter-scale
distances.  All  cable  bacteria  identified  to date  belong  to  the deltaproteobacterial  family  Desulfobulbaceae
and  have  not  been  isolated  in  pure  culture  yet.  Their  taxonomic  delineation  and  exact  phylogeny  is
uncertain,  as  most  studies  so  far  have reported  only  short  partial  16S  rRNA  sequences  or  have  relied
on  identification  by a combination  of filament  morphology  and  16S  rRNA-targeted  fluorescence  in situ
hybridization  with  a Desulfobulbaceae-specific probe.  In  this  study,  nearly  full-length  16S  rRNA  gene
sequences  of  16 individual  cable  bacteria  filaments  from  freshwater,  salt  marsh,  and  marine  sites  of
four  geographic  locations  are  presented.  These  sequences  formed  a distinct,  monophyletic  sister  clade  to
the genus  Desulfobulbus  and  could  be  divided  into  six  coherent,  species-level  clusters,  arranged  as  two
genus-level  groups.  The  same  grouping  was  retrieved  by phylogenetic  analysis  of full  or  partial  dsrAB
genes  encoding  the  dissimilatory  sulfite  reductase.  Based  on  these  results,  it  is proposed  to  accommo-
date  cable  bacteria  within  two novel  candidate  genera:  the  mostly  marine  “Candidatus  Electrothrix”,
with  four  candidate  species,  and  the  mostly  freshwater  “Candidatus  Electronema”,  with  two  candidate

species.  This  taxonomic  framework  can  be  used  to  assign  environmental  sequences  confidently  to  the
cable  bacteria  clade,  even  without  morphological  information.  Database  searches  revealed  185  16S  rRNA
gene sequences  that  affiliated  within  the  clade  formed  by  the  proposed  cable  bacteria  genera,  of which
120  sequences  could  be assigned  to one  of  the  six  candidate  species,  while  the  remaining  65  sequences
indicated  the  existence  of  up  to  five  additional  species.

©  2016  The  Author(s).  Published  by Elsevier  GmbH.  This  is  an  open  access  article  under  the CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ntroduction

The term “cable bacteria” is collectively used for long, multi-
ellular filamentous bacteria affiliated to the deltaproteobacterial
amily Desulfobulbaceae that can mediate electric currents over
entimeter-scale distances in marine, freshwater, and salt-marsh
ediments [16,20,36,39,41,44]. Cable bacteria have been proposed

o perform electrogenic sulfur oxidation via long-distance electron
ransport. Thereby they electrically couple the oxidation of sul-
de in anoxic layers with the reduction of oxygen at the sediment
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surface [29,31]. This unique type of microbial metabolism creates
distinct geochemical signals that can be detected by depth profil-
ing of O2, pH, H2S, and electric potential [8,29,35], and drastically
changes the geochemistry of cable bacteria-populated sediments
[24,28,37].

Cable bacteria have so far evaded cultivation in axenic culture,
although all specimens reported to date are morphologically con-
spicuous, cm-long filaments with distinct longitudinal ridges on
their surface [31] and belong to an apparently monophyletic sister
lineage of the genus Desulfobulbus [31,36]. However, their tax-
onomic delineation and diversity are uncertain, as most studies
have only reported short partial sequences that covered different
regions of the 16S rRNA gene [16,21,23,46]. Molecular identifica-
tion of cable bacteria therefore currently relies on matching short

environmental sequences with high sequence identity (>97%) to
“confirmed” cable bacteria sequences (i.e. 16S rRNA gene sequences
obtained from single filaments) [31,36,39]. Alternatively, fil-
ament morphology and the general Desulfobulbaceae-specific,
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6S rRNA-targeted probe DSB706 [18] are combined to detect and
uantify cable bacteria by fluorescence in situ hybridization (FISH)
ithout further identification [20,41,44].

The aim of the current study was to establish a robust phy-
ogenetic framework for cable bacteria, which could be used for
heir taxonomic delineation and the reliable identification of cable
acteria environmental sequences.

Therefore, individual filaments of cable bacteria were picked
rom freshwater and marine sediments for whole genome ampli-
cation, sequencing, and assembly of nearly full-length 16S rRNA
nd dsrAB gene sequences in order to complement the 16S rRNA
hylogeny with that of a faster evolving marker gene [25]. The data
ere used to reconstruct a robust cable bacteria phylogeny, which,

ogether with the available morphological, physiological and eco-
ogical information, led to the proposal of six candidate species

ithin two novel candidate sister genera. Using this taxonomic
ramework, cable bacterial 16S rRNA gene sequences were iden-
ified in public databases, and a comprehensive overview of their
nvironmental diversity and distribution is presented together
ith the design of novel oligonucleotide probes for their specific
etection.

aterials and methods

ites and sample collection

arhus Bay, Denmark
Sediment was collected from Aarhus Bay, Denmark

56◦8′20.004′′N, 10◦12′51.084′′E) in April 2012 and cable bacteria
nrichment cultures were prepared as described previously [31].
n February 2013, sediment from Aarhus Bay was  incubated
nder anoxic, nitrate-amended conditions, according to Marzocchi
t al. [23], and incubations were subsampled for cable bacteria
ollection.

uzzards Bay, MA,  USA
Samples from intertidal salt marsh sediment, Little Sippewis-

ett, MA,  USA (41◦34′33.9′′N, 70◦38′04.9′′W)  were obtained from
aboratory incubations during the study of Larsen et al. [16] in
ugust 2012.

okyo Bay, Japan
Sediment cores from Tokyo Bay, Japan (35◦32′12.11′′N,

39◦55′0.12′′E; water depth, 20 m)  were collected by Scuba diving
n November 2013, and the uppermost 20 cm were preserved in 50%
v/v) ethanol and later used for cable bacteria extraction without
rior enrichment. The site was seasonally hypoxic and bioturbated
ith brittle stars and polychaetes.

iber Å, Denmark
For freshwater cable bacteria, four recently published full-

ength 16S rRNA gene sequences (GenBank acc. no. KP728462-65)
ere used, which had been retrieved from freshwater sedi-
ent enrichments of the lowland stream Giber Å (56◦3′53.9′′N,

0◦10′20.3′′E), at a site located approximately 5 km inland from the
oast of Aarhus Bay, Denmark [36].

ilament preparation, genome amplification, sequencing, and
enome reconstruction

Cable bacteria were extracted from sediments as described
reviously [31]. Briefly, single filaments of cable bacteria were

icked from sediments with custom-made capillary glass hooks
nder dissection microscope guidance (Leica M125; Leica, Wetzlar,
ermany). All filaments were washed in sterile artificial seawa-

er (salinity: 25‰,  pH 8; Reef Crystal) and lysed by ultrasonic
 Microbiology 39 (2016) 297–306

bead-beating (Sonoplus HD2070; Bandelin, Berlin, Germany; son-
ication parameters: 3 min, continuous mode, amplitude setting:
30% ≈ 21 W).  Genomes were amplified using the GenomePlex®

Single Cell Whole Genome Amplification Kit (Sigma–Aldrich).
Sequencing of the amplified genomic material was performed on an
Ion Torrent PGMTM sequencer (Life Technologies, USA) using 316v1
chips and 200 or 400 bp chemistry according to the manufacturer’s
protocols. Read trimming and adapter clipping were carried out as
described earlier [36]. The trimmed and clipped reads were assem-
bled using (i) gsAssembler version 2.6 (Roche 454 Life Sciences,
Branford, CT) with 10 different configurations: minimum overlap
settings of 50 or 100 bp, respectively, and minimum similarity val-
ues of 96–100% with 1% steps; and (ii) SPAdes version 2.2.1 (Aarhus
Bay MCF) or 3.5 (all other filaments) [2]. Additionally, a set of
10 reduced-complexity assemblies was generated, where 500,000
randomly-selected reads were assembled using gsAssembler 2.6
with a minimum overlap of 100 bp and a minimum sequence iden-
tity of 98%. The resulting 21 assemblies were combined, and contigs
shorter than 1000 bp were excluded from further analysis. Cable
bacterial 16S rRNA genes were extracted from the assemblies as
described previously [36]. Open reading frames (ORFs) were pre-
dicted on the extracted contigs using FragGeneScan version 1.19
[34]. ORFs coding for DsrA and DsrB were identified and extracted
using MEGAN version 4.70.4 [13] based on BLASTp hits to NCBI’s nr
database (January 25th, 2015 version). Due to the multiple assem-
blies, this resulted in multiple dsrA and dsrB ORFs extracted from
most single filaments, which were aligned and merged using ARB
[49], yielding the final dsrA and dsrB sequences used for further
analysis. Several of the reconstructed dsrAB sequences were incom-
plete, or even absent in filaments F1 and F5 (Table S2), most likely
due to incomplete and biased genome recovery after the genome
amplification step.

Phylogenetic analyses

All 16 cable bacteria 16S rRNA gene sequences were aligned
using the SINA online tool [32], added to the SILVA Release 119 SSU
Ref database [33] using ARB [49], and the alignment was manually
inspected. Phylogenetic trees were calculated by maximum like-
lihood (ML; RAxML [43]) and maximum parsimony (MP; Phylip
[9]) methods implemented in ARB with 1000 bootstraps and a 50%
base frequency filter. Full-length 16S rRNA gene sequences from 36
Desulfobulbaceae isolates, extracted from RDP [http://rdp.cme.msu.
edu/] were included as reference sequences (Table S1). A consensus
tree was  constructed from ML  and MP  trees with multifurcations
at nodes that differed between the two  treeing methods, indicating
that the tree topology at these nodes could not be unambiguously
resolved. Pairwise 16S rRNA gene sequence similarities were cal-
culated using the ARB neighbor-joining tool.

The dsrA and dsrB sequences (Table S2) were concatenated
and added into a published reference alignment [25] using ARB.
Nucleotide identities between aligned dsrAB sequences were cal-
culated using MEGA version 6.06 [45]. Nucleotide dsrAB sequences
were translated to amino acid sequences and aligned based on
the corresponding nucleotide alignment using ARB. Phylogenetic
trees were calculated based on almost full-length DsrAB sequences
(≥788 amino acids long) by ML  analysis with RAxML version
8.2.4, and MP  analysis with Phylip version 3.696 (http://evolution.
genetics.washington.edu/phylip.html). ML  analysis was performed
using the � model of rate heterogeneity and the WAG  amino acid
substitution matrix. Node stability of ML  and MP  phylogenies was

evaluated by 1000 bootstrap replicates. Short DsrAB sequences
(<788 amino acids long) were added to the ML  phylogeny using
an evolutionary placement algorithm (EPA) [4] implemented in
RAxML version 8.2.4.

http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
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Sequences obtained in the present study were deposited in Gen-
ank under accession numbers KR912338 to KR912349 (16S rRNA)
nd KU844004 to KU844028 (dsrAB).

atabase mining for 16S rRNA sequences of cable bacteria and
hylogenetic placement

The GenBank (Release May  2015) [3] and SILVA SSU Ref
Release 119) [33] databases were screened for sequences with
ucleotide identities ≥90% to any of the full-length cable bac-
erial 16S rRNA sequences using BLASTn [1]. Partial sequences
ere added separately to the consensus tree by parsimony crite-

ia using the quick-add tool in ARB. Sequences affiliating within
he cable bacteria cluster were retained for further analysis. The
AMPS database [12] and the Sequence Read Archive (SRA) [17]
ere searched using the key words “metagenome” and “sedi-
ent”. Relevant VAMPS data sets were downloaded manually

rom the database server, while SRA data sets were retrieved via
heir accession numbers using the fastq-dump function of the SRA
oftware toolkit [17] (May 2015). Reads featuring a sequence iden-
ity of ≥90% to one of the full-length 16S rRNA sequences of
able bacteria were extracted using BBmap version 34.94 (http://
ourceforge.net/projects/bbmap/). Extracted reads were taxonomi-
ally classified using the classify.seqs function integrated in Mothur
ersion 1.25 [40]. Classification was carried out using the “Wang”
unction with 1000 bootstrap iterations, and was based on the
esulfobulbaceae phylogenetic tree created in this study. Only clas-
ifications featuring a bootstrap support of at least 80% were
etained.

The retained partial sequences were phylogenetically placed
sing the EPA [4] implemented in RAxML 8.2.4 [43]. In brief, the
PA assigned the environmental sequences to the edges of the full-
ength 16S rRNA consensus tree (see above) under the maximum
ikelihood model. RAxML was called with an alignment of 280 query
nd reference sequences to place 227 partial sequences into the
03 branches of the consensus tree with 53 taxa. The algorithm
eturned multifurcating nodes if two or more query sequences were
ssigned to the same edge. Only sequences placed in the cable
acteria cluster were retained (Table S3) and displayed in the final
ree.

luorescence in situ hybridization (FISH)

robe design and evaluation
Based on the 16S rRNA gene diversity observed in the phylo-

enetic analyses, a set of five new cable bacteria-specific probes,
ncluding competitor (C) and helper (H) oligonucleotides, as
eeded, were developed using ARB (Table 3). Probes were tested

or sensitivity and specificity in silico with the ARB probe match tool
SILVA database 119 SSU Ref Nr 99). In addition, TestProbe 3.0, the
ILVA probe match and evaluation tool, was used to check probes
gainst the current SILVA Release 119 SSU Ref and Parc database
or specificity and group coverage. mathFISH [55] was applied for
n silico evaluations of the new probes, including hybridization
fficiency calculations [53], formamide curve simulation [54], mis-
atch analysis [52], and competitor model [11]. The predicted

ybridization conditions were tested in situ with cable bacteria-
nriched sediment from Aarhus Harbor and Giber Å. EUB338 probe
ixture [7] and probe NON338 [48] were used as positive and neg-

tive controls, respectively, and probe DSB706 [18] was  used to
dentify filamentous Desulfobulbaceae. Stringency was  adjusted as

escribed by Manz et al. [22] in order to discriminate single mis-
atch differences between co-occurring filaments of clusters I and

V (in Aarhus Harbor enrichments), and between clusters V and VI
in Giber Å enrichments).
 Microbiology 39 (2016) 297–306 299

FISH
Cable bacteria filaments were extracted and separated from

Aarhus Bay sediment, as described by Kallmeyer et al. [14], with
samples sonicated for 3 × 10 s with 10 s between cycles (Sonopuls
HD 2070; Bandelin). Freshwater sediments were diluted and spot-
ted onto slides without cell extraction, as described previously
[31]. FISH was  performed according to the standard protocol [30]
with formamide concentrations in the hybridization buffer and
with helper and competitor oligonucleotides added as listed in
Table 3. Probes were 5′-labeled with either 6-carboxyfluorescein
(6-FAM), the sulfoindocyanine dye Cy3, or Atto542, and they
were all purchased from biomers.net (Ulm, Germany). Samples
were counterstained with the general DNA stain 4′,6-diamidino-
2-phenylindole (DAPI) and evaluated using a Zeiss Axiovert 200M
epifluorescence microscope (Carl Zeiss, Göttingen, Germany). Pic-
tures were taken with a black and white camera (AxioCam MRm;
Carl Zeiss). Digital image analysis was  performed using the Zeiss
imaging software AxioVision Rel.4.8.2 (Carl Zeiss).

Electron and atomic force microscopy analysis

Bundles of cable bacteria were collected with glass hooks as
described above from sediment incubations with “Candidatus Elec-
tronema nielsenii” (identified by sequencing and FISH), washed
in water to remove sediment particles, and either used directly
or stored in 50% (v/v) ethanol at −20 ◦C. Transmission electron
microscopy (TEM) carbon support films on copper grids were made
hydrophilic using a Pelco easiGlowTM glow discharger. Cable bacte-
ria bundles were pipetted onto the grids and allowed to settle for
45 min. The grids were then washed in water before staining with
2% phosphotungstic acid (pH 7) for 2–3 s. TEM were acquired on
a Tecnai G2 Spirit microscope (FEI, Eindhoven, The Netherlands)
with a side-mounted Veleta CCD camera (Olympus Soft Imaging
Solutions, Münster, Germany). For scanning electron microscopy
(SEM), bundles were pipetted onto 0.2 �m pore size track-etched
polycarbonate filters and allowed to dry. Dry filters were mounted
on SEM specimen mounts using conductive carbon adhesive tabs
and coated with 5 nm gold using a Leica EM SCD500 sputter coater.
Imaging was  performed on a FEI Nova 600 NanoSEM in high vacuum
at 5 kV.

Native, hydrated cable bacteria were analyzed by atomic force
microscopy (AFM) to avoid artifacts potentially introduced by sam-
ple preparation (dehydration, staining, or coating) or the vacuum
environment necessary for EM imaging. AFM images were cap-
tured on a Dimension Icon® AFM (Bruker, Santa Barbara, USA) in
tapping mode with ultra-sharp probes (OMCL-AC160TS-C2; Olym-
pus, Tokyo, Japan) in air. The spring constant of the probe was
26.1 N m−1, with a resonant frequency of approximately 300 kHz.
Analysis of AFM images was carried out with Scanning Probe
Image Processor software (SPIPTM; Image Metrology ApS, Lyngby,
Denmark).

Results and discussion

Refined phylogeny of cable bacteria

Picking of individual cable bacteria filaments with subsequent
whole genome amplification and 16S rRNA sequence reconstruc-
tion enabled direct correlation of sequence information with the
phenotypic property of cable bacteria and their environmental ori-
gin, in line with earlier studies of large sulfur bacteria [19,26,38]. All
16 full-length 16S rRNA gene sequences retrieved from single fila-

ments in this study clustered together as a distinct, monophyletic
sister group to the genus Desulfobulbus within the family Desulfob-
ulbaceae (Fig. 1A). This cable bacteria clade displayed two major,
genus-level branches with a 16S rRNA gene sequence identity

http://sourceforge.net/projects/bbmap/
http://sourceforge.net/projects/bbmap/
http://sourceforge.net/projects/bbmap/
http://sourceforge.net/projects/bbmap/
http://sourceforge.net/projects/bbmap/
http://sourceforge.net/projects/bbmap/
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Fig. 1. (A) Consensus tree of full-length 16S rRNA gene sequences of cable bacteria and all isolated members of the Desulfobulbaceae. Phylogenetic trees were calculated
using  a 50% base frequency filter. The nomenclature is based on the proposal of Candidatus taxa made in this study. Roman numbers indicate identified species within the
genera  “Candidatus Electrothrix” and “Candidatus Electronema”, which are indicated with different background colors. Corresponding accession numbers of cable bacteria
are  shown in parentheses. Scale bar represents 10% estimated sequence divergence. Bootstrap support (1000 re-samplings) of meaningful nodes is indicated by split circles
(left:  maximum likelihood (ML); right: maximum parsimony (MP)), with black, gray and white/absence indicating ≥90%, 70–90% and <70% support, respectively. Accession
numbers of reference sequences are listed in Table S1. (B) DsrAB-based phylogeny of cable bacteria and closely related Desulfobulbaceae, as reconstructed by ML  analysis.
Scale  bar represents 10% sequence divergence. Bootstrap support (1000 re-samplings) of meaningful nodes is indicated by split circles (left: ML;  right: MP), with black, gray
and  white/absence indicating ≥90%, 70–90% and <70% support, respectively. Short sequences (<788 amino acids, marked with asterisks) were added to the tree without
changing its topology. DsrAB sequences of distantly related Desulfobulbaceae were used as an outgroup (not shown). No dsrAB ORFs were identified in the partial genomes of
“Ca.  Electronema nielsenii”. Accession numbers of reference sequences are listed in Table S2. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of this article.)
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Table  1
16S rRNA gene sequence identities among the proposed candidate species of cable bacteria.

Cluster Name of species within the cluster 16S rRNA gene identity

With
cluster I [%]

With cluster
II [%]

With cluster
III [%]

With cluster
IV [%]

With cluster
V  [%]

With cluster
VI [%]

I “Ca. Electrothrix marina” 100 97.4 96.6 96.9–97.1 90.4–90.8 89.7
II  “Ca. Electrothrix aarhusiensis”a 97.4 100 97.2 98.3 90.3–90.5 89.6
III  “Ca. Electrothrix japonica”1 96.6 97.2 100 98.3–98.4 89.9–90.2 89.6
IV  “Ca. Electrothrix communis” 96.9–97.1 98.3 98.3–98.4 99.9–100 90.7–91 89.9
V  “Ca. Electronema nielsenii” 90.4–90.8 90.3–90.5 89.9–90.2 90.7–91 99.7 95.1
VI  “Ca. Electronema palustris” 89.7 89.6 89.6 89.9 95.1 100
Desulfobulbus D. mediterraneus 86FS1 92.2 92.2 92.1 91.9–92 89.7 88.6
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Desulfobulbus D. propionicus DSM 2032 91.1 90.

a Only one sequence available.

f <94.5% (Table 1), which is the cut-off for discriminating dif-
erent genera [51]. One branch contained the twelve sequences
riginating from marine and salt marsh sites, whereas the other
omprised the four freshwater sequences, separated into two
istinct species-level clusters, below the 98.7% 16S rRNA gene
equence identity threshold proposed for discriminating differ-
nt species [42]. Overall, the analysis thus reproduced the cable
acteria phylogeny reported previously [36]. However, due to the
ull-length sequences, it was also possible to differentiate four
pecies that had a <98.7% 16S rRNA gene sequence identity (Table 1)
nd were clearly phylogenetically distinct (Fig. 1A) in the hitherto
nresolved marine group [16,21,23,31,39,46].

The same grouping was retrieved by phylogenetic analysis of
srAB amino acid sequences (Fig. 1B). The dsrA and dsrB genes
ncode the alpha and beta subunits of the dissimilatory sulfite
eductase and are widely used functional and phylogenetic marker
enes for sulfate-reducing and sulfide oxidizing-prokaryotes
25,47]. The identities of the dsrAB genes between 16S rRNA-
efined species were ≤92%, <82% between members of the two
able bacteria genera, and <80% between cable bacteria and the
enus Desulfobulbus (Table 2, Table S4). These values were within
he 90–92% dsrAB identity range proposed for species delineation
15,25], or the 75–82% identity range for genus delineation infer-
ble from the data set of Müller et al. [25], and thus supported the
6S rRNA-based analysis.

roposal of novel candidate taxa

Based on these results, it is proposed to accommodate cable
acteria within two novel candidate genera: the preferably marine
Candidatus Electrothrix”, with four novel candidate species, “Ca. E.

arina”, “E. aarhusiensis”, “E. communis”, and “E. japonica”, and the

referably freshwater “Candidatus Electronema”, with two novel
andidate species, “Ca. E. nielsenii”, and “E. palustris”. The proposed
enera and species can be distinguished based on their 16S rRNA

able 2
srAB gene sequence identities among the proposed candidate species of cable bacteria.

Cluster Name of species within the cluster dsrAB gene identity

With cluster I
[%]

With clus
II [%]

I “Ca. Electrothrix marina”a 99.6–99.9 91.3–91.9
II  “Ca. Electrothrix aarhusiensis” 91.3–91.9 100 

III  “Ca. Electrothrix japonica” 88.5–88.6 89.4 

IV  “Ca. Electrothrix communis”1 89.3–90.6 91.4–92.4
V  “Ca. Electronema nielsenii” n. d. n. d. 

VI  “Ca. Electronema palustris”1 80.2–81.6 78.3–80.2
Desulfobulbus D. mediterraneus 86FS1 78.9–79.5 78.7 

Desulfobulbus D. propionicus DSM 2032 78.6–79.4 77.9 

a Includes partial sequences.
. d., no data; for further details see Table S2.
90.7 91.3–91.4 89.7 88.6

and dsrAB gene sequences (Fig. 1; Tables 1 and 2), and can also be
identified in situ by FISH with a suite of newly designed oligonu-
cleotide probes (Table 3; Fig. 2A–D). In contrast, cell diameter was
not a good predictor for taxonomic affiliation, due to the consider-
able size variation among cable bacteria of the same species [39]
and even within a single filament (Fig. 2E). Cable bacteria diame-
ters ranged from 0.4 to 8 �m,  with an average cell length of 3 �m
[16,21,23,31,39,46] (Fig. 2). The total length of cable bacteria is dif-
ficult to determine, as they often form bundles and break when
handling sediment samples. However, filaments up to 1.5 cm long
have been recorded [31] (Fig. S1), suggesting that cable bacteria are
long enough to span the entire suboxic zone.

Unifying morphological characteristics for all members of the
candidate genera Electrothrix and Electronema are continuous
ridges that run along the entire length of a filament [31]. Depend-
ing on cell diameters, single filaments contain 15–71 ridges with
diameters of 30–100 nm [21,31] that are detectable by TEM, SEM,
and AFM (Fig. 2F–H). Cells within a filament share a common
outer membrane and periplasm [31]. Cable bacteria filaments are
unbranched and do not store elemental sulfur in globules, as is char-
acteristic for many other large sulfur oxidizing bacteria [27,50],
but polyphosphate inclusions have been observed in some cable
bacteria cells [44]. They show gliding motility [5] and conduct
electrons from sulfide to oxygen [31] and, at least in some cases,
nitrate/nitrite [23].

Environmental distribution of cable bacteria

The robust phylogenetic and taxonomic framework for cable
bacteria described above enabled a more informed database
search in order to assess the environmental diversity and dis-

tribution of the candidate genera Electrothrix and Electronema.
In total, 185 16S rRNA gene sequences were retrieved that affil-
iated with these cable bacteria (Fig. 3; Table S3); of these, 120
sequences could be assigned to the six candidate species, while the

ter With cluster
III [%]

With cluster
IV [%]

With cluster
V [%]

With cluster
VI [%]

 88.5–88.6 89.3–90.6 n. d. 80.2–81.6
89.4 91.4–92.4 n. d. 78.3–80.2
100 87.5–88.6 n. d. 76.9–79.1

 87.5–88.6 100 n. d. 75.5–79.8
n. d. n. d. n. d. n. d.

 76.9–79.1 75.5–79.8 n. d. 100
78.9 77.5–79.8 n. d. 73.6–76.7
76.8 75.5–77.4 n. d. 73.2–78.3
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Table  3
16S rRNA-targeted oligonucleotide probes developed in this study.

Probe Probe sequence (5′–3′) Specificity E. coli position no.a % FA FISHb

EXma1271 GCT TTC AGG GAT TTG CGC CT Cluster I 1271–1290 45
H1229 TTG TAC CGG CCA TTG TAG TAC G 1229–1250
H1251  CTC GCG AAG TGG CTG CCC G 1251–1269
EXaa430 TTT CTT CCC TTC TGA CAG GGT TT Cluster II 430–452 45
H409 TAC GAC CCG AAA GCC TTC CTC 409–429
C432  CTT CTT CCC TTC TGA CAG GGC 432–452
C444  CCC ATA AGC ACT TCT TCC C 444–462
EXco1016 CTC TCA AAG AGA GCA CTT CCC TA Cluster III, IV 1016–1038 45
H994 TTT CTA GGG CTT TTT CGG GAT G 994–1015
ENni1437 CCC GAA GGT CCG CCC AGC T Cluster V 1437–1455 50
ENpa1421c CCA GCT GCT TCT GGT GCA ATC G Cluster VI 1421–1442 45

a Probe target position on E. coli 16S rRNA according to [6].
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b Formamide concentration (v/v) in FISH hybridization buffer at 46 ◦C.
c Use Probe ENpa1421 together with probe DSB706 for specific detection.

emaining 65 sequences indicated the existence of up to five
dditional species (Fig. 3; Table S3). The clear phylogenetic demar-
ation of the “Ca. Electrothrix/Electronema” cable bacteria clade
lso allowed a re-evaluation of the cable bacteria diversity sug-
ested in earlier studies. Notably, this analysis revealed that nine
f the twelve Desulfobulbaceae sequence types detected in a marine
itrate-enrichment [23], and all Desulfobulbus relatives detected at
n anode in freshwater sediment [10,39] affiliated outside the cable
acteria lineage, indicating most likely that they were not cable
acteria.

Members of the “Ca. Electrothrix/Electronema” cable bacteria
ineage were found in a wide range of marine, brackish, salt lake,
nd freshwater habitats (Fig. 3), confirming the global distribution
f cable bacteria reported earlier [21]. Except for the salinity-based
enus-level divide reported earlier (“Ca. Electrothrix” apparently
refers marine and saline habitats, “Ca. Electronema” freshwa-
er habitats) [36], no habitat-specific distribution patterns of the
ix candidate species were observed. However, there was an
verrepresentation of deep sea- and hydrothermal vent-derived
able bacteria sequences outside the six candidate species (Fig. 3,
able S3), suggesting a promising environment for the description
f novel cable bacteria species.

A somewhat surprising result, given the cable bacteria’s global
istribution [21] (Fig. 3) and periodically high in situ biomass
41,44], was the overall low number and biased distribution of cable
acteria sequences in public databases: reads were mostly obtained
rom next-generation sequencing projects (i.e. when thousands to

illions of reads were analyzed), when Desulfobulbaceae-specific
rimers had been used, or when RNA had been extracted (Table S3).
his may  indicate a general problem with cell lysis and DNA extrac-
ion of cable bacteria, probably due to the rigid outer structures [31]
Fig. 2F–H), which needs to be considered when searching for cable
acteria in the environment.

In conclusion, the taxonomic framework presented here can be
sed to identify environmental sequences as cable bacteria, even
ithout morphological information, and the newly developed FISH
robes allow, in combination with the Desulfobulbaceae-specific
robe DSB706, quick assignment of cable bacteria to one of the
escribed candidate species.

tymology of the Candidatus taxa

Candidatus Electrothrix”
E.lec’tro.thrix. Gr. neut.n. electron, amber (which is the origin of
he term electric); Gr. fem. n. thrix, hair; N.Gr. electric hair.
Multicellular filaments, up to several centimeters in length,

ith 15–71 characteristic longitudinal ridges and shared periplasm
cross cells; electron-conducting; typically spanning the suboxic
zone in surface sediments; individual cells are 0.4–8 �m × 3 �m in
size; polyphosphate inclusions; no sulfur inclusions; gliding motil-
ity; marine, including salt marsh and salt lake inhabiting.

“Candidatus Electronema”
E.lec.tro.ne’ma. Gr. neut.n. electron, amber; Gr. neut. n. nema,

thread; N.Gr. electric thread.
Multicellular filaments, up to several centimeters in length,

with 15–58 characteristic longitudinal ridges and shared periplasm
across cells; electron-conducting; typically spanning the suboxic
zone in surface sediments; individual cells are 0.4–3 �m × 3 �m
in size; no sulfur inclusions; gliding motility; mostly freshwater-
inhabiting.

“Candidatus Electrothrix marina”
ma.ri’na. L.fem.adj. marina of or belonging to the sea, marine,

referring to its marine habitat.
Marine members of the candidate genus Electrothrix; distin-

guishable by their 16S rRNA and dsrAB sequences; identifiable
by specific probe EXma430 (5′-TTTCTTCCCTTCTGACAGGGTTT-
3′); accession numbers KR912340-42 (16S rRNA), KU844005-10
(dsrAB).

“Candidatus Electrothrix aarhusiensis”
aar.hu.si.en’sis. N.L.adj. aarhusiensis from Aarhus, referring to

the place of the first discovery of cable bacteria.
Mostly coastal and intertidal members of the candidate

genus Electrothrix; distinguishable by their 16S rRNA and
dsrAB sequences; identifiable by specific probe EXaa1016 (5′-
CTCTCAAAGAGAGCACTTCCCTA-3′); accession numbers KR912338
(16S rRNA), KU844014, KU844015 (dsrAB).

“Candidatus Electrothrix japonica”
ja.po’ni.ca. N.L.fem.adj. japonica Japanese, referring to its discov-

ery in Tokyo Bay, Japan.
Coastal, intertidal, and marine members of the candidate

genus Electrothrix; distinguishable by their 16S rRNA and dsrAB
sequences; can be detected together with Ca. E. communis by spe-
cific probe EXco1271 (5′-GCTTTCAGGGATTTGCGCCT-3′); accession
numbers KR912349 (16S rRNA), KU844019, KU844020 (dsrAB).

“Candidatus Electrothrix communis”
com.mu’nis. L.fem.adj. communis common, widespread, refer-

ring to its widespread distribution in diverse habitats.

Ubiquitous members of the candidate genus Electrothrix; dis-

tinguishable by their 16S rRNA and dsrAB sequences; can be
detected together with Ca. E. japonica by specific probe EXco1271
(5′-GCTTTCAGGGATTTGCGCCT-3′); accession numbers KR912339;
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Fig. 2. Micrographs of cable bacteria. (A–D) FISH identification of cable bacteria: (A) “Ca. Electrothrix aarhusiensis”, hybridized with probe EXaa430-CY3 (red); (B) “Ca.
Electrothrix marina”, hybridized with probe EXma1271-CY3 (magenta from overlay with DAPI), and “Ca. Electrothrix communis/japonica”, hybridized with probe EXco1016-
FAM  (blue-green from overlay with DAPI); (C) “Ca. Electronema nielsenii”, hybridized with probe ENni1437-CY3 (magenta from overlay with DAPI); (D) “Ca. Electronema
palustris”, hybridized with probe ENpa1421-FAM (green). Scale bars for panels A–D, 5 �m.  (E) FISH-identified cable bacteria filament (orange from overlay of DSB706-CY3
and  EUB338-FAM) showing differences in filament diameter over a short distance. Scale bar, 5 �m.  Insert: phase contrast image of two distant, differently sized sections of
the  same cable bacteria filament. Scale bar, 10 �m (for complete filament image see Fig. S1). (F) TEM micrograph of “Ca. Electronema nielsenii” after phosphotungstic acid
s  of gol
c nfixed
o

K
2

“

P
b
s

s
r

taining  to visualize the longitudinal ridges. Scale bar, 1 �m. (G) SEM micrograph
ontinuous over a cell-cell junction. Scale bar, 0.5 �m.  (H) AFM height image of an u
nto  the image, illustrating the 3D structure of the ridges.

R912343-48 (16S rRNA), KU844004; KU844016-18; KU844021-
8 (dsrAB).

Candidatus Electronema nielsenii”
niel.se’ni.i. N.L. gen.n. nielsenii of Nielsen, named in honor of Lars

eter Nielsen, the Danish microbial ecologist who started the cable
acteria studies by discovering electric currents in the seafloor; the

pecies has been extracted from his backyard.

Members of the candidate genus Electronema; creeks,
treams, and freshwater ponds; distinguishable by their 16S
RNA sequences; identifiable by specific probe ENni1437
d-sputtered “Ca. Electronema nielsenii”, showing that the longitudinal ridges are
, hydrated “Ca. Electronema nielsenii”. The height profile along line A–A′ is overlaid

(5′-CCCGAAGGTCCGCCCAGCT-3′); accession numbers KP728462,
KP728465 (16S rRNA).

“Candidatus Electronema palustris”
pa.lus’tris. L. fem. adj. palustris, marshy, swampy, wetland-

inhabiting.
Mostly freshwater members of the candidate genus Elec-
tronema; distinguishable by their 16S rRNA and dsrAB
sequences; identifiable by specific probe ENpa1421 (5′-
CCAGCTGCTTCTGGTGCAATCG-3′); accession numbers KP728463,
KP728464 (16S rRNA), KU844011-13 (dsrAB).
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Anoxic,  nitrate-amend ed marine  sed iment:  Aarhu s Bay,  Baltic Sea , Den mark (4S)

Saltlake sediment:  Qinghai-La ke, Tibeta n Plateau,  China (2M)
Salt  marsh sediment:  Lousiana,  USA (3M)

Coastal marine sediment:  Aarhus Bay,  Baltic Sea,  Denmark (9S)
River sediment : Rhône  River prode lta,  Fran ce  (5M)

“Candidatus Elec trothrix communis A1’’  (KR912 339 )

“Candidatus Elec tronema nielsenii  F5’’  (KP72846 5)
“Candidatus Elec tronema nielsenii  F1’’  (KP72846 2)

Inte rtidal sandy sedimen t: Sylt, Wadden Sea,  North Sea,  Germany (1M)
Inte rtidal salt marsh  sediment:  Rattekai Salt  Marsh, The  Nethe rlands (1S)
Subt idal marine sediment:  Belgian Coa stal Zone , Belgium (1S)
Anoxic,  nitrate-amended  marine sedimen t: Aarhu s Bay, Baltic Sea,  Denmark (1S)
Coastal marine sediment:  Aarhus Bay,  Baltic Sea,  Den mark (14S)
Coastal marine sediment:  Bay of  Fund y,  New Brunswick,  Canada  (2M)

“Candidatus Elec trothrix communis US5’’ (KR912 348 )
“Candidatus Elec trothrix communis US1’’ (KR912 345 )

“Candidatus Elec trothrix communis US4’’ (KR912 347 )
“Candidatus Elec trothrix communis US2’’  (KR912 346 )

“Candidatus Elec trothrix communis N2’’  (KR912 343 )
“Candidatus Elec trothrix communis N3’’  (KR912 344 )

Intertidal salt  marsh  sediment:  Rattekai Salt Marsh, The  Nethe rlands (3S)

Subt idal marine sediment:  Belgian Coa stal Zone,  Belgium (1S)
Coastal marine  sed iment:  Aarhus Bay,  Baltic Sea , Den mark (5S)
Anoxic coastal sed iment:  San cti Pet ri Channe l, Bay of  Cádiz, Atlantic Ocean,  Spa in  (1S)
Deep-sea methane seep sediment: Hikurangi margin, New Zealand (3S)
Salt  marsh sed iment,  shallow coastal lagoon : Ria de  Aveiro,  Portuga l   (14 M)
River sedimen t: Rhône  River prodelta,  Fran ce (3M)
Coastal marine  sed iment:  Bay of  Fund y,  New Brunswick,  Canada  (1M) 
Intertidal san dy sed imen t: Sylt,  Wadden  Sea,  North Sea,  German y (10 M)
Coastal OMZ sediment:  Concepcion  Bay,  South-Eastern  Pacific Ocea n, Chile (3M) 

Saltwater lake sediment:  Marine Lake Grevelingen, The  Nethe rlands (1S)

“Candidatus Electrothrix japonica TB” (KR912349)

Intertidal salt  marsh  sedimen t:  Litt le Sippewissett  Marsh,  Buzzards Bay,  MA,   (1S)
Coastal marine  sediment:  Aarhus Bay,  Baltic Sea,  Den mark (3S)
Coastal microbial mat s: Wadden Sea,  North Sea,  Germany (1M)

USA

Coastal marine sediment:  Aarhus Bay,  Baltic Sea , Den mark (5S)
Deep-sea  marine  sediment:  Easte rn Med ite rrane an  Sea (3M)

Coastal marine sediment: Aarhus Bay, Baltic Sea, Denmark (1S)
Inte rtidal salt marsh sediment:  Rattekai Salt Marsh, The  Nethe rlands (1S)
Saltwat er lake sediment:  Marine Lake Grevelingen , The  Nethe rlands (1S)
Inte rtidal salt marsh sediment:  Litt le Sippewissett  Marsh,  Buzz ards Bay,  MA,  USA (1M)
Coastal marine sed iment: Bay of  Fund y,  New Brunswick,  Canada  (9M) 
Intertidal sandy sediment: Sylt, Wadden Sea, North Sea, Germany (7M)

)M1(elihC,yaBnoicpecnoC:tnemidesZMOlatsaoC
Coastal microbial mats: Wadden Sea, North Sea, Germany (1M)

South-Eastern  Pacific Ocea n, 

“Candidatus Elec trothrix aarhusiensis MCF’’  (KR9123 38)

“Candidatus Elec tronema palustris F3’’  (KP7284 63)
“Candidatus Elec tronema palustris F4’’  (KP7284 64)

Constructed  wetland  soil:  PAH-po lluted soil,  Fran ce  (2S)

Freshwater lake sed iment:  Shall ow L ake  Dongp ing,  China (1S) 
Intertida l salt m arsh  sed iment:  Ratte kai Salt Ma rsh,  The  Net herlan ds (1S)

Saltlake  sed iment:  Qing hai-La ke,  Tibe tan  Platea u,  China  (2M)

Coastal marine sediment: Aarhus Bay, Baltic Sea,  Denmark (3S)
Deep-sea  marine  sediment:  Eastern Mediterran ean Sea  (5M)
Inte rtidal sandy sediment: Sylt,  Wad den  Sea,  North  Sea,  Germany (2M)
Saltwat er lake sediment:  Marine La ke  Grevelingen,  The  Netherlan ds (1S)

sutadidnaC“ Electrothrix marina A3’’ (KR912341)

“Candidatus Elec trothrix marina A5’’ (KR91234 2)
“Candidatus Elec trothrix marina A2’’ (KR 912340 )

Intertidal salt  marsh  sediment: L itt le  Sippewissett  Marsh,  Buzzards Bay,  MA,   (1S)
Anoxic, nitrat e-amended  marine  sediment:  Aarhus Bay, Baltic Sea,  Denmark (1S)
Deep-sea  methane  seep  sediment : Hikurangi margin,  New Zealan d (1S)
Deep-sea h ydrocarbon seep sediment underlying a  Beggiatoa  spp.  mat:  Miss issippi Can yon 118 , Gulf  of Mexico,    (2S)
Marine  sediment a bove a  gas hydrate  ridge: Cascadia Margin, OR,   (6S)
Salt  marsh sediment:  Talbert Salt  Marsh,  Huntington  Beach,  CA,   (1S)
Inactive h ydrothermal sulfide chimney:  Tui Mali la vent f ield,  Lau  Basin, Sou thwest  Pacific Ocean  (1S)
Meth ane seep sediment: Eel River Basin,  CA,   (4S)
Deep-sea h ydrot hermal vent sediment:  Gua ymas Basin,  Gulf  of California,   (1S)
Mangrove  sediment,  Shenzhen Fut ian, China  (1S)
Cold-seep  sediment:  Green Canyon, Gulf of  Mexico,   (5S)
Deep-sea h ydrot hermal vent sediment: Anya‘s Garden, Mid-Atlant ic Ridge  (2S)
Meth ane seep sediment: Nankai Trough, Japan  (1S)
Deep-sea  mud volcanoes sediment:  Gulf of Cádiz,  Spain (1S)
Active h ydrot hermal chimney sediment:  Dudley site  of Juan de  Fuca Ridge  (1S)
Meth ane seep sediment: Santa Barbara Basin, Gulf of  Cali fornia,   (1S)
Surface of a  deep-sea  yet i crab:  Mound 1 2, Costa Rica (1S)
Meth ane seep sediment: Gull faks oil a nd  gas fields, North Sea,  Norway (1S)
White f ilamento us microbial mat of  a shallow hydrothe rmal vent:  Sout h Tonga a rc, Sout h Pacific Ocean (2S)
Hydrothermal vent chimney-structu re, Volcano 19 , South Tonga  arc,  South Pacfiic Ocean (1S)
Mud volcano:  Amsterdam mud  volcano,  Medite rran ean Sea  (1S)
Surface of th e deep-sea tubeworm  , Canad a (2S)
Active  mud volcano sediment: Gulf of  Mexico,    (1S)
Cold-seep  sediment:  Sagami Bay,  Japan (1S)
Marine  sediment:  Shimokita Penninsula offshore,  Jap an (1S)
Arctic marine surfa ce sediment: Smeerenburgfjorde n,  Svaldb ard,  Norway (4S)
Inactive d eep-sea h ydrothermal vent  chimneys: Mid-Okina wa Trough and  Indian Ocean Ridge  (1S)
Intertidal sandy sediment : Sylt,  Wadden  Sea, North Sea,  Germany (1M)

Ridgeia piscesae

USA

USA
USA

USA

USA
USA

USA

USA

USA

0.1

Fig. 3. Environmental distribution of 16S rRNA gene sequences of cable bacteria. Partial environmental sequences were assigned to the consensus full-length 16S rRNA gene
tree  of Fig. 1A without changing its topology using EPA and RAxML. Only sequences placed within the proposed candidate genera are shown. The total number of 16S rRNA
gene  sequences in a cluster is given next to the clustered sequences. (M) and (S) indicate that sequences were retrieved from metagenome databases or from the SILVA
SSU  Ref 119/GenBank database, respectively. Triangles depict multifurcating nodes. Scale bar represents 10% estimated sequence divergence (not valid for multifurcation
triangles). Accession numbers for all published sequences are given in Table S3. (For interpretation of the references to colour in this figure legend, the reader is referred to
the  web  version of this article.)
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