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Indications for a genetic basis for big bacteria and description of 
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ABSTRACT Bacterial cells can vary greatly in size, from a few hundred nanometers to 
hundreds of micrometers in diameter. Filamentous cable bacteria also display substan­
tial size differences, with filament diameters ranging from 0.4 to 8 µm. We analyzed 
the genomes of cable bacterium filaments from 11 coastal environments of which 
the resulting 23 new genomes represent 10 novel species-level clades of Candida­
tus Electrothrix and two clades that putatively represent novel genus-level diversity. 
Fluorescence in situ hybridization with a species-level probe showed that large-sized 
cable bacteria belong to a novel species with the proposed name Ca. Electrothrix gigas. 
Comparative genome analysis suggests genes that play a role in the construction or 
functioning of large cable bacteria cells: the genomes of Ca. Electrothrix gigas encode a 
novel actin-like protein as well as a species-specific gene cluster encoding four putative 
pilin proteins and a putative type II secretion platform protein, which are not present 
in other cable bacteria. The novel actin-like protein was also found in a number of 
other giant bacteria, suggesting there could be a genetic basis for large cell size. This 
actin-like protein (denoted big bacteria protein, Bbp) may have a function analogous to 
other actin proteins in cell structure or intracellular transport. We contend that Bbp may 
help overcome the challenges of diffusion limitation and/or morphological complexity 
presented by the large cells of Ca. Electrothrix gigas and other giant bacteria.

IMPORTANCE In this study, we substantially expand the known diversity of marine 
cable bacteria and describe cable bacteria with a large diameter as a novel species with 
the proposed name Candidatus Electrothrix gigas. In the genomes of this species, we 
identified a gene that encodes a novel actin-like protein [denoted big bacteria protein 
(Bbp)]. The bbp gene was also found in a number of other giant bacteria, predominantly 
affiliated to Desulfobacterota and Gammaproteobacteria, indicating that there may be a 
genetic basis for large cell size. Thus far, mostly structural adaptations of giant bacteria, 
vacuoles, and other inclusions or organelles have been observed, which are employed 
to overcome nutrient diffusion limitation in their environment. In analogy to other actin 
proteins, Bbp could fulfill a structural role in the cell or potentially facilitate intracellular 
transport.

KEYWORDS cable bacteria, cell size, phylogenomics, actin, Candidatus Electrothrix 
gigas

B acteria can vary greatly in size, with cell volumes differing over 10 orders of 
magnitude. Cell diameter ranges from only a few hundreds of nanometer for 

the free-living cells of Candidatus Pelagibacter communis up to 750 µm for the giant 
spherical cells of sulfur-oxidizing Candidatus Thiomargarita namibiensis (1, 2). Moreover, 
the recently discovered Candidatus Thiomargarita magnifica displays extremely long cells 
with an individual cell length reaching up to ~1 cm and a width of 50–110 μm (3). 
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Like Candidatus Thiomargarita, many of the prokaryotes with extraordinarily large cell 
sizes are involved in sulfur metabolism (4). The giant sulfur bacteria are phylogeneti­
cally diverse (found in the Gammaproteobacteria, Campylobacterota, and Desulfobacter­
ota) and display different life forms. The sulfur-oxidizing bacteria Candidatus Thiovulum 
and Achromatium grow as individual cells, sulfur-oxidizing Beggiatoa, Thioploca, Thiothrix, 
and sulfate-reducing Desulfonema grow as large filaments, and Ca. Thiomargarita may 
form loose cell chains, all displaying individual cell sizes up to tens of micrometers (5–10). 
Giant bacteria show large variations in morphologies and size; bacteria with cells that 
are larger on only one axis or form assemblages (e.g., filaments or cell clusters) have also 
been called “pseudo-giant” bacteria (11). For the purposes of this study, we define “giant” 
as encompassing both giant and pseudo-giant.

Giant bacteria show adaptations for large size. Many giant bacteria contain vacuoles 
or other inclusions that mitigate substrate limitation, both by shortening diffusion 
distances as the cytoplasmic content is pushed to the cell periphery and by serving as a 
storage place for nitrate, elemental sulfur, and organic compounds (4). High polyploidy 
has also been observed for giant cells, supporting high levels of gene expression and 
limited mRNA diffusion distance (12, 13). The extremely large cells of Ca. Thiomargar­
ita magnifica contain membrane-bound organelles inside which genomic material and 
ribosomes are compartmentalized so that transcription and protein synthesis can take 
place in multiple places (3). However, a genetic basis for large cell size remains presently 
elusive.

Cable bacteria are sulfur-oxidizing multicellular filamentous bacteria, of up to several 
centimeters in length. The diameter of the cable bacterium filaments can vary sub­
stantially, with observed filament diameters ranging from 0.4 to 8 µm (14–16). Cable 
bacteria have been found worldwide in a range of marine environments, like tidal and 
subtidal sediments, salt marshes, and mangroves, as well as freshwater sediments and 
rice fields (17–21). No isolates of cable bacteria are presently available in pure culture, 
and, therefore, cable bacteria have been studied exclusively in the field or in laboratory 
enrichments of natural sediment.

Cable bacteria cells display a peculiar division of metabolic labor by spatially 
separating sulfide oxidation in deeper anoxic sediment and oxygen reduction at the 
sediment surface (22–24). These redox half-reactions are coupled by electron conduction 
through a network of parallel fibers that are embedded in the periplasm. These fibers 
bridge the cell division planes within a filament, thereby forming a continuous conduc­
tive structure that runs over the entire length of the bacterial filament (14, 23, 25–27). 
The external surface of the cable bacteria shows parallel, longitudinal ridges (23), and 
the conductive fibers are located within the ridges (14, 26). The size of the conductive 
fiber compartments is similar across cable bacteria of different sizes, and thick cable 
bacteria simply embed more ridge compartments compared to thin cable bacteria (14, 
16). Detailed electrical investigations have shown that the fibers are highly conductive 
(27, 28). So-called cartwheel structures located in the cell division planes of the filament 
are also conductive and function as a fail-safe mechanism in case individual periplasmic 
fibers are damaged (25, 27).

Cable bacteria present an opportunity where we can study the genetic differen-
ces between differently sized cells of closely related bacteria. Our aim was to find 
out whether large-sized cable bacteria can be distinguished from smaller-sized cable 
bacteria based on genomic affiliation and whether large-sized cable bacteria possess 
specific genetic adaptations. To this end, we performed phylogenomic and compara­
tive genomic analyses of cable bacterium filaments retrieved from multiple marine 
environments. We analyzed 40 genomes of cable bacteria filaments and found that 
all large-sized cable bacteria belong to a single novel species, with the proposed 
name Candidatus Electrothrix gigas. This species contains a gene encoding an actin-like 
protein, which is also found in a number of other giant bacteria.
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RESULTS AND DISCUSSION

New cable bacteria genomes

Individual filaments of cable bacteria of different sizes were retrieved from the sediments 
collected in 11 different coastal environments (Table 1). Whole-genome amplification of 
single filaments, followed by Illumina MiSeq sequencing and genome assembly were 
performed. Phylogenetic analysis of the complete 16S rRNA sequences extracted from 
these assemblies revealed that all filaments cluster within or directly adjacent to the 
genus Candidatus Electrothrix [Fig. 1 (16, 24)] in the Desulfobulbaceae family [Desulfo­
bacterota phylum, previously known as Deltaproteobacteria (29)]. None of the filaments 
clustered within the genus Candidatus Electronema, which harbors cable bacteria from 
freshwater habitats (16, 20), or with the cable bacteria that are exclusive to groundwa­
ter aquifers (30, 31). Since all our filaments were retrieved from brackish and marine 
environments, our observations confirm that the monophyletic clade that includes the 
genus Ca. Electrothrix is confined to marine and brackish environments (16, 18).

Assemblies that were both highly similar [whole-genome average nucleotide identity 
(ANI) >99.6%] and originated from filaments from the same field site were pooled for 
final genome assembly, resulting in 23 new draft genomes (Table S1). Additionally, 
we reconstructed the genomes of single cable bacterium filaments, for which the 16S 
rRNA gene and dsrAB phylogenies were studied previously (16) and also included six 
previously published cable bacteria genomes (24), thus providing 17 additional genomes 
for comparison. These 40 draft genome assemblies of cable bacteria vary greatly in size 
(0.6–4.4 Mbp) and estimated completeness (20.8–97.1%), but all clades are represented 
by at least one genome that is >63% complete. Good-quality data sets (nine with 
completeness >90% and six with completeness >80%; contamination <5%) are available 

TABLE 1 Origin and affiliation of cable bacteria filaments used in this study

Field sitea Environment GPS coordinates Affiliation of retrieved cable bacterium filaments Reference

AUS: Yarra river, Melbourne Estuary 37.833361 S 145.026528 E Ca. Electrothrix gigas AUS3

Ca. Electrothrix sp. AUS1_2

Ca. Electrothrix sp. AUS4

This study

AUS: Western Port, Victoria Mangrove 38.229 S 145.309 E Ca. Electrothrix sp. MAN1_4 This study

B: Station 130, North Sea Subtidal sediment 51.268833 N 2.903167 E Ca. Electrothrix sp. AR1

Ca. Electrothrix sp. AR5

Desulfobulbaceae cable bacterium filament AR3

Desulfobulbaceae cable bacterium filament AR4

This study

DK: Løgten Strand Intertidal sand 56.288184 N 10.381332 E Ca. Electrothrix gigas LOE1_4_5

Ca. Electrothrix sp. LOE2

This study

DK: Aarhus Bay Harbour Marine sediment 56.13889 N 10.21419 E Ca. Electrothrix aarhusiensis MCF

Ca. Electrothrix communis A1, N2, N3

Ca. Electrothrix marina A2, A3, A5

(16, 24)

J: Tokyo Bay, Tokyo Marine sediment 35.5367 N 139.9167 E Ca. Electrothrix japonica TB (16)

NL: Oude Bietenhaven, Eastern Scheldt Intertidal sand 51.447833 N 4.096500 E Ca. Electrothrix gigas AS4_5 This study

NL: Rattekaai, Eastern Scheldt Saltmarsh sediment 51.2621 N 4.1011 E Ca. Electrothrix gigas AU1-5 This study

NL: Mokbaai, Texel Saltmarsh sediment 53.005722 N 4.759472 E Ca. Electrothrix gigas AW1, AW2, AW3_4, AW5 This study

NL: De Cocksdorp, Texel Oyster reef 53.147889 N 4.901167 E Ca. Electrothrix gigas AX1_4, AX2

Ca. Electrothrix aarhusiensis AX5

This study

NL: Lake Grevelingen Marine lake 51.747 N 3.898 E Ca. Electrothrix sp. ATG1_2 This study

USA: Elkhorn Slough, CA Saltmarsh sediment 36.82 N 121.74 W Ca. Electrothrix sp. EH2 This study

USA: Gulf of Mexico Subtidal sediment 27.350533 N 90.562933 W Ca. Electrothrix sp. GM3_4 This study

USA: Sippewissett Salt marsh, MA Saltmarsh sediment 41.57595 N 70.63588 W Ca. Electrothrix communis US1, US2, US4, US5 (16)

DK: Vennelystparken, Aarhus Freshwater sediment 56.164874 N 10.207888 E Ca. Electronema aureum GS (24)

DK: Giber river, Eastern Jutland River sediment 56.07476 N 10.22028 E Ca. Electronema nielsenii F1, F5

Ca. Electronema palustre F3, F4

(16)

aAUS: Australia, B: Belgium, DK: Denmark, J: Japan, NL: The Netherlands.
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for three previously published genomes (Ca. Electrothrix aarhusiensis MCF, Ca. Electro­
thrix communis US4, and Ca. Electronema aureum GS) and 12 of the new genomes 
(AU1-5, AW1, AX1_4, AW3, AW5, AS4_5, AW2, AX2, LOE1_4_5, GM3_4, AX5, and AR4; 
Table S1).

Novel species-level and genus-level cable bacteria clades

The current taxonomic classification of cable bacteria is based on the 16S rRNA gene and 
dsrAB gene sequences (16). Phylogenomic analysis of our 40 draft genome assemblies 
enables us to move beyond single gene analysis and substantially expands the currently 
known diversity of cable bacteria (24). A whole-genome tree based on concatenated 
protein sequences of 120 marker genes shows a topology highly similar to the 16S rRNA 
gene phylogenetic tree (Fig. 1). Adopting a threshold of 95% for whole-genome ANI at 
the species level (32), only one of the new draft genomes (AX5) belonged to a previously 

FIG 1 Phylogenetic diversity of cable bacteria based on (left-hand side) 16S rRNA genes extracted from sequenced genomes and (right-hand side) concatenated 

protein sequences aligned to the GTDB taxonomy. * indicates incomplete 16S rRNA sequences, AUS2 is 1,272 bp with the start missing, AS5 is 1,453 bp with the 

end missing, and KY418001.1 is a 559-bp-long fragment from 454 sequencing. Circles at nodes depict bootstrap support; scale bars show mean substitutions per 

site.
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described species (Ca. Electrothrix aarhusiensis), while 22 genomes were distributed 
among 10 new species-level clades (Table S2). Most of these new species clades are 
represented by one or two genomes, except for one species that is represented by 10 
genomes. For this latter 10-genome species-level clade (TGC), we obtained genomes 
with 78.1–97.1% estimated genome completeness (2.2–4.6% contamination; Table S1), 
thus enabling a more detailed genomic analysis (as discussed below).

At some of the field sites, multiple (2–4) cable bacteria species were detected (Table 
1), thus confirming previous observations that the microbial community within a given 
sediment can harbor a diversity of cable bacteria species (16, 18, 21, 33). Likewise, some 
species are present at multiples sites and show a global distribution (e.g., TGC was found 
in The Netherlands, Denmark, and Australia).

The genomes of filaments AR3 and AR4 are placed between the genera Ca. Elec­
trothrix and Ca. Electronema in both the phylogenomic tree and the 16S rRNA gene 
tree. Both the values for 16S rRNA gene sequence identity and whole-genome average 
amino acid identity (AAI) are close to cutoffs proposed for delineation of a novel genus 
[94.5 and 65%, respectively (32, 34); Table S3], thus suggesting that AR3 and AR4 may 
constitute new candidate genera within the marine cable bacteria.

The AR3 and AR4 filaments were collected from sediment in the Belgian part of the 
North Sea (Station 130, subtidal cohesive sediment, water depth ~10 m), a site where 
cable bacteria are known to occur throughout the year (35, 36). Previously, 16S rRNA 
gene amplicon sequences affiliated to AR3 or AR4 were detected in sediments from 
the Baltic Sea (18) and also found to be associated to seagrass roots in sediments from 
Denmark, USA, and Australia (21). Overall, AR4 has been found within a salinity range 
of 20–34, and AR3 at salinities of 7–34. Accordingly, AR3 and AR4 appear to be saltwater-
adapted cable bacteria found in the same salinity range and sediment environments as 
Ca. Electrothrix. Additional ecophysiological and genome analyses based on a larger 
number of strains and more complete genomes are required to see what specific 
physiological and metabolic differences can be found that separate AR3 and AR4 from 
Ca. Electrothrix.

Identification of Candidatus Electrothrix gigas

From previous studies, it appeared that filament diameter could not be linked to 
taxonomic affiliation. The observed size differences in the diameter of cable bacteria 
can be very large [0.4–8 µm (14–16)] and considerable variation in the diameter of cable 
bacteria has been recorded within the same species and even within the same filament 
(16).

During our investigation of coastal sediments, we encountered thick filaments, with 
a diameter >2 µm, which exceed the typical diameter reported for the previously 
described Ca. Electrothrix species (15, 16, 33). Thick cable bacteria have earlier been 
documented for Rattekaai salt marsh [The Netherlands (14)] and Aarhus Bay marine 
sediments [Denmark (16)]. Upon closer inspection, we noted that in all the sediments 
harboring TGC genomes (Fig. 1), we were able to find thick filaments. This led to the 
hypothesis that these very large cable bacteria do not represent an extreme phenotypic 
variation but belong to a distinct species.

To verify that thick cable bacteria belong to the TGC-species level clade, we set up 
laboratory incubations with sediment from Rattekaai salt marsh, a site where the TGC has 
been recovered (Table 1), performed microscopy, and sequenced the 16S rRNA gene of 
thick filaments. We also applied fluorescence in situ hybridization (FISH) with a specific 
probe targeting the 16S rRNA of the TGC.

In the lab-incubated sediment from Rattekaai salt marsh, we found filaments with 
different diameters, including thick filaments that ranged up to 8 µm in diameter (Fig. 
2A).

The 16S rRNA gene of three individual thick filaments was amplified using a nested 
PCR approach and sequenced. The resulting 16S rRNA gene sequences (fragment length 
1,376 bp, n = 3 identical sequences) were 99.85% identical to the 16S rRNA gene 
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sequence of genomes AX2 and AW5 of the TGC. A FISH probe (Egiga134) that targets 
the 16S rRNA of the TGC was developed based on the 16S rRNA sequences of all the 
cable bacteria. Comparison of the small subunit RNA database (SILVA RefNR v1.38), 
combined with an in silico analysis of hybridization conditions and a mismatch analysis, 
showed that the probe is highly specific (see Materials and Methods; Table S4). FISH 
with the incubated sediment from Rattekaai salt marsh (Fig. 2A) showed hybridization 
of thick filaments with a diameter ranging from 3.4 to 6.0 µm (n = 8; Fig. 2B) with 
probe Egiga134. In the second batch of incubated sediment, the diameter of Egiga134-
hybridized filaments was 2.6–4.9 µm (n = 11; Fig. 2C). Non-hybridized filaments in these 
sediments ranged from 0.5 to 1.5 µm in diameter (n = 12). The length of the individual 
cells in a filament ranged from 2.6 to 5.5 µm for filaments that hybridized with the 
Egiga134 probe, and from 0.6 to 3.4 µm for non-hybridized filaments. Cell length within 
an individual filament varied by maximum 2.3 times.

Double hybridization with probes Egiga134 and DSB706 [targeting Desulfobulbaceae 
(37, 38)] was performed with intertidal sediment from Hou, Denmark. Thick filaments (5.0 

FIG 2 Images of cable bacteria, showing the large diameter of Ca. Electrothrix gigas. (A) Filament with a diameter of ~8 µm from incubated Rattekaai (NL) 

sediment. 16S rRNA gene sequences of retrieved filaments with similar diameter show that these belonged to Ca. Electrothrix gigas. (B and C) FISH with Rattekaai 

sediment shows Ca. E. gigas hybridized with Egiga134-Atto488 (green) and stained with 4’,6-diamidino-2-phenylindole (DAPI; blue). (D) FISH with sediment from 

Hou (DK) with probes DSB706-Atto488 (green) and Egiga134-Atto550 (red). Ca. Electrothrix gigas appears yellow from an overlay of red and green images, other 

cable bacteria appear green. (E) Scanning electron microscopy image showing continuous ridges characteristic for cable bacteria on the surface of thick and thin 

filaments from Hou sediment (DK). Scale bars: panels A–C, 10 µm; panel D, 20 µm; and panel E, 5 µm.
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± 0.5 µm; n = 4) in the Hou sediment hybridized with both the Egiga134 and DSB706 
probes. Thinner filaments (d = 1.6 ± 0.3 µm; n = 4) only hybridized to the DSB706 probe 
and not to the Egiga134 probe (Fig. 2D). Scanning electron microscopy of thick filaments 
from the same sediment revealed the characteristic ridges that run in parallel along the 
filament length, thus additionally confirming that these thick filaments are cable bacteria 
(14, 26) (Fig. 2E). The observed specific hybridization of probe Egiga134 to thick cable 
bacteria filaments shows that the TGC consists of large-sized cable bacteria, and we, 
therefore, propose the name Ca. Electrothrix gigas for this novel species.

In addition, a live preparation was made with tufts of filamentous bacteria washed 
out from this intertidal sediment, and thick cable bacteria (d = 6.1 ± 0.3 µm; n = 3) were 
observed together with Beggiatoaceae and thinner cable bacteria. These thick cable 
bacteria filaments contained apparent polyphosphate globules, as observed in the cable 
bacteria previously (24, 39, 40). The thick cable bacteria showed gliding motility, at a 
rate that was approximately twice as fast (~1.0 µm s−1 at 22°C; Video S1) as reported on 
average for cable bacteria (41).

Genes unique to Candidatus Electrothrix gigas

To investigate a potential genetic basis for large cell size, we carried out a comparative 
analysis of cable bacteria genomes to identify genes that were unique to Ca. Electrothrix 
gigas (Fig. S1). Based on a common criterion for gene ortholog analysis [>70% DNA 
sequence identity and >80% similarity in size (42)], we identified 129 genes that were 
solely present in Ca. Electrothrix gigas. These genes were not all present in all Ca. 
Electrothrix gigas genomes, likely due to genome incompleteness. However, a phylog­
eny-based analysis of their distribution amongst all Ca. Electrothrix showed that these 
129 genes were evenly spread within the Ca. Electrothrix gigas subtree (Fig. S2). Protein 
BLAST analysis against the other 30 cable bacteria genomes in the Desulfobulbaceae 
family (23 Ca. Electrothrix, 5 Ca. Electronema, and AR3 and AR4) showed that, for 98 
of the encoded proteins, a protein with similar sequence (based on >40% amino acid 
sequence identity and >70% alignment length) was present in one or more cable 
bacteria genomes (Table S5). These proteins are less similar to the criteria set in the 
gene ortholog analysis but can be considered as functional homologs. Blastp analysis of 
the remaining 31 protein sequences against the non-redundant (nr) protein database, 
excluding cable bacteria, produced no significant hits for 17 of the proteins (e-value 
cutoff 0.05) indicating that they originate from a yet undescribed lineage or from an 
evolutionary innovation. Most of the 14 proteins for which similar sequences were found 
in the nr database contained either no known conserved domains or conserved domains 
that did not result in a clear functional annotation (Table S5).

Among the genes that were species specific for Ca. Electrothrix gigas, two patterns 
were conspicuous: (i) Ca. Electrothrix gigas contains a three-gene cluster that encodes an 
actin-like protein, a hypothetical protein, and a protein containing a putative actin-inter­
acting Kelch domain, and (ii) Ca. Electrothrix gigas contains a cluster of five genes 
encoding four putative pilin proteins and a putative type II secretion platform protein 
(GspF).

Identification of a novel bacterial actin-like protein in Ca. Electrothrix gigas

A gene encoding a protein belonging to a previously undiscovered clade of bacterial 
actin homologs was detected in all 10 Ca. Electrothrix gigas genomes and in one 
sibling genome in the same clade (Ca. Electrothrix MAN1_4; partial gene at the end 
of a contig). In Ca. Electrothrix gigas and Ca. Electrothrix MAN1_4, the gene coding for 
the novel actin-like protein was present in addition to the MreB actin homolog found in 
all rod-shaped bacteria, including cable bacteria.

Bacteria have evolved individual actin homologs for different functions in the cell. 
These include: MreB, a cell-shape protein present in rod-shaped bacteria; ParM and AlfA, 
which are involved in the segregation of plasmid DNA; FtsA, which plays a role in cell 
division; and MamK, which forms a filament to which magnetosomes are attached in 
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magnetotactic bacteria (43–50). Actin proteins have ATPase activity and binding of ATP 
initiates polymerization into filaments, while hydrolysis to ADP results in conversion 
to the monomeric form of actin (47, 51, 52). The detected novel actin-like protein 
contains the five parts of the ATPase domain as well as conserved residues for nucleotide 
binding (53). However, it lacks the interaction site with the transmembrane protein RodZ 
(54), thus affirming that this protein is not an additional copy of MreB (Fig. S3). Struc­
tural prediction showed that the novel actin-like protein has a highly similar structure 
to MamK (98% of the residues modeled with 100% confidence) of Magnetospirillum 
magneticum AMB-1, which has been resolved to ~6.5 Å resolution (55) (Fig. S3).

Phylogenetic analysis of the 10 sequences obtained for the different genomes of Ca. 
Electrothrix gigas places the novel actin between MamK and MreB (Fig. 3). Strikingly, a 
comparison of the novel actin-like protein sequence of Ca. Electrothrix gigas with the 
protein database revealed a number of very similar proteins that are encoded in other 
large bacteria. We, therefore, named it “big bacteria protein” or Bbp. The bacteria that 
also encode Bbp occur either as very large cells [e.g., Thiomargarita (1, 56)], large cells 
in filaments [Beggiatoa, Desulfonema, Thioploca, Thiothrix, and Thioflexithrix (6, 7, 9, 10, 
57–60)], or smaller cells in specialized morphologies [Candidatus Magnetomorum and 
Candidatus Magnetoglobus form cell clusters of ~5–10 µm diameter (61, 62)] (Fig. 3). 

FIG 3 Phylogenetic tree based on actin-like proteins in bacteria, showing the placement of the novel big bacteria protein, Bbp, with an inset diagram showing 

the operon structure of bbp in Candidatus Electrothrix gigas. Circles at nodes depict bootstrap support; the scale bar shows mean substitutions per site.
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Expression of the Bbp actin-like protein has been shown for Desulfonema limicola using 
proteomic analysis (59).

Not all bacteria that encode Bbp appear to be big. Spherical cells of Thiohalocapsa 
halophila encode Bbp but do not seem to be quite as large with diameters of 1.5–2.5 
μm (63). A gene encoding Bbp was also detected in a metagenome-assembled genome 
(MAG) of Cocleimonas sp. The only Cocleimonas for which dimensions are known is 
Cocleimonas flava, which has rod-shaped cells of regular size [~0.35 µm wide and 1.7 µm 
long (64)]. The genes in MAGs of the Zetaproteobacteria and Riflebacteria that we 
identified as encoding Bbp were previously identified as encoding MamK (65). It is 
unclear whether Bbp is indeed acting as MamK in these bacteria, as magnetosomes have 
only been surmised based on genomic data. However, the clear absence of magneto­
somes in Ca. Electrothrix gigas and the majority of other Bbp-containing organisms 
makes it clear that Bbp is not simply a novel kind of MamK. Ca. Magnetomorum and Ca. 
Magnetoglobus are magnetotactic bacteria, and they encode MamK in addition to Bbp, 
further suggesting that Bbp and MamK have distinct functions (Fig. 3).

The closest phylogenetic relatives of Bbp from Ca. Electrothrix gigas (order Desul­
fobulbales) are found in the Gammaproteobacteria, orders Thiotrichales and Beggia­
toales, while sequences from other Desulfobacterota [order Desulfobacterales (e.g., 
Desulfonema, Ca. Magnetoglobus, and Ca. Magnetomorum)] are more distantly placed. 
Inference from the reconstructed phylogenetic tree suggests that bbp has been 
transferred horizontally between Gammaproteobacteria and Desulfobacterota several 
times. Many of these organisms indeed tend to live in close proximity [e.g., dense 
microbial mats consisting of Beggiatoa and Desulfonema spp. (9, 66)].

The presence of bbp in the genomes of Ca. Electrothrix gigas and other giant bacteria 
suggests a function of this actin-like protein that is related to large cell size. However, 
some species of large bacteria do not encode Bbp (based on blastp and tblastn options 
against available genomes in the NCBI database). Some of these are bacteria from 
other phyla like giant rod-shaped Epulopiscium fishelsoni (Firmicutes) and Cyanobacteria. 
Ca. Thiovulum is a large [up to ~50 µm across (5, 67, 68)] sulfur-oxidizing bacterium 
affiliated to the Campylobacteria (formerly Epsilonproteobacteria) but does not encode 
Bbp. Interestingly, Achromatium, a sulfur-oxidizing bacterium affiliated to the Gammap­
roteobacteria (order Chromatiales), is relatively closely affiliated to the Bbp-encoding 
sulfur-oxidizing bacteria, occurs in similar environments, both freshwater and marine 
(69), but does not seem to encode Bbp either. This suggests that Bbp is part of just 
one solution for the making or functioning of large cells or cell structures, and that 
other solutions likely also exist. Analysis of the available genomes for Ca. Thiomargarita 
magnifica did not reveal the presence of bbp. Although these genomes are incomplete, it 
seems unlikely that this gene would be missing in all five incomplete genomes. Perhaps 
the absence of bbp might be explained by cell shape: Ca. Thiomargarita magnifica has 
extremely long cells (~9,000 µm long and ~100 µm wide) in contrast to the very large 
spherical (up to ~750 µm diameter) cells of other Ca. Thiomargarita. While the cell 
diameter in Ca. T. magnifica is still larger than most bacteria at around 100 µm, it is 
clearly in a smaller size category than other Ca. Thiomargarita species, just as other Ca. 
Electrothrix that are smaller than Ca. Electrothrix gigas.

The second gene in the Ca. Electrothrix gigas-specific gene cluster encodes a 
hypothetical protein without putative conserved domains. The third gene encodes a 
protein similar to Kelch(-like) proteins. Eukaryotic Kelch(-like) proteins are involved in a 
variety of metabolic functions (70, 71), and some Kelch proteins are known to interact 
with actin (72–74). The protein in Ca. Electrothrix gigas has a predicted beta-propeller 
structure similar to Kelch proteins consisting of C-terminal tandem repeats [(73, 75, 
76); Fig. S4]. The closest relatives of the Ca. Electrothrix gigas Kelch-like protein are 
found in different taxonomic classes and are proteins of varying size for which sequence 
homology exists only for the region containing the tandem repeats (~30–40% amino 
acid identity). Only two of the non-cable bacteria genomes that contain bbp also 
contain a gene encoding a protein with somewhat similar tandem repeats, Thiothrix sp. 
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(RUM94246.1) and Beggiatoa sp. 4572_84 (OQY47631.1), but these two genes are located 
on other contigs than bbp. The Kelch-like protein is thus not likely to be necessary for the 
function of Bbp in big bacterial cells and cell clusters but may perform some role unique 
to Ca. Electrothrix gigas.

Currently, it is not clear where big cable bacteria emerge in the phylogenomic tree. 
The genome of Ca. Electrothrix sp. MAN1_4 contained a partial bbp gene (at the end of 
a contig, Fig. S5), the second gene of the bbp-cluster was present adjacent to bbp, but 
with opposite orientation, and a gene coding for the Kelch-like protein was not detected 
(estimated genome completeness ~77%). In a previous study, no thick cable bacteria 
were observed at the field site from where MAN1_4 cable bacteria filaments were 
retrieved [diameter 1.3 ± 0.5 µm (35)], but the observed cable bacteria filaments have 
also not been directly linked to the MAN1_4 species-level clade. Candidatus Electrothrix 
japonica is placed between Ca. Electrothrix gigas and Ca. Electrothrix MAN1_4 but bbp 
was not found in its genome (estimated genome completeness 73%). FISH analysis 
with a specific probe has shown that Ca. Electrothrix japonica forms thin filaments (16), 
consistent with the absence of bbp. Further investigations of cable bacteria morphology 
combined with more high-quality genomes are needed to study the emergence of bbp 
and the presence of the other two genes in the bbp-gene cluster.

At the moment, we can only speculate about the function of the novel actin-like 
protein that we have identified in the genomes of large cable bacteria and other 
large cells and cell clusters. We propose two possible functions. Bbp is predicted to 
be localized in the cytoplasm, where it may fulfill a structural function to support the 
large shape of bacteria or bacterial cell clusters. The presence of Bbp in MAGs of bacteria 
for which there is no information on cell morphology and size illustrates the need for 
high-quality genomes of cultures or single cells/filaments/cell assemblages with known 
cell dimensions. Beggiatoa spp. form filaments with different sizes and could, therefore, 
be a second model organism to study the presence of Bbp in relation to cell size. Another 
hypothesis is that Bbp could play a role in facilitating intracellular transport in large cells 
similar to actin filaments in eukaryotic cells (4, 77). Whatever the function of Bbp, not all 
large bacteria appear to require this function or fulfill it in the same way. Research into 
the expression and localization of Bbp actin filaments in cable bacteria and other giant 
bacteria [like recently studied for Lokiactin in an Asgard archaeon (78)] is necessary to 
shed light on the function of this novel actin.

PilA genes in Ca. Electrothrix gigas

Genomes of the genera Ca. Electrothrix and Ca. Electronema contain a putative pilA gene 
that encodes the major component of the type IV pilus. The genomes of Ca. Electrothrix 
gigas, however, stand apart as they also contain a species-specific gene cluster with 
additional copies of pilA. This putative operon contains five genes encoding four putative 
pilin proteins and a putative type II secretion protein GspF (Fig. 4).

The type II secretion system consists of many components and is one of the 
systems involved in the export of proteins over the outer membrane to the extracellular 
environment. Many proteins of the type II secretion system and type IV pili machinery are 
homologous in structure and function. Cable bacteria encode the type IVa pili system, 
which is the most common in Desulfobacterota. GspF is the so-called platform protein 
and contains transmembrane helices and cytoplasmic domains. It interfaces with the 
pseudopilin, assembled from the major pseudopilin protein (GspG), in the cytoplasmic 
membrane. The major pseudopilin subunit GspG is analogous to PilA in the type IVa pili 
system (79–82).

Genomes of Ca. Electrothrix gigas encode three putative GspF proteins. Two of these 
appear to be present in all Ca. Electrothrix and Ca. Electronema genomes. Both these 
proteins are most closely related to GspF proteins of Desulfobulbus spp. (Fig. S6). The 
genomes of AR3 and AR4 (estimated genome completeness 80 and 70%, respectively) 
have at least one gene coding for GspF. The putative GspF protein that is encoded in 
the Ca. Electrothrix gigas specific gene cluster has an entirely different affiliation and 
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is related to Gammaproteobacterial GspF sequences, albeit with relatively low identity 
(~30% aa sequence identity, ~50% positives) (Fig. S6).

The four genes that, together with gspF, are located in the Ca. Electrothrix gigas-
specific gene cluster encode proteins that are affiliated with PilA and not with GspG 
(pseudopilin) (Fig. S7). The protein sequences are most closely related to those of 
Gammaproteobacteria, as was also observed for GspF encoded in this gene cluster, and 
indicate that these genes were acquired by horizontal gene transfer. It is striking that two 
of the four putative PilA proteins have amino acid sequences with the largest identity to 
proteins from members of giant Gammaproteobacteria, e.g., Thioflexithrix, Achromatium, 
Thioploca, Thiomargarita, and Beggiatoa.

The gene cluster containing pilA that has been detected in all Ca. Electrothrix 
species-level clades (except MAN1_4 and AUS4, estimated genome completeness 77 
and 51%, respectively) comprises two genes encoding sugar-modifying enzymes and 
one or multiple gene(s) encoding protein(s) containing tetratricopeptide repeats (TPRs), 
which are putatively involved in protein-protein interaction. Interestingly, in three Ca. 
Electrothrix gigas genomes, there are multiple genes encoding PilA in this cluster. 
Genomes AX1_4 and AW1 have four, and AW5 has two pilA genes in the gene cluster 
(Fig. 4). The encoded PilA sequences cluster with those of other Desulfobacterota (Fig. 
S7).

PilA is highly expressed by cable bacteria [the most highly expressed protein detected 
in the proteome of Ca. Electronema aureum (24)]. However, it is not clear what the 
function of PilA in cable bacteria is. Previously, it has been hypothesized that PilA plays 
a role in conduction (24), based on analogy with Geobacter nanowires. However, recent 
research has revealed that conductive Geobacter nanowires are composed of stacked 
outer membrane cytochromes (83, 84), and that Geobacter PilA possibly is involved in 
secretion rather than conduction (85). Moreover, recent studies of the fiber sheath of 
cable bacteria suggest that the conductive fibers embed a novel nickel-sulfur cofactor 
that could be involved in electron conduction (86). So, PilA does not likely play a role in 
conduction in cable bacteria.

Functions that have been described for PilA are involvement in adhesion, virulence, 
motility, and secretion (85, 87–92). Future experiments to study the expression, structure, 
and subcellular localization of PilA are necessary to determine its function in cable 

FIG 4 Putative PilA encoding gene clusters in Ca. Electrothrix genomes. (A) Gene cluster encoding two sugar-modifying enzymes, PilA, and proteins containing 

TPRs putatively involved in protein-protein interaction. Ca. Electrothrix gigas AW5 contains two pilA genes in this cluster, and AX1_4 and AW1 (not shown) 

contain four pilA genes of which one is located downstream of the two TPRs genes. (B) Putative operon of five genes specific to Ca. Electrothrix gigas (shown 

for AX1_4) consisting of four genes putatively encoding PilA homologs and one gene coding for the type II secretion platform protein GspF. Numbered 

blue arrows indicate genes with the following annotations: (1) methyltransferase, (2) phospholipid carrier-dependent glycosyltransferase, and (3) predicted 

glycosyltransferase. Numbering displays the locus tags of pilA genes in Ca. Electrothrix gigas AX1_4.
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bacteria. We assume that the additional Ca. Electrothrix gigas-specific gene cluster with 
proteins putatively involved in secretion and pilin formation may be somehow involved 
in the construction or functioning of Ca. Electrothrix gigas’ large cells. Gliding motility, 
as observed for cable bacteria, may involve pili and polysaccharide excretion (91, 92), so 
perhaps these proteins could play a role in the relatively fast motility, compared to cable 
bacteria in general, of Ca. Electrothrix gigas.

Conclusion and perspectives

Previously, it was unclear whether the observed diversity in filament diameters of cable 
bacteria was a product of genomic diversity or phenotypic plasticity. In this study, 
we show that large cable bacteria belong to a novel species, Candidatus Electrothrix 
gigas. Moreover, the large morphology is likely linked to the presence of several genes 
that are present in Ca. Electrothrix gigas but absent in other Ca. Electrothrix species. 
These genes include a putative operon containing a gene, termed bbp (for big bacteria 
protein), encoding a newly recognized actin-like protein and a putative operon with 
additional copies of pilA and gspF. We hypothesize that Bbp plays a role in cell structure 
or intracellular transport to help overcome the challenges of diffusion limitation and/or 
morphological complexity presented by the large cells of Ca. Electrothrix gigas. The role 
of PilA in cable bacteria is currently unclear but one of the possibilities is that type IV 
pili may be involved in gliding motility. Further investigation of these proteins, such as 
their localization or heterologous expression, should shed further light on their precise 
role. We have found bbp in a phylogenetically and metabolically diverse set of other 
bacteria and available morphological data show that most of these have large cells or 
form multicellular structures. It may be that Bbp is important for many other large cells 
apart from Ca. Electrothrix gigas. Understanding the function of this protein will help 
reveal how large bacterial cells and cell structures are formed.

Description of “Candidatus Electrothrix gigas” sp. nov.

gi’gas. Gr. masc. n. gigas, a giant (nominative in apposition), referring to the large 
filament diameter relative to other Ca. Electrothrix species. They are members of a 
clade within the candidate genus Electrothrix with cells of width greater than ~2.5 µm 
(commonly in the range of 2.5–8 µm), distinguishable by size, 16S rRNA gene sequence, 
and genome-based phylogeny. They can be detected by probe Egiga134 5′-CTATCCCGA­
GCATCTGGA-3′ combined with filamentous morphology.

MATERIALS AND METHODS

Sample collection and filament picking

Sediments were sampled at 11 different field sites in Belgium, Denmark, The Neth­
erlands, USA, and Australia (Table 1). These sites represent different marine environ­
ments: intertidal sediments, salt marshes, mangrove, and subtidal sediments. Individual 
filaments of cable bacteria were either directly isolated from the natural sediment or 
after incubation of the sediment in the laboratory. For these laboratory incubations, 
sediment was sieved (<1.1 mm) and homogenized, left to settle overnight, and repacked 
into plexiglass core liners (diameter 40 mm) with the sediment surface level at the top 
of the core liner. The sediment cores were incubated at ~16°C in containers containing 
artificial seawater (ASW, Instant Ocean Sea Salt, salinity 30). The containers were kept in 
the dark to prevent photosynthesis and the overlying water was continuously aerated. 
Cable bacteria filaments were gently isolated from the surrounding sediment using 
custom-made glass hooks (23), washed repeatedly in filtered (0.22 µm) and autoclaved 
milliQ water, transferred to filtered (0.22 µm) and UV-sterilized TE buffer (10 mM Tris, 1 
mM EDTA, pH 8) and kept at −20°C until further processing.
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Sequencing of the 16S rRNA gene of individual cable bacteria filaments

Individual cable bacteria filaments were isolated from incubated sediment, washed 
gently in sterile ASW, transferred into a PCR tube, and kept at −20°C. Filaments were 
subsequently lysed in 15 µL PCR water for 5 min at 95°C and all the components for 
PCR were prepared in a volume of 5 µL and added to the lysed filament. The final 
master mix was composed of buffer with MgCl2 (final concentration of 2 mM), dNTPs 
(0.2 mM each), forward primer (0.5 µM), reverse primer (0.5 µM), and Thermo Scientific 
DreamTaq polymerase (0.025 U/µL). General primers 27F (93) and 1492R (94) were used 
for amplification of the almost full-length 16S rRNA gene. Following initial denaturation 
for 2 min at 95°C, 30 cycles were performed with denaturation for 45 s at 95°C, annealing 
for 45 s at 46°C, and extension for 1 min 30 s at 72°C, followed by final extension for 
10 min at 72°C. A second round of PCR was performed with the PCR product as template 
and nested primers that target Desulfobulbaceae, using forward primer DSBB280wF 
(95) and reverse primer DSBB + 1297R (96), as well as with the pairs 39Fc (5′-GGCTCAGA­
ACGAACGCTG-3′)-DSBB + 1297R and DSBB280wF-1389R (5′-GGGCGGTGTGTACAAG-3′). 
Primer 39Fc is one base shorter, at the 5′ end, and lacks the degenerate bases compared 
to 39F (97). Primer 1389R is two bases shorter, at the 5′ end, compared to UNIV1389a 
(37). PCR conditions were as above, except for annealing at 50°C. PCR amplicon size and 
quantity were evaluated using gel electrophoresis. After cleanup with illustra ExoProStar 
(Cytiva), the amplicons were Sanger sequenced in both directions by Neuromics Support 
Facility at the University of Antwerp and the resulting sequences were merged.

Whole-genome amplification and sequencing

Retrieved single filaments were lysed by ultrasonic bead-beating and the DNA was 
amplified using the GenomePlex Single Cell Whole Genome Amplification kit (Sigma-
Aldrich) (16, 20). Paired-end sequencing libraries were prepared from amplified DNA 
using the Illumina TruSeq Nano DNA Library Prep kit with dual-indexed adapters. 
Sequencing was performed on a MiSeq Sequencer (Illumina) with 300 bp paired-end 
reads.

Genome assembly

Illumina Miseq raw reads were clipped to remove adapters and quality-trimmed using 
Trimmomatic v0.36 [PE option, sliding window 6, average quality 20, minimum length 
40 bp (98)]. Trimmed paired-end reads together with trimmed unpaired forward reads 
were assembled using SPAdes version 3.9.0 [using kmer lengths 21, 33, 55, 77, 99, and 
127 and the option—careful (99)]. Contigs ≥1 kb were retained and binned based on 
tetranucleotide frequencies with MetaWatt v3.5.3 (100). Six out of 35 single filament 
(meta)genomic data sets required binning. The average nucleotide identity between 
single filament genomes was calculated with JSpecies v1.2.1. [option ANIm (101)]. 
Above 99.6% identity, single filament genomes were combined. For unbinned single 
filament genomes, all trimmed reads of the corresponding single filament data sets were 
used in the combined assembly. For binned single filament genomes, only trimmed 
reads that mapped to the binned single filament assembly (bbmap v34.25, minidentity 
0.98; https://sourceforge.net/projects/bbmap/) were used for combined assembly with 
SPAdes v3.9.0 (same settings as above).

In addition to sequencing 35 new single cable bacterium filaments, we also 
reconstructed the genomes of single cable bacterium filaments previously studied for 
their 16S rRNA and dsrAB gene sequences (16). These filaments are Ca. Electrothrix 
communis N2, N3, US1, US2, US4, and US5, Ca. Electrothrix japonica TB, Ca. Electronema 
nielsenii F1, F5, and Ca. Electronema palustre F3, F4. Genome assembly was performed 
using the methods outlined for Ca. Electrothrix communis A1 and Ca. Electrothrix marina 
(24). Finally, we also included the published genomes of Ca. Electrothrix aarhusiensis 
MCF, Ca. Electrothrix marina A2, A3, and A5, Ca. Electrothrix communis A1 and Ca. 
Electronema aureum GS (24).
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Genome completeness was estimated using CheckM v1.0.7 (102) using the refer­
ence data set for the order Desulfobacterales. Gene calling was performed using 
Prodigal v2.6.3 (103) implemented in Prokka v1.14.6 (104). Whole-genome average 
nucleotide identity (105) and whole-genome AAI [using both best hits (one-way AAI) 
and reciprocal best hits (two-way AAI)] were calculated with the online tool http://
enve-omics.ce.gatech.edu/g-matrix/ (106).

Comparative genome analysis

Orthologous genes were called using the ConSpeciFix pipeline (107) with a 0.7 
nucleotide identity cutoff value for Usearch (108). Genes were filtered by coverage cutoff 
of 0.8 and clustered using MCL as integrated in ConSpeciFix with an inflation value of 
1.6. This information, together with the phylogenomic tree, was used as input for the 
Count software tool (109) to determine propensity for gene loss (PGL) (Fig. S1). The PGL 
value indicates the likelihood of a given ortholog being a gene gain, loss, or neither. 
A PGL value of 0 means that the gene is spread evenly through the phylogenetic tree, 
suggesting no gene gain or gene loss event, while a PGL value approaching 1 means that 
the gene is not present in most of the genomes analyzed. We used a PGL threshold of 
0.1, so that PGL <0.1 was considered an ortholog that has not been gained/lost in any Ca. 
Electrothrix lineage. This threshold was chosen as it represents a minimum in between 
the low-PGL and high-PGL genes. Using this method, genes gained in Ca. Electrothrix 
gigas were obtained.

For the gene gains in Ca. Electrothrix gigas, translated protein sequences were 
examined for the presence of a signal peptide using SignalP v 6.0 (110) and of trans­
membrane helices using TMHMM v 2.0 (111). Protein blast analysis was performed 
using local blast [ncbi-blast-2.10.1+ (112); against a database of translated protein 
sequences (generated using makeblastdb)] from all cable bacteria genomes except the 
10 Ca. Electrothrix gigas genomes (threshold cutoff: e-value 10-7) and against the NCBI 
nr database (e-value 0.05). For selected protein sequences, conserved domains were 
annotated using CD-SEARCH (113) on the public NCBI BLAST server, with InterProScan 
(https://www.ebi.ac.uk/interpro/) and eggNOG-mapper v2.1 (114).

Phylogenetic tree construction

16S rRNA gene trees were constructed for 16S rRNA gene sequences from 35 single 
filament genomes, together with already published 16S rRNA sequences of cable 
bacteria and other Desulfobulbaceae (16, 24). 16S rRNA gene sequences were extracted 
from the single filament genomes using RNAmmer v1.2 (115). Sequences were aligned 
using muscle (116) and a phylogenetic tree calculated using IQ-TREE v1.6.12 (117) with 
best-fit model GTR + F + I + G4 and 1,000 bootstrap calculations (option -b).

Whole-genome phylogenetic trees were constructed by first identifying 120 
single-copy phylogenetic marker genes, aligning these genes, and concatenating the 
alignments using the “gtdbtk identify” and “gtdbtk align” workflows from the Genome 
Taxonomy Database toolkit version 0.3.2 [GTDB-Tk (118)]. A phylogenetic tree was then 
calculated based on this concatenated alignment using IQ-TREE version 1.6.12 (117) with 
best-fit model LG + F + R5 and 1,000 bootstrap calculations (option-bb).

Protein sequences for the phylogenetic tree of bacterial actin-like proteins were 
obtained using the publicly available NCBI BLAST server (112) against the nr database 
in June 2022 using the novel actin-like protein from Ca. Electrothrix gigas as query 
sequence. Database protein sequences down to a similarity value of 65% were included 
in the tree, along with MreB sequences identified by scanning all cable bacteria genomes 
using the MreB_Mbl model from Pfam version 14 (119) with hmmscan from HMMer v 
3.1b1 (hmmer.org) and along with additional sequences for ParM, MreB, and MamK (46) 
and other actin-like proteins (120). Sequences were aligned using muscle v 3.8.31 (116) 
and then used to construct a tree with IQ-TREE v 1.6.5 (117) with best-fit model VT + 
R6 and 1,000 bootstraps (option -bb).
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Probe design, optimization, and FISH

Probe Egiga134 (5′-CTATCCCGAGCATCTGGA-3′), targeting the 16S rRNA sequences of 
the 10-genome species-level clade (TGC = Ca. Electrothrix gigas) at E. coli position 
134–151, was designed and evaluated for its specificity based on all available cable 
bacterial 16S rRNA sequences using ARB (121). For Ca. Electrothrix gigas, the probe 
matched 12 out of 19 cable bacteria 16S rRNA gene sequences and two defined 
sequence groups within the species have a single mismatch: sequences AS4, AS5, AUS3 
at position 3 and AU1, AU3, AU4, and AU5 at position 6 (Table S4). One additional 
cable bacterium sequence (Ca. Electrothrix LOE2) had a single central mismatch (position 
9, A instead of C), while all other known cable bacteria sequences had at least two 
central mismatches. Comparison of the probe sequence to the small subunit rRNA 
SILVA database SSU138.1 RefNR using TestProbe 3.0 [https://www.arb-silva.de/search/
testprobe/; >390,000 sequences in the database (122)] found no identical matches and 
identified only one sequence with one mismatch (same as for LOE2 above). There were 
another 40 hits with two mismatches (at central positions) which were primarily affiliated 
to the Desulfobulbaceae.

MathFISH (123) was applied for formamide curve simulation and mismatch analysis of 
probe Egiga134. In silico analysis at a hybridization temperature of 46°C predicted that 
32% formamide in the hybridization buffer would correspond to the Td of the probe 
and should be sufficient to discriminate perfect match Ca. Electrothrix gigas sequences 
from the single mismatch non-target sequence LOE2, but also from two Ca. Electrothrix 
gigas-groups with a single mismatch at position 6 or 3. At more relaxed hybridization 
conditions (0–30% formamide), probe Egiga134 was predicted to target all members of 
Ca. Electrothrix gigas, while the cable bacterium LOE2 with one central mismatch and 
cable bacteria with two or more mismatches would not be targeted.

Sediment samples from Hou (intertidal sediment, Denmark, 55.9104 N 10.2467 E) 
and from Rattekaai (saltmarsh, The Netherlands, 51.2621 N 4.1011 E) were fixed in 
50% ethanol. FISH with Atto488-, Atto550-, or Cy3-labelled probes was performed 
as previously described (124), including the use of positive (EUB338) and nega­
tive (NON338) control probes, and of probe DSB706 (at 35% formamide) to iden­
tify filamentous Desulfobulbaceae. The predicted hybridization conditions were first 
confirmed with sediment from Hou, mixed with a sediment enrichment culture 
containing Ca. Electrothrix communis. Ca. Electrothrix communis (diameter d, 0.8 ± 
0.1 µm; n = 11) did not hybridize with probe Egiga134 at formamide concentrations from 
10 to 35%, while thick filaments (d: ~4–6 µm) yielded bright signals. Both filament types 
were identified as cable bacteria by hybridization with probe DSB706. Together, this 
confirms the specificity of probe Egiga134 for Ca. Electrothrix gigas. Probe Egiga134 was 
subsequently used in double hybridization experiments with DSB706 at 35% formamide 
with sediment from Hou. FISH with probe Egiga134 was also performed with sediment 
from Rattekaai at 25% formamide. 16S rRNA gene sequences of thick filaments (up 
to ~8 µm) from the used laboratory incubated sediment showed a perfect match to 
probe Egiga134.

FISH was evaluated on a Nikon Eclipse Ni-U epifluorescence microscope equipped 
with an Andor Zyla camera, and images were processed using NIS Elements software 
(Nikon). Alternatively, FISH was evaluated using a Zeiss Axioplan 2 epifluorescence 
microscope with a Qimaging EXi Blue camera, and image processing performed with 
Image-Pro Insight and ImageJ software (125).

Scanning electron microscopy

Cable bacteria were collected from Hou sediment, washed gently with water, and placed 
on a silicon wafer that was coated with a ~6 nm layer of platinum. After drying and 
sputtering with ~4 nm of platinum, the sample was imaged with Scanning Electron 
Microscope Versa 2D (Thermo Fisher Scientific) with ETD detector at 5 kV, 13 pA, and 
10,000× magnification.
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All genomic data has been submitted to Genbank under Bioproject IDs PRJNA454675 
and PRJNA278504. Prokka annotations of the 40 analyzed cable bacteria genomes are 
available at https://doi.org/10.5281/zenodo.7273704. A 16S rRNA gene sequence was 
deposited in Genbank under accession number OP646468.
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The following material is available online.

Supplemental Material

Supplemental Material (Spectrum00538-23-s0001.pdf). Tables S1–S5, Figures S1–S7 
and Legend of Video S1.
Video S1 (Spectrum00538-23-s0002.avi). Gliding Ca. Electrothrix gigas. A live prepara­
tion was made of sediment from Hou, Denmark with gliding Ca. Electrothrix gigas. The 
movie was captured with an iPhone11 in real time and 29.97 frames per second through 
the eyepiece of a Leica BioMed light microscope, with 40× objective and phase contrast.
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