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Chapter 1

1 MICROBIAL METABOLISM

All organisms require energy, a carbon source and nutrients for their metabolism. 
Most of the energy necessary for life on Earth is supplied by the Sun which is 
exploited by photosynthesizing microorganisms that have the capacity to convert 
light energy into chemical energy. This is not the only source of energy that can 
be exploited; chemotrophs derive metabolic energy from the catalyzation of 
redox reactions that are out of equilibrium due to slow (abiotic) reaction kinetics 
(McCollom and Amend, 2005). This exploitation resulted in the evolution 
of a large and diverse group of prokaryotes. The electron donor (reducing 
agent) can be inorganic or organic, which would define the microorganism 
as a chemolithotroph or a chemoorganotroph, respectively (Jørgensen, 2006). 
The carbon source used for growth determines whether an organisms can be 
considered autotrophic or heterotrophic; autotrophs use inorganic carbon 
(e.g., CO2) for growth whereas heterotrophs grow by incorporating organic 
carbon (Jørgensen, 2006). The energy available from these microbially mediated 
chemical reactions are highly variable and depend on the potential difference 
between the oxidizing and reducing agent as well as the chemical composition 
of the environment. The energy yield of a reaction is given by the Gibbs free 
energy (∆G) and indicates the change in energy released per mol of reactant, 
which is available for the metabolism (Jørgensen, 2006). A net decrease in free 
energy (∆G < 0) indicates that the reaction may proceed spontaneously, while a 
net increase (∆G > 0) indicates an endergonic reaction that requires energy in the 
form of ATP to drive the reaction (Jørgensen, 2006). The potential for growth and 
reproduction of chemotrophs depends on how efficiently they can convert the 
available energy into biomass, and how they minimize the amount of energy lost 
as heat or organic by-products (McCollom and Amend, 2005).

Within marine sediments, reactions mediated by chemolithotrophs and 
chemoorganotrophs can play important roles in the biogeochemical cycling 
of different elements (e.g., carbon, nitrogen, sulfur, phosphorus) and these 
reactions may dominate the geochemistry of the sediment (Jørgensen, 2006). 
Although chemoorganotrophs are found in both the prokaryotic and eukaryotic 
realm, chemolithotrophs comprise a large and diverse group of exclusively 
prokaryotic organisms that can conserve energy from the oxidation of a range of 
inorganic substrates. Thus, the range of substrates that can be utilized to generate 
energy is much more diverse for prokaryotes than eukaryotes and metabolisms 
are much more diverse in prokaryotes than in eukaryotes. 

1.1 MICROBIALLY MEDIATED REACTIONS IN MARINE SEDIMENTS

In marine waters, the main primary producers are photoautotrophs, such as 
cyanobacteria and algae. This primary produced organic carbon is consumed in 
the water column whereas only a small portion (~4-5%) reaches the sediment. Of 
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the organic carbon that is delivered to sediments, ~90% is degraded (Middelburg 
and Levin, 2009), most of it by chemoorganoheterotrophs, which use this organic 
carbon both as an electron donor and as a substrate for growth. 

The degradation of organic carbon to inorganic carbon requires an electron 
acceptor and the most potent electron acceptor is oxygen (O2). When oxygen 
encounters the sediment column, it will be transported mainly by molecular 
diffusion. The oxygen consumption rates quickly exceeds the rate of supply 
resulting in sediments that become anoxic at some depths (Middelburg and Levin, 
2009). In the absence of oxygen, chemoorganotrophic microbes use a cascade 
of alternative electron acceptors, giving rise to a continuum of overlapping 
biogeochemical zones, whereby each zone is characterized by the dominating 
electron acceptor (Canfield and Thamdrup, 2009; Middelburg and Levin, 2009). 
This sequence is ultimately governed by thermodynamic energy yield, but it also 
depends on reaction kinetics and physiology of the microbes involved (Canfield 
and Thamdrup, 2009). Anaerobic respiration is sequentially based on nitrate 
(NO3

-), manganese (Mn4+), iron (hydr)oxides (Fe3+) and sulfate (SO4
2-) as electron 

acceptors (Canfield and Thamdrup, 2009; Middelburg and Levin, 2009). These 
processes result in the production of a large reservoir of reduced compounds, 
such as ferrous iron (Fe2+), ammonium (NH4

+) and hydrogen sulfide (H2S), that 
can be reoxidized by chemolithotrophic bacteria following the redox cascade of 
electron donors and acceptors in the sediment (Fig 1.1). 

The importance of each of the mineralization pathways depends on the input 
of the organic material to the seafloor and the availability of the involved 
electron acceptors. Due to the low concentration of dissolved nitrate and solid-
phase manganese oxides and the effective chemical reduction of particulate 
iron (hydr)oxides, denitrification, Mn(IV)-reduction and Fe(III)- reduction 
only play a minor role in coastal marine sediments. Since sulfate is the second 
most abundant anion in seawater (~28 mM), sulfate reduction accounts for the 
majority of microbial anaerobic mineralization in coastal sediments (Jørgensen, 
2006; Middelburg and Levin, 2009; Wasmund et al., 2017). Thus, dissimilatory 
sulfate respiration, which uses sulfate as the terminal electron acceptor, is one of 
the most important microbial redox processes in marine sediments and recent 
estimates suggest that up to ~29% of all organic matter deposited to the seafloor 
is mineralized by sulfate-reducing microorganisms (Bowles et al., 2014). Below 
the sulfate zone, methanogenesis is the predominant pathway of organic carbon 
degratation. Methanogens use carbon (e.g, CO2 or acetatic acid, CH3COOH) as 
the terminal electron acceptor. Within the sulfate zone, sulfate reducing bacteria 
compete successfully with the methanogens for substrates and therefore, 
methanogenesis is of little significance int he sulfate zone (Jørgensen, 2006)

Organic matter degradation via sulfate reduction produces vast amounts of free 
sulfide (∑H2S = H2S + HS- + S2-) and some intermediate reduced sulfur compounds 
(e.g. S0, S2O3

2-). The ∑H2S formed during this degradation still contains sufficient 
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amounts of energy that was originally present in the organic matter (Jørgensen, 
2006). Oxidation of reduced sulfide using nitrate or oxygen generates the largest 
amount of free energy. The specific amount of free energy (∆G0) for aerobic (re)
oxidation of sulfide generates 794 kJ mol-1 of sulfide (Jørgensen, 2006) and thus, 
∑H2S (and other reduced sulfur compounds) serve as electron donors for sulfur-
oxidizing microorganisms (SOM) (Wasmund et al., 2017). Evolution has led to 
various strategies for the exploitation of this energy where each microbial group 
has created its own biological niche within the O2-H2S interface.

1.2 SULFIDE-OXIDIZING BACTERIA IN MARINE SEDIMENTS

The reduced sulfide formed via dissimilatory sulfate reduction is subjected 
to an array of biotic oxidation reactions that eventually results mainly in the 
formation of sulfate, but also in a number of other sulfur cycle intermediates 
(e.g., elemental sulfur, polysulfides, thiosulfate and sulfite) that are all substrates 
for further microbial oxidation, reduction or disproportionation (Jørgensen et 
al., 2019). Bacteria capable of oxidizing sulfide and metabolizing other sulfur 
compounds are diverse and prevalent in the environment. However, sulfide-

Figure 1.1: A conceptual representation of organic matter (OM) degradation pathways. 
Organic matter degradation is sequentially based on oxygen, nitrate, metal oxides (Mn(IV) 
and Fe(III)), and sulfate. Although the OM degradation is sequential, there is overlap 
between the different respiration processes. The dissolved reduced reaction products 
diffuse upwards and are then re-oxidized which results in the pore water profiles depicted 
here. This is an abstract depiction of the real system and might not neccessarily be an 
accurate representation of how profiles would look in nature. Modified after Canfield and 
Thamdrup, 2009 and Middelburg and Levin, 2009.
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oxidizing microbes are generally restricted to upper sediment layers where O2 
and/or NO3

- are available as electron acceptor (Jørgensen et al., 2019; Wasmund 
et al., 2017) and biotic oxidation of reduced sulfur compounds happens once the 
sulfide is transported to more oxidized horizons (Fig 1.2A), either by diffusion or 
bioturbation (Meysman et al., 2006). However, bioturbation also transports metal 
oxides (e.g., iron and/or manganese (hydr)oxides) downward to deeper sediment 
horizons. These metal oxides can be reduced abiotically by sulfide which results 
in the precipitation of metal sulfides, mainly iron sulfide (FeS) and pyrite (FeS2). 
If enough metal oxides are available, sulfide does not reach the sediment surface 
which results in the formation of a suboxic zone, which is defined as a zone 
devoid of both oxygen and reduced sulfur species (Jørgensen et al., 2019; Seitaj 
et al., 2015) (Fig 1.2B). Such a suboxic zone can reach a thickness up to several 
centimeters and is observed in many coastal sediments (Jørgensen et al., 2019). 
Despite the lack of detectable sulfide in this zone, high sulfate reduction rates 
can be measured within the zone, which shows that sulfide is produced but 
immediately reoxidized (Jørgensen et al., 2019; Wasmund et al., 2017). Only in 
sediments that have a very active sulfate-reducing community and/or contain 
little reactive iron (or manganese), free sulfide is found near the oxic top layer 
(Jørgensen and Nelson, 2004). Thus, oxidants with high enough redox potentials, 
such as oxygen and nitrate, are often spatially separated from sulfide (Canfield 
and Thamdrup, 2009) and many sulfide-oxidizing microbes cannot directly 
access their primary electron donors and electron acceptors at the same time. 
This unique evolutionary pressure has led to distinct strategies to bridge the gap 
between sulfide and its terminal oxidant (mostly O2 and NO3

-) that are reflected in 
remarkable morphological adaptations (Wasmund et al., 2017), including some 
of the largest bacteria identified to date (Salman et al., 2013).

1.2.1 Bridging the gap: adaptaptions to oxidize sulfide using oxygen or 
nitrate

The most striking examples of microbes that have the capacity to bridge the 
spatial or temporal gap between sulfide and terminal oxidant (i.e., O2 and NO3

-

) are found within the so-called large sulfur bacteria (LSB). Different marine 
LSB from the Gammaproteobacterial family Beggiatoaceae all seem to have 
different variations on the same specialization where both elemental sulfur (an 
electron donor) and nitrate (an electron acceptor) can be stored intracellularly in 
concentrations that may support cellular respiration for days to months or even 
years (Jørgensen et al., 2010; Jørgensen and Nelson, 2004; Schulz and Schulz, 
2005). This intracellular “storage capacity” makes them independent from the 
coinciding presence of their substrates or bound to their diffusion interfaces 
(Jørgensen et al., 2010). The marine filamentous Beggiatoa and Thioploca are both 
motile sulfide oxidizers that shuttle between the suboxic and the oxic zone of the 
sediment. During anaerobic periods, sulfide is oxidized to elemental sulfur using 
internally stored nitrate. This sulfur is accumulated into internal sulfur globules 
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which are used when oxygenated horizons are reached. Here they increase 
respiration rates and grow at the expense of internal sulfur oxidation and nitrate 
is stored again into a vacuole (Jørgensen et al., 2010; Salman et al., 2011, 2013)  (Fig 
1.2C). Bacteria from the genus Thiomargarita also live by the oxidation of sulfide 
using internally stored nitrate. However, in contrast to the closely related genera 
Beggiatoa and Thioploca, Thiomargarita are non-filamentous and non-motile. The 
spherical cells of Thiomargarita are typically large with a diameter of 100-300 μm, 
but within the species Thiomargarita namibiensis cells with diameters up to 750 
μm are found (Schulz, 1999). Therefore, Thiomargarita namibiensis is the largest 
bacterium known so far (Schulz, 2006). Most of the cell volume is taken up by a 
central vacuole where nitrate is accumulated to very high concentrations (up 
to 800 mM) which is enough to survive many years within the sulfidic sediment 
without access to nitrate from the open water (Schulz, 2006). Thus, Beggiatoa and 
Thioploca use their motility and storage capacity to bridge the gap between sulfide 
and the terminal electron acceptor whereas the immotile Thiomargarita uses 
nitrate vacuoles for sulfide oxidation until the sulfidic sediment is resuspended 
and the cell gets access to nitrate (and oxygen) from the open water (Schulz, 
2006). All the above mentioned large sulfur bacteria have evolved adaptations 
which allows them to take advantage of the free energy available from nitrate-
dependent or aerobic sulfide oxidation even if sulfide and its terminal oxidant 
are spatially or temporally separated from one another.

1.3 LONG-DISTANCE ELECTRON TRANSPORT: A UNIQUE ADAPTATION

Since the discovery of Beggiatoa in 1887, multiple microbes that exhibit complex 
and sophisticated (cooperative) behavior for better access to resources have 
been discovered. In 2012, another one of these microbes was discovered: 
cable bacteria, belonging to the family Desulfobulbaceae. Cable bacteria are 
filamentous sulfide-oxidizing bacteria where each filament consists of an 
unbranched chain of cells that may become centimeters in length and include 
over 10,000 cells (Pfeffer et al., 2012). Cable bacteria gain metabolic energy by 
the aerobic oxidation of sulfide. However, the redox half-reactions are spatially 
separated and occur in different cells of a given filament. The necessary coupling 
of these two redox half reactions is ensured by the transport of electrons over 
centimeter-scale distances via a process called long distance-electron transport 
(LDET) where an electron current runs through a network of highly conductive 
internal fibres along the length of the filament (Meysman et al., 2019; Thiruvallur 
Eachambadi et al., 2020). The “anodic” cells that reside in the suboxic sediment 
layers perform the sulfide oxidizing half-reaction (½ H2S + 2 H2O → ½ SO4

2- + 4 
e- + 5 H+) whereas “cathodic” cells residing in the oxic sediment layer carry out 
the half-reaction where oxygen is reduced (O2 + 4 H+ + 4 e- → 2 H2O). Therefore, 
cable bacteria are said to perform electrogenic sulfide oxidation (e-SOx) 
(Nielsen et al., 2010) (Fig 1.2D, Fig 1.3). This electrical communication between 
distant biochemical processes adds a new dimension to our understanding of 
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Figure 1.2: Schematic representation of different modes of sulfide oxidation. (A) 
Canonical sulfide oxidation which takes place at the oxic-sulfidic interface. (B) Sulfide 
oxidation driven by particle mixing via bioturbation which transports metal oxides 
(mainly iron (hydr)oxides) downward to deeper sediment horizons. The upward diffusing 
sulfide reacts chemically with the iron (hydr)oxides which creates a suboxic zone devoid 
of oxygen and sulfide. Soluble Fe(II) diffuses upward and reacts with oxygen forming 
new iron (hydr)oxides. (C) Sulfur oxidation by motile large sulfur bacteria (e.g., Beggiatoa 
and Thioploca) that can accumulate nitrate and elemental sulfur. (D) Electrogenic sulfide 
oxidation (e-SOx) facilitated via long-distance electron transport by cable bacteria. Images 
modified after Seitaj et al., 2015

canonical sulfide oxidation

oxic 
zone

sulfidic
zone

O2

bioturbation & Fe cycling

oxic 
zone

suboxic 
zone

sulfidic 
zone

O2

FeOOH Fe2+

Cable Bacteria

oxic 
zone

suboxic 
zone

sulfidic 
zone

O2
oxic 
zone

suboxic 
zone

sulfidic 
zone

O2

Beggiatoa and Thioploca

NO3
- S0 electron 

transport

H2S

H2S

H2S H2S

A B

C D



8

Chapter 1

biogeochemistry and microbial ecology where the traditional belief stated 
that a specific redox reaction can only proceed if both oxidant and reductant 
are present at a threshold concentration within the same location, where they 
can react either directly or through electron transport chains inside living cells 
(Nielsen and Risgaard-Petersen, 2015; Pfeffer et al., 2012). The discovery of 
extracellular electron transport observed in species such as Shewanella oneidensis 
and Geobacter sulfurreducens, which use electron-conducting pili (i.e., microbial 
nanowires) to transport electrons over micrometer scale distances (Lovley, 2012) 
already shifted the idea that both oxidant and reductant need to be present at 
the same location. However, the long distance electron transport accomplished 
by cable bacteria is on a scale of centimeters, which extends the known length 
of microbial mediated electron transport by two orders of magnitude (Malkin 
et al., 2014). Since their discovery, cable bacteria have captured the attention of 
researchers from different disciplines; microbiologists are fascinated by their 
peculiar metabolism, (bio)geochemists wanted to investigate how the activity of 
cable bacteria affects the sediment geochemistry and how prevalent the process 
is within different sediment environments, whereas (electro)chemists and 
physicists are curious about the composition of the electron-conducting fibres 
and possible bio-electronic applications.

1.3.1 The global distribution of cable bacteria

Although only recently discovered, cable bacteria have since been found at the 
oxic-anoxic interface in a wide variety of environments but mostly in aquatic 
sediment environments, including marine (Burdorf et al., 2017; Hermans et al., 
2019; Malkin et al., 2014), freshwater (Risgaard-Petersen et al., 2015) and aquifer 
sediments (Müller et al., 2016). They have also been found in association with 
worm tubes in marine sediments (Aller et al,. 2019) or within the oxygenated 
rhizosphere of aquatic plants (Martin et al., 2019; Scholz et al., 2019). Additionally, 
cable bacteria have been found attached to the anode of a benthic microbial 
fuel cell placed in anaerobic conditions (Reimers et al., 2017). Cable bacteria 
are found in such diverse environments because the spatial separation of redox 
half-reactions allows them to oxidize sulfide over a wide range of sediment 
depths (Meysman, 2018). This was recently illustrated when rice-vegetated 
soils were inoculated once with cable bacteria, which resulted in the successful 
establishment of a cable bacteria culture with a filament density that was 
comparable to those observed in marine or freshwater sediments (Scholz et al., 
2020). Thus, cable bacteria can quickly colonize a habitat once conditions are 
favorable because of their capacity for LDET which gives them a competitive 
advantage over other, single-celled sulfide-oxidizing bacteria (Meysman, 2018).

1.3.2 The impact of cable bacteria on sediment geochemistry

Cable bacteria exert a large influence on the biogeochemical transformations 
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and fluxes in the surrounding environment which results in a characteristic 
geochemical fingerprint that is indicative of electrogenic sulfur oxidation 
(Meysman, 2018; Nielsen et al., 2010; Pfeffer et al., 2012; Risgaard-Petersen et al., 
2015) and earned them the title of “microbial ecosystem engineers” (Meysman, 
2018). This geochemical signature has the following characteristics: (i) a suboxic 
zone where both O2 and free sulfide (∑H2S) are absent, (ii) an “electrogenic” pH 
profile with a pH maximum at the oxic zone and a deeper pH minimum within 
the suboxic zone, and (iii) the presence of an electric field which effectively turns 
the sediment into a biogeobattery (Fig 1.3).

During the growth of a population, cable bacteria grow down from the oxic-
anoxic interface where they gradually deplete the sulfide and thereby create 
a suboxic zone devoid of oxygen and sulfide (Schauer et al., 2014; Vasquez-
Cardenas et al., 2015). The length of this suboxic zone is generally around 2 cm 
but can span distances up to 7 cm (van de Velde et al., 2016), illustrating that a 

Figure 1.3: Biotic and abiotic reactions involved in electro-active sediments. The 
electrogenic sulfur oxidation executed by cable bacteria spatially separates the redox half-
reactions; the anodic oxidation of sulfide takes place in the suboxic zone and generates 
electrons, which are transported through the cable bacteria and used via cathodic oxygen 
reduction. The sulfide-oxidizing half-reaction results in proton release and a decrease in 
pH whereas the oxygen-reducing half-reaction consumes protons, which increases the 
pH of the porewater within the oxic zone. The decreased pH in the suboxic zone promotes 
dissolution of iron monosulfides (FeS) and calcium carbonates (CaCO3). The hydrogen 
sulfide (H2S) produced by iron monosulfide dissolution and dissimilatory sulfate reduction 
is used by the cable bacteria which results in cryptic sulfur cycling. The Fe(II)-ions diffuse 
both upward and downward. When Fe(II)-ions encounter hydrogen sulfide in the sulfidic 
zone iron(II)sulfide precipitates. In the oxic zone, Fe(II)-ions are reoxidized to Fe(III), 
which will then precipitate as amorphous iron oxide (FeOOH). The calcium ions released 
by carbonate dissolution diffuse upward and precipitate again as carbonates in the oxic 
zone where the pH is higher. Modified from Risgaard-Petersen et al., 2012.
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large portion of the upper sediment layer can be affected by the activity of cable 
bacteria. At the sediment-water interface, the cathodic oxygen consumption can 
be responsible for a large fraction (5-93%) of oxygen reduction within sediments 
(Malkin et al., 2014; Nielsen et al., 2010; Risgaard-Petersen et al., 2014; van de 
Velde et al., 2016). The cathodic oxygen reduction consumes protons, which 
results in a characteristic pH maximum in the oxic zone of the sediment (Nielsen 
et al., 2010; Pfeffer et al., 2012; Risgaard-Petersen et al., 2015). Within the suboxic 
zone, anodic sulfide oxidation results in considerable amounts of proton release 
and thus decreases pH values. Within marine Lake Grevelingen, pH values as 
high as 8.8 have been observed in the oxic zone with corresponding values as low 
as 6.1 in the suboxic zone (Malkin et al., 2014), showing that unusually strong 
pH excursions in aquatic sediments are a direct consequence of the spatial 
segregation of redox half-reactions made possible by LDET (Meysman et al., 2015; 
Nielsen et al., 2010; Pfeffer et al., 2012). The electric coupling between sulfide 
oxidation in deeper anoxic layers and oxygen reduction at the sediment surface 
transforms the sediment into a natural battery (i.e., a biogeobattery) that has an 
electric field, which is manifested as an increase in the electric potential within 
sediment depth (Risgaard-Petersen et al., 2012, 2014) (Fig 1.3). These electric 
fields drive a counterflux of cations upward and anions downward to maintain 
charge balance (Revil et al., 2010). The presence of the electric field is directly 
coupled to the activity of cable bacteria, which was shown in experiments when 
the electric fields collapsed once oxygen was removed and reestablished when 
oxygen was reintroduced (Risgaard-Petersen et al., 2014).

Since the metabolism of cable bacteria has such a profound effect on the pH 
distribution within the sediment and the pH can be considered as a “master 
variable” of the sediment geochemistry (Stumm and Morgan, 1996), cable 
bacteria activity also affects the dissolution and precipitation of iron and calcium 
minerals. The acidification of the suboxic zone promotes the dissolution of 
iron(II)sulfides (FeS + 2 H+→ Fe2+ + H2S) and calcium carbonate (CaCO3 + 2 H+→ 
Ca2+ + H2CO3), which causes release of ferrous iron (Fe2+) and calcium (Ca2+)  in the 
porewater (Rao et al., 2016; Risgaard-Petersen et al., 2012; Sulu-Gambari et al., 
2016). Although dissolution of iron sulfides also releases ∑H2S, this is not detected 
in the porewater within the suboxic zone because there is intense cryptic sulfur 
cycling, where cable bacteria immediately oxidize the ∑H2S produced by FeS 
dissolution and sulfate reduction (Meysman et al., 2015; Risgaard-Petersen et 
al., 2012). Anodic oxidation of the mobilized sulfide (∑H2S) further accelerates 
the dissolution of FeS, resulting in a positive feedback loop whereby sulfide 
oxidation leads to a continuous supply of ∑H2S through dissolution of FeS. The 
cations released during mineral dissolution (Fe2+, Ca2+) will diffuse both upward 
and downward in the sediment column. The upward diffusion of  Fe2+ results 
in the formation of iron (hydr)oxides (FeOOH) once Fe2+ enters the oxic zone 
whereas the downward diffusion results in the precipitation of FeS once the 
ferrous iron encounters the sulfide appearance depth (Rao et al., 2016; Risgaard-
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Petersen et al., 2012). Similarly, Ca2+ will reprecipitate as CaCO3, likely in the 
form of high-magnesium calcite, once sediment layers with a higher pH and 
thus higher carbonate ion concentration are encountered (Risgaard-Petersen et 
al., 2012). This sometimes gives rise to crust rich in CaCO3 and/or FeOOH on top 
of the sediment (Fig 1.3). 

Within natural sediments, the electrogenic metabolism of cable bacteria has 
been shown to generate a large buffer of sedimentary iron (hydr)oxides (FeOOH) 
that can capture free sulfide in the surface sediment during periods of hypoxia/
anoxia thereby preventing the release of free sulfide into the water column (Seitaj 
et al., 2015). This crust of iron oxides also affects the cycling of phosphorus in the 
sediment and the overlying water. Precipitation of iron (hydr)oxides results in a 
large stock of iron(hydr)oxide-bound phosphorus within the oxic zone. During 
periods of hypoxia, when cable bacteria are undetectable, the phosphorus 
associated with these iron minerals is released and thereby strongly increase 
phosphorus availability in the overlying water column (Sulu-Gambari et al., 
2016). The impact of cable bacteria can therefore extend beyond the sediment 
and can control the overall cycling of iron, sulfur and phosphorus within the 
sediment and water column of coastal systems (Seitaj et al., 2015; Sulu-Gambari 
et al., 2016).

1.3.3 Electron transport within multicellular cable bacteria

The evolution of multicellularity has occurred independently dozens of times 
across all domains of life and leads to coordinated activity and resource sharing 
among cells (Bonner, 1998; Lyons and Kolter, 2015). Multicellular organisms 
obtain advantages due to the cooperation between cells through cellular 
interactions, cell differentiation, and the division of labor between cells (Bonner, 
1998; Grosberg and Strathmann, 2007; Lyons and Kolter, 2015). For a bacterial 
filament, multicellularity requires coordination and complex interactions 
between the cells, which generally occurs via the physical exchange of chemical 
compounds through the process of diffusion (Kaiser, 2001). For instance, the 
multicellular filamentous cyanobacteria Aphanizomenon sp. and Anabaena 
oscillarioides possess vegetative cells capable of photosynthesis and thus CO2 
fixation as well as non-growing heterocysts; specialized cells in which molecular 
nitrogen (N2) can be fixed into organic nitrogen. Newly fixed nitrogen is rapidly 
exported from the heterocysts to the vegetative cells and organic carbon and 
energy is transported from the vegetative cells towards the heterocysts (Ploug 
et al., 2010; Popa et al., 2007). Cable bacteria can consist of ten thousands of 
cells (Fig 1.4) where the interaction among cells within a filament is established 
via electron currents, which adds another dimension to cellular interaction 
within a multicellular organisms and is a unique form of metabolic interaction 
(Meysman, 2018).
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Scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) showed that the external surface of a cable bacterium filament possesses 
a unique structure with uniform ridges running along the entire length of 
the filament (Cornelissen et al., 2018; Pfeffer et al., 2012) (Fig 1.4D). Adjacent 
cells within a filament are separated by cell junctions that are bridged by the 
periplasmic filling and enclosed by the collective outer membrane (Cornelissen 
et al., 2018; Jiang et al., 2018). Within each of the ridges lies a periplasmic 
fibre that is continuous across cell junctions. The cells junctions display a 
conspicuous cartwheel structure that is likely made by invaginations of the 
outer cell membrane around the periplasmic fibres (Cornelissen et al., 2018). 
Multiple lines of indirect evidence already suggested that the electric current 
that connects the anodic and the cathodic half-reactions was guided internally 
from cell to cell by this collective fibre sheath structure; (i) the electric field 
collapsed quickly (< 1 min) after removal of oxygen from the overlying water 
and this field was swiftly re-established after oxygen was introduced (Risgaard-
Petersen et al., 2014), (ii) manipulation experiments showed that lateral cutting 
of the sediment column resulted in an immediate and lasting halt of the electric 
current accompanied by a drop in oxygen consumption, a pH decrease in the 
oxic zone and a pH increase in the suboxic zone (Pfeffer et al., 2012; Vasquez-
Cardenas et al., 2015). The first direct evidence of long-distance electron 
transport along individual cable bacteria filaments over mm-scale distances 
was provided by resonance Raman microscopy where a gradient in cytochrome 
redox potential was observed along individual filaments when connected to 
both sulfide and oxygen. Without access to oxygen, electrons accumulated in 
the cytochromes and a rapid shift towards more reduced cytochromes was 
observed within minutes, which is too fast to be explained by diffusion (Bjerg et 
al., 2018). Direct measurements of the electrical conductivity along the length of 
both intact cable bacteria and extracted periplasmic fibre sheaths unequivocally 
demonstrated that electrical currents are running through cable bacteria and 
that the periplasmic fibre sheath is the conductive structure (Meysman et al., 
2019). The observed direct current along the extracted periplasmic fibre sheath 
could be sustained for hours under vacuum conditions, demonstrating that the 
current is most likely electronic in nature. Conductivities of up to 79 S cm-1 were 
measured along the periplasmic fibre sheaths and are the highest reported so 
far for any natural biological material and comparable to the current density in 
copper wiring (Meysman et al., 2019). Microscale manipulation experiments to 
assess the structural organization of the periplasmic fibre sheath showed that 
individual fibres are electrically interconnected between adjacent cells which 
provides a robustness to the fibre networs as to maintain the electrical connection 
between cells should one of the periplasmic fibres become damaged (Thiruvallur 
Eachambadi et al., 2020). Thus, the cell envelope of cable bacteria includes the 
full conductive network which consists of the conductive periplasmic fibres 
and the cell septa that harbor the conductive cartwheel structure (Cornelissen 
et al., 2018; Jiang et al., 2018; Meysman et al., 2019; Thiruvallur Eachambadi et 
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Figure 1.4: Images of multicellular cable bacteria. (A) Filaments of cable bacteria 
inbetween the oxic and suboxic layer of sediment split apart inside a glass cylinder. 
Image courtesy of Dr. Nils Risgaard-Petersen (Aarhus University). (B) A fluorescence 
microscopy image of part of a cable bacterium filament labeled with a specific fluorescent 
dye that binds to the DNA of cable bacteria. Image: Silvia Hidalgo-Martinez (University 
of Antwerp). (C) Bright-field microscopy image of a bundle of cable bacteria filaments 
extracted from marine sediment. Image: Silvia Hildalgo-Martinez. (D) A scanning 
electron microscopy (SEM) image of 7 cells of a cable bacterium that shows the electron-
conducting fibre structure.

A B

C D

al., 2020). Recent work combining high-resolution microscopy, spectroscopy, 
and chemical imaging of individual cable bacterium filaments demonstrated 
that the periplasmic fibres consist of a conductive protein core surrounded 
by an insulating protein shell layer and that the core proteins contain a sulfur 
ligated nickel cofactor that is involved in the long range electrical conduction 
(Boschker et al., 2021). The involvement of nickel as the active metal in biological 
conduction is remarkable, as biological electron transport typically involves iron 
and/or copper metalloproteins (Boschker et al., 2021). At this moment, both the 
exact mechanism of electron transport in the periplasmic fibres as well as the 
chemical structure remain unclear.
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1.3.4 The metabolism of cable bacteria

As is the case with most bacteria, cable bacteria are thus far part of the 
“uncultured majority.” In the absence of a pure culture (or co-culture), 
‘omics’ can be performed on sediment enrichment cultures to provide useful 
information about the phylogeny and potential metabolism of cable bacteria. 
Sediment enrichment cultures with a dominant cable bacteria population can be 
achieved by submerging sulfidic sediments into an oxygenated water column at 
ambient in situ temperature (i.e., the temperature at the location from where the 
sediment was retrieved). Before submersion, the sediment is homogenized and 
sieved to remove all macrofauna, which is thought to prevent the mechanical 
disturbance of the cable bacteria filament network (Malkin et al., 2014). Owing 
to the large size of cable bacteria, it is also possible to isolate single filaments 
from the sediment matrix using custom-made glass hooks. Thus, both single-
filament genomics, metagenomics and proteomics performed on sediment 
enrichment cultures were used to gain insights into the phylogeny and metabolic 
functioning of cable bacteria (Kjeldsen et al., 2019; Müller et al., 2016; Trojan et 
al., 2016). To assess the evolutionary relationship between cable bacteria within 
the Desulfobulbaceae, 16S ribosomal RNA (16S rRNA) gene sequences and dsrAB 
gene sequences were reconstructed from individual cable bacteria filaments 
retrieved from marine and freshwater environments. 16S rRNA gene sequences 
are used to reconstruct phylogenies because this region of the gene has slow 
rates of evolution and can therefore be used as an ‘molecular clock’ (Woese et al., 
1990). The dsrAB gene encodes the DsrAB-type dissimilarory (bi)sulfite reductase 
enzyme, a key microbial enzyme in both the reductive and oxidative steps of the 
biogeochemical sulfur cycle. DsrAB genes are also robust phylogenetic marker 
genes, but specifically for sulfur compound-dissimilating microorganisms 
(Müller et al., 2015), including Desulfobulbaceae. Phylogenetic analysis using both 
16S rRNA and dsrAB gene sequences as well as analysis of concatenated genes from 
draft genomes accomodated cable bacteria within two novel genera: the mostly 
marine Candidatus Electrothrix, with four candidate species, and the mostly 
freshwater Candidatus Electronema, with two candidate species (Kjeldsen et al., 
2019; Trojan et al., 2016). Thus, cable bacteria are a monophyletic sister group to 
the genus Desulfobulbus within the deltaproteobacterial family Desulfobulbaceae 
(Kjeldsen et al., 2019; Trojan et al., 2016). 16S rRNA gene sequences identified 
groundwater cable bacteria within a distict phylogenetic clade with the closest 
culturable relative Desulfovibrio alkaliphilus. These groundwater cable bacteria 
hence were only distantly related to the marine cable bacteria (88% similarity 
on the 16S rRNA level) (Müller et al., 2016). When it comes to their carbon 
metabolism, cable bacteria possess and express the genes associated with the 
Wood-Ljungdayl pathway (Kjeldsen et al., 2019), a strictly anaerobic CO2 fixation 
pathway (Berg, 2011), which indicates that cable bacteria have the potential for 
autotrophic CO2 fixation. They also have an organotrophic potential due to the 
presence of the methylmalonyl-CoA pathway for propionate assimilation in 
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their genome (Kjeldsen et al., 2019). Although genomic analysis provide useful 
insights into the metabolic potential of bacteria, the physiology and ecological 
roles of microorganisms cannot be determined without direct probing of their 
activities in natural habitats, which is a fundamental challenge in environmental 
microbiology (Musat et al., 2016). Thus, the metabolic potential needs to be 
tested in situ because the function of cells in their native habitat often cannot be 
reliably predicted from genomic data. To assess how microorganisms interact 
with and shape their environments also requires geochemical measurements 
and single-cell measurements (Hatzenpichler et al., 2020), which was already 
nicely illustrated by the research performed on the energy metabolism of cable 
bacteria; looking at the genomic make-up, one would expect cable bacteria to 
be sulfate-reducing Desulfobulbaceae (Kjeldsen et al., 2019) whereas geochemical 
measurements indicated that cable bacteria use LDET to spatially couple sulfide 
to oxygen and hence perform sulfide oxidation (Nielsen et al., 2010; Pfeffer 
et al., 2012). Due to this combined approach of genomics and geochemical 
measurement, it was concluded that cable bacteria oxidize sulfide by reversal 
of the canonical sulfate reduction pathway (Kjeldsen et al., 2019). A large part of 
this thesis will focus on the ecophysiology of cable bacteria, where the metabolic 
activity of single cells is tracked by nanoscale secondary ion mass spectrometry 
(nanoSIMS) after probing with stable isotopes.

1.3.5 Investigating single-cell activity

Microbial ecology has benefitted greatly from the use of stable isotope probing 
(SIP) techniques where stable isotopes (e.g. 13C, 15N , 2H, or 18O) are used to label 
organic macromolecules (e.g. DNA, RNA, proteins, phospholipid-derived fatty 
acids) to link the identity of a microbe with their function in the environment 
(Musat et al., 2016; Radajewski et al., 2000). In these approaches, the isotope 
enrichment of specific DNA or RNA sequences, proteins or lipids extracted 
from bulk samples is measured. However, it is not possible to resolve the 
contributions of single cells or cell compartments to a particular process and the 
quantification of assimilation rates is limited to the most abundant taxa (Klawonn 
et al., 2019; Musat et al., 2016). Detecting single-cell metabolic activities is key 
to understanding cellular physiology and metabolic heterogeneity (Kopf et al., 
2015) and quantifying single-cell metabolic activity is necessary in analysing 
global biogeochemical cycles (Klawonn et al., 2016). For both a quantitative 
and mechanistic understanding, nanoscale secondary ion mass spectrometry 
(nanoSIMS) in combination with stable isotope probing (SIP-nanoSIMS) has 
proven to be successfull. Because of its high resolution, nanoSIMS elemental 
and/or isotopic images can give insight into the metabolic activities of single cells 
(Pett-Ridge and Weber, 2012), which is particularly useful when investigating 
environmental samples and/or microbes that cannot be grown in a pure culture. 
To reveal metabolic processes within biological systems, isotope-labeled 
nutrients (e.g., 13CO2 or 15NO3) are added to the growth medium after which 
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nanoSIMS is used to visualize the isotopic enrichment. Typically, this is based 
on measuring the 13C/12C or 12C15N/12C14N  ratio and comparing it to a standard 
sample and/or value (Nuñez et al., 2018).

SIP-NanoSIMS has advanced our understanding of cellular physiology in 
individual microbes and microbial populations and was also effective when 
investigating the metabolism of multicellular bacteria. This methodology was 
used to characterize temporal and spatial patterns of CO2 and N2 fixation, as well 
as the growth dynamics and flow of metabolites within and among cells of several 
filamentous cyanobacteria (Finzi-hart et al., 2009; Ploug et al., 2010, 2011; Popa 
et al., 2007). For the multicellular cyanobacteria Aphanizomenon sp., Anabaena 
oscillarioides and Nodularia spumigena, the processes of carbon and nitrogen 
fixation are spatially decoupled and performed by different cells; inorganic 
carbon is fixed via photosynthesis within vegetative cells whereas inorganic N2 
is fixed within specialized cells called heterocysts (Popa et al. 2007; Ploug et al. 
2010, 2011). Inoculation with labeled substrates followed by nanoSIMS analysis 
revealed that newly fixed nitrogen was exported from the N2-fixing heterocysts 
within hours and evenly allocated among vegetative cells (Popa et al. 2007; Ploug 
et al. 2010, 2011). A similar methodology using labelling with 13CO2 and 15N2 
revealed that within the marine multicellular cyanobacterium Trichodesmium, 
nitrogen and carbon were transiently included into discrete subcellular bodies 
identified as cyanophycin granules, which are thus mostly used to decouple 
CO2 and N2 fixation because the O2 produced during photosynthesis inhibits 
nitrogenase, the key enzyme in N2-fixation (Finzi-Hart et al., 2009). Therefore, 
the approach where stable isotope probing is followed by NanoSIMS imaging 
allows for the characterization of cellular development, changes in individual 
cell composition and cellular roles in metabolite exchange and is a promising 
technique to investigate nutrient uptake and possible exchange among cells 
within multicellular bacteria.

For cable bacteria, the carbon metabolism was already investigated by labelling 
enrichment cultures with 13C stable isotopes where the incorporation of 
13C-propionate (targeting organic carbon uptake) and 13C-bicarbonate (following 
inorganic carbon uptake) was tracked using nanoscale secondary ion mass 
spectrometry (nanoSIMS) and through incorporation of 13C into phospholipid-
derived fatty acids (PLFA) (Vasquez-Cardenas et al., 2015). High incorporation of 
13C-propionate was found in fatty acids that resembled the fatty acid composition 
of Desulfobulbus spp., to which cable bacteria are most closely related. NanoSIMS 
analysis confirmed heterotrophic rather than autotrophic growth of cable 
bacteria. However, high bicarbonate uptake was observed in concert with the 
development of cable bacteria (Vasquez-Cardenas et al., 2015). Thus, labelling 
experiments suggest a mixotrophic lifestyle with a focus on heterotrophy 
(Vasquez-Cardenas et al., 2015) whereas genomics and proteomics shows 
both autotrophic and (limited) organotrophic potential (Kjeldsen et al., 2019). 
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Therefore, further studies are needed to confirm the carbon metabolism of the 
cable bacteria and how this is coupled to the catabolism, long-distance electron 
transport and (multicellular) growth.

2. SCOPE AND FRAMEWORK OF THIS THESIS

The original goals of this PhD project were twofold; (1) identify the carbon 
metabolism of the cable bacteria (autotroph vs. heterotroph) in natural settings 
and (2) investigate how e-SOx affects the composition, precipitation and 
dissolution of carbonate minerals. However, while investigating the carbon 
metabolism using SIP-nanoSIMS, unexpected discoveries took the research into 
a different direction and the main objective of this thesis shifted to enhance our 
understanding of the physiology of multicellular cable bacteria.

2.1 CHAPTERS

In chapter 2 we present an explorative study on the formation of sedimentary 
minerals in and near cable bacteria using a combined approach of electron 
microscopy and spectroscopic techniques. More than 500 images of 50 different 
samples from enrichment cultures with an active cable bacteria population 
were microscopically screened for minerals associated with the cable bacterium 
filaments. This enabled us to distinguish different types of biomineral formation 
associated with the cable bacteria and give insight into the complex interplay 
between cable bacteria and the surrounding sediment matrix.

In chapter 3 we combined SIP-nanoSIMS, cyclic voltammetry and a sediment 
manipulation experiment using micro-electrode measurements to investigate 
how the electron flow is coupled to energy conservation, biosynthesis, and cell 
growth. Sediment cores with an active cable bacteria population were amended 
with either 13C-labeled bicarbonate (targeting inorganic C uptake) or propionate 
(targeting organic C uptake) in combination with 15N-labeled ammonium as a 
proxy for general biomass synthesis. After a labelling period of 24 h, individual 
cable bacterium filaments were separately retrieved from the oxic and suboxic 
zones of the sediment, and their carbon and ammonium assimilation was 
determined using nanoSIMS. Eight filaments were followed along the length (0.6 
to 2.3 mm) to investigate the variability among cells within a filament. We show 
that cable bacteria are facultative autotrophs and that there is a division of labor 
where only cells performing sulfide oxidation in deeper anoxic horizons have the 
capacity for energy generation and growth whereas the cells performing anodic 
oxygen reduction do not grow and appear to provide a “community service” to 
the rest of the filament to get rid of electrons as quickly as possible.

In chapter 4, we try to unravel the cell cycle of the multicellular cable bacteria 
using a combination of dual stable-isotope probing (13C and 15N) followed 
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by nanoSIMS, fluorescence microscopy and genome analysis. A new three-
dimensional reconstruction of stable isotope incorporation gives detailed 
insights into biomass synthesis and growth of cable bacteria on the level of 
single cells. Several filaments in the process of division were followed along the 
length which showed that on the filament level, cell division is synchronized over 
millimeter-scale lengths. We compare the observed cell cycle with the cell cycle 
of the single-celled, Gram-negative model bacterium Escherichia coli and the cell 
cycle of other multicellular filamentous bacteria. We propose a model for the 
lifestyle of cable bacteria that links the observed synchronized cell division to 
the electrogenic metabolism of the cable bacteria and hypothesize that access to 
oxygen is key for growth and cell division.

In chapter 5 we combine stable isotope probing using both 13C-bicarbonate 
and 18O-labeled water (H2

18O) followed by nanoSIMS analysis to visualize 
the relationship between cellular growth and the activity of polyphosphates 
(i.e., both synthesis and breakdown). We elucidate on the role of polyphosphate 
(poly-P) within the different redox zones (i.e., oxic and suboxic) and the essential 
role the poly-P plays in the life cycle of cable bacteria.

In chapter 6 the main results of our research on the metabolism of cable 
bacteria discussed in chapter 3 are presented for lay people that have a basic 
understanding of chemistry (i.e. a high school grade 8 or 9 level). 
“Science and everyday life cannot and should not be separated.” -Dr. Rosalind Franklin
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ABSTRACT

Cable bacteria are multicellular, filamentous microorganisms that are capable 
of transporting electrons over centimeter-scale distances. Although recently 
discovered, these bacteria appear to be widely present in the seafloor, and when 
active, they exert a strong imprint on the local geochemistry. In particular, their 
electrogenic metabolism induces unusually strong pH excursions in aquatic 
sediments, which induces considerable mineral dissolution, and subsequent 
mineral re-precipitation. However at present, it is unknown whether and how 
cable bacteria play an active or direct role in the mineral re-precipitation process. 
To this end we present an explorative study of the formation of sedimentary 
minerals in and near filamentous cable bacteria using a combined approach of 
electron microscopy and spectroscopic techniques. Our observations reveal the 
formation of polyphosphate granules within the cells and two different types of 
biomineral formation directly associated with multicellular filaments of these 
cable bacteria: the attachment and incorporation of clay particles in a coating 
surrounding the bacteria, and encrustation of the cell envelope by iron minerals. 
These findings suggest a complex interaction between cable bacteria and the 
surrounding sediment matrix, and a substantial imprint of the electrogenic 
metabolism on mineral diagenesis and sedimentary biogeochemical cycling. 
Particularly the encrustation process leaves many open questions for further 
research. For example, we hypothesize that the complete encrustation of 
filaments might create a diffusion barrier and negatively impact the metabolism 
of the cable bacteria. 

Keywords: Cable bacteria, biominerals, polyphosphate granules, encrustation, 
electron microscopy, X-ray spectroscopy
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2.1 INTRODUCTION

2.1.1 Cable bacteria

In 2012, long multicellular microorganisms were reported from in marine 
sediments that are capable of generating and mediating electrical currents over 
centimeter-scale distances (Pfeffer et al., 2012). These so-called “cable bacteria” 
have evolved a unique energy metabolism, in which electrons are passed on 
from cell to cell, thus establishing an electrical current from one end to the 
other of their centimeter-long filamentous bodies. This biological innovation 
equips cable bacteria with a competitive advantage for survival within the 
redox gradients that exist within the seafloor (Meysman, 2018). The electrical 
connection allows electron donors and electron acceptors to be harvested in 
widely separated locations (Nielsen et al., 2010), and in this way, the energy yield 
from natural redox gradients can be favorably optimized. 

The currently known cable bacteria strains belong to two candidate genera within 
the Desulfobulbacea family of the deltaproteobacteria: the marine “Candidatus 
Electrothrix” and the freshwater “Candidatus Electronema” (Trojan et al., 2016). 
Cable bacteria perform electrogenic sulfur oxidation (e-SOx) via long-distance 
electron transport (LDET). Thereby, they engender an electrical coupling of 
the oxidation of sulfide within deeper sediments with the reduction of oxygen 
near the sediment surface. The anodic half reaction in the anoxic zone (half-
reaction: ½ H2S + 2 H2O → ½ SO4

2- + 4 e- + 5 H+) generates electrons, which are 
then transported along the longitudinal axis of the filament to cells located in 
the oxic zone (Pfeffer et al., 2012). In this thin oxic zone, cathodic cells consume 
the electrons via oxygen reduction (half reaction: O2 + 4 H+ + 4 e- → 2 H2O). Field 
investigations have shown that this separation of redox half-reactions can span 
a distance up to 7 cm (van de Velde et al., 2016), thus illustrating the wide spatial 
scale over which LDET can be active

LDET has recently been documented to be active in a wide range of marine 
environments (Burdorf et al., 2017; Malkin et al., 2014), including salt marshes, 
mangroves, seagrasses, and seasonally hypoxic basins, as well as in freshwater 
streambeds (Risgaard-Petersen et al., 2015) and possibly in aquifer sediments 
(Müller et al., 2016). LDET has furthermore proven to exert a dominant influence 
on biogeochemical transformation and fluxes in the seafloor. This impact can 
even extend beyond the sediment, and can control the overall cycling of iron, 
sulfur and phosphorus within the sediment and water column of coastal systems 
(Seitaj et al., 2015; Sulu-Gambari et al., 2016). The widespread occurrence of 
cable bacteria and their strong local geochemical imprint suggests that they 
could be important in the cycling of carbon, sulfur, iron and other elements in 
various natural environments (Nielsen and Risgaard-Petersen, 2015).
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2.1.2 Acidification and mineral cycling 

A remarkable aspect of the metabolism of cable bacteria is that they induce 
unusually strong pH excursions in aquatic sediments (Nielsen et al, 2010; 
Meysman et al, 2015). These large pH excursions are a direct consequence of the 
spatial segregation of redox half-reactions made possible by LDET. Considerable 
amounts of protons are released by anodic sulfur oxidation in deeper sediment 
horizons, thus strongly acidifying the pore water (down to pH 6 and below). 
Oppositely, large quantities of protons are consumed by cathodic oxygen 
consumption, leading to a characteristic pH maximum in the oxic zone (with 
pH values up to 9). Due to these pH excursions in the pore water, the solid-phase 
chemistry is also affected by the metabolic activity of the cable bacteria. 

The acidification of the suboxic zone results in the dissolution of iron(II)sulfide 
(FeS) and calcium carbonate (CaCO3), which causes accumulation of ferrous iron 
(Fe2+), calcium (Ca2+) and manganese (Mn2+) in the pore water (Risgaard-Petersen 
et al., 2012; Rao et al., 2016; Sulu-Gambari et al., 2016; van de Velde et al., 2016). 
Upon release, these cations diffuse both upward and downward in the sediment 
column. The downward diffusion of Fe2+ results in the precipitation of FeS once 
the ferrous iron encounters the sulfide appearance depth. The upward diffusion 
of Fe2+ results in the formation of iron (hydr)oxides (FeOOH) once Fe2+ reaches the 
oxic zone (Risgaard-Petersen et al., 2012; Rao et al., 2016). In a similar manner, 
Ca2+  can diffuse upwards and downwards into sediment layers with a higher pH 
(and carbonate ion concentrations) and reprecipitate as CaCO3, likely in the form 
of high-magnesium calcite (Risgaard-Petersen et al., 2012). This sometimes gives 
rise to a hard CaCO3-rich crust that rests on top of the sediment (Rao et al., 2016; 
Risgaard-Petersen et al., 2012).

Clearly, the presence and activity of cable bacteria has a large impact on the 
mineralogy of aquatic sediments, and results in the de novo formation of solid 
phases in the surface layer, like FeOOH, FeS and CaCO3. Mineral formation can 
occur over a relative short time span. For example, Seitaj et al. (2015) showed 
that over the time course of a few weeks to months about 1 mole of FeS per m2 is 
converted to FeOOH under the influence of cable bacteria. The exact mineralogy 
of these newly reprecipitated iron and carbonate phases is presently not known. 
It is also unknown to which degree the cable bacteria are responsible for the 
precipitation of these newly formed minerals. The processes in which microbes 
mediate mineral precipitation can be grouped into two modes: (1) biologically 
induced mineralization (BIM) and (2) biologically controlled mineralization 
(BCM) (Lowenstam and Weiner, 1989). Minerals that form by BIM generally 
nucleate and grow extracellularly as a result of the metabolic activity of the 
organism and subsequent chemical reactions involving metabolic by-products. 
BIM is an uncontrolled consequence of metabolic activity. The formed minerals 
are generally characterized by poor crystallinity, broad particle-size distributions, 
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and lack of specific crystal morphology (Frankel and Bazylinsky, 2003; Lowenstam 
and Weiner, 1989). Both abiotic precipitation and BIM may result in minerals 
that are chemically and morphologically similar, though in other cases, there 
may be morphological differences. This is because the bacterial surface provides 
nucleation templates for mineral precipitation, which act as a template for growth 
and organization of the precipitated particles, thus leading to specific mineral 
textures (Mirvaux et al., 2016), or bacteria may initiate mineral precipitation 
under conditions where abiotic precipitation is kinetically hindered, which 
may also steer mineral morphology. BIM is particularly significant for bacteria 
that respire sulfate and/or metal (hydr)oxides where the metabolic products are 
reduced metal ions and sulfide, which are reactive and participate in subsequent 
mineral formation (Lowenstam and Weiner, 1989; Frankel and Bazylinski, 
2003). BCM is a much more tightly regulated mineral formation process and the 
precipitated minerals have a physiological and structural role. The precipitation 
is regulated by the microbes in such a way that appropriate mineral saturation 
states are achieved and minerals can be formed within the organism even when 
conditions in the bulk solution are thermodynamically unfavorable. Minerals 
formed by BCM show a high degree of crystallinity and have a specific crystal 
morphology (Konhauser and Riding, 2012).

Understanding bacterially mediated mineralization is crucial in understanding 
the complex interactions of biological, chemical and physical processes 
(Konhauser, 1998; Gonzalez-Munoz et al., 2010) since it affects the geochemical 
cycling of mineral-forming elements (e.g. C, Fe, S, Ca and O) on a short-term 
time scale up to geological time-scales (Konhauser and Riding, 2012). Moreover, 
little is known about how the cable bacteria themselves are affected by the 
biogeochemistry of their surroundings and how they maintain their population 
in an environment that is rapidly changing as a result of their own metabolic 
activity. Here, we present and discuss the results of an explorative study on cable 
bacteria using a combined approach of electron microscopy and spectroscopic 
techniques to characterize the different cell-mineral interactions.

2.2 METHODS

2.2.1 Sediment collection and incubation

Enrichment cultures were initiated in which natural marine sediments where 
homogenized and incubated in the laboratory under conditions that stimulate 
the growth of cable bacteria (pure cultures of cable bacteria are not yet available). 
To this end, sediment was collected at four different locations, three of which are 
located in the Netherlands, and are referred to as Rattekaai Salt Marsh (RSM), 
Mokbaai (MB) and Marine Lake Grevelingen (MLG), while the fourth site is 
located in the Black Sea (BS). The RSM site (51.4391°N, 4.1697°E) is located within 
the creek bed of an intertidal salt marsh within the Eastern Scheldt tidal inlet. 



26

Chapter 2

The MB site (53.00°N, 4.7667°E) is located at an intertidal flat near the island of 
Texel (Wadden Sea). Samples from MLG (51.4624°N, 3.5616°E ) were taken at a 
depth of 34 m. MLG is a seasonal hypoxic marine lake in the Dutch Delta area 
which experiences bottom water hypoxia and anoxia in the summer in its deep 
basins. The BS sediment samples were taken at a water depth of 27 m on the 
continental shelf of the Black Sea (44.5917°N; 29.1897°E). Sediments from RSM, 
MB and MLG were used because abundant cable bacteria populations have been 
previously documented under field conditions at the sites and cable bacteria 
enrichments were successfully obtained in previous experiments (Burdorf et al., 
2017; Malkin et al., 2014). Surface sediments from RSM and MB were collected 
during low tide by collecting the first 5 centimeter of sediment with a shovel. 
For the collection of MLG and BS sediments, a gravity corer was used on-board 
ship. In all cases, the thin upper layer of oxidized sediment was discarded and 
the reduced, sulfidic sediment was homogenized and sieved to remove fauna 
(0.5 mm mesh size for RSM, MB and MLG, 4 mm mesh size for BS) before being 
repacked in plastic cores as described in Burdorf et al. (2017). Sediment cores 
were incubated in a temperature-controlled room (RSM and BS at 20 °C; MB and 
MLG at 15 °C) in the dark, submerged in artificial seawater at in situ salinity (RSM 
and MB 35; MLG 32; BS 17.9), and constantly aerated through air bubbling.

2.2.2 Filament extraction procedure

Individual cable bacterium filaments were retrieved from the incubated sediment 
enrichments for subsequent microscopy inspection. A number of different 
filament extraction protocols (FEP) were used, depending on the sediment and 
type of microscopy that was implemented. An overview of which preparation 
method was used for which sample is given in Appendix table A2.1. 

FEP1: Filaments were picked from the incubated sediment cores under a 
stereomicroscope using custom-made fine glass hooks. Retrieved filaments 
or clumps of filaments were subjected to sequential washes by transferring 
them between separate droplet solutions on a microscope slide as described 
in Vasquez-Cardenas et al. (2015). Filaments were washed first three times in 
artificial seawater to remove sediment particles, then followed by several washes 
(> 3) in Milli-Q (Millipore, The Netherlands). Milli-Q washes were implemented 
to prevent precipitation of salt crystals during sample drying. Isolated filaments 
were subsequently pipetted onto polycarbonate filters (pore size 0.2 μm, 
Isopore, Millipore, Netherlands) that were mounted on aluminum SEM stubs 
(1 cm diameter) fitted with conductive carbon tape and allowed to air-dry in a 
desiccator. After drying, samples were coated with a ~15 nm gold layer for SEM 
analysis or coated with a ~5 nm carbon layer for EPMA.

FEP2: A small amount of sediment was taken from the oxic top layer of the 
sediment core and transferred to a 15 mL Greiner tube which was then filled 
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up to a volume of 10 mL with Milli-Q water. The Greiner tubes were centrifuged 
at 2,100 g for 2 min. This washing step was repeated three times. Samples were 
then transferred onto an SEM stub. This sediment was air-dried overnight before 
gold coating. 

FEP3: Sediment containing cable bacteria was retrieved from the oxic top layer 
with a scalpel and directly transferred onto an SEM stub. This sediment was air-
dried overnight before gold coating. 

FEP4: Individual filaments were hand-picked from the sediment with custom-
made glass hooks as in FEP1 and then washed three times with artificial seawater 
followed by several (>3 washes) in Milli-Q. To enable for long-term storage, these 
samples were subsequently transferred to a 50% ethanol solution and stored in 
the freezer at -20ºC. Upon analysis, they were defrosted and pipetted onto a SEM 
stub with carbon conductive tape and air-dried before gold coating.

2.2.3 Microscopy and spectroscopy

Different microscopy and spectroscopy techniques were used to obtain structural 
as well as compositional information on the minerals that were formed. An 
overview of the imaging modes used for the different samples is provided in 
Appendix table A2.1.  

2.2.3.1 Epi-fluorescence microscopy

Epi-fluorescence microscopy provides information on the location and size of 
intracellular granules. Filaments extracted from the sediment were stained with 
the general DNA stain 4’,6-diamidino-2-phenylindole (DAPI) and were imaged 
using a Zeiss Axiovert 200M epifluorescence microscope (Carl Zeiss, Göttingen, 
Germany) equipped with the Zeiss filter set 02 (excitation G365, BS395; emission 
LP420). An excitation wavelength of 358 nm was used and emission was detected 
at 463 nm.

2.2.3.2 Digital Holographic Microscopy (DHM)

Digital holographic microscopy is a technique which not only allows the light 
intensity information of the investigated object to be captured but also the so-
called phase information in a quantitative way (Dubois et al., 2004). This allows 
for the imaging of transparent substances such as mucoids, biofilms and other 
types of extracellular polymeric substances (EPS) that are typically not visible 
in the light intensity image (Zetsche et al., 2016a, 2016b) or with SEM imaging.
 
Specimen for DHM were obtained by inserting glass slides into an enrichment 
culture from MLG and leaving the glass slide in the sediment for a period of 
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days. Afterwards the slide was retrieved and washed with MilliQ. Some filaments 
remained attached to the slide. Holograms of cable bacteria were captured with 
an oLine D3HM digital holographic microscope (Ovizio Imaging Systems NV/
SA, Belgium) and subsequently the respective light intensity and phase images 
derived as explained in more detail in Zetsche et al. (2016a).  

2.2.3.3 Scanning electron microscopy (SEM) coupled to Electron dispersive 
X-ray spectroscopy (EDS)

SEM imaging was used to obtain high-resolution images of the cable bacterium 
filaments and their associated mineralogical structures. SEM imaging was 
combined with electron dispersive X-ray spectroscopy (EDS) to obtain the 
elemental composition of the cable bacteria and of the related mineral structures 
at specific locations (called ‘spots’). EDS analysis was also used to determine 
which elements should be further analyzed by X-ray element mapping. SEM-
EDS analysis was performed on a Phenom ProX desktop SEM (Phenom-World 
B.V., the Netherlands). SEM images were obtained under a 0.1-0.3 mbar vacuum 
and a high accelerating voltage (10 kV or 15 kV). Because of the small size of the 
cable bacteria, the interaction volume of the EDS analysis was assessed by Monte 
Carlo simulations with Casino 2.48 software (Drouin et al., 2007) to check if the 
measured X-rays are representative of the chosen spot.

2.2.3.4 Electron Probe Micro Analysis (EPMA)

EPMA imaging was combined with X-ray element mapping using wavelength 
dispersive X-ray spectroscopy (WDS) as well as EDS. EPMA coupled to WDS 
provides a much higher spectral (2-15 eV) resolution than EDS, which has a 
spectral resolution between 70 and 180 eV. Therefore, WDS X-ray mapping allows 
for more accurate element maps (Goldstein et al., 2003). The main advantage 
of EDS mapping is the capacity to collect data in parallel for the entire range 
of photon energies excited by the primary beam. This allows all elements to 
be mapped in a single scan. In contrast, WDS is restricted to a more narrow 
energy window and therefore only one element can be mapped in a single scan 
(Goldstein et al., 2003). 

EPMA imaging and the associated X-Ray element mapping (WDS and EDS) 
was performed on a JXA-8530F Hyperprobe Field Emission Electron probe 
micro-analyzer outfitted with five automated wavelength dispersive X-Ray 
spectrometers (JEOL, Japan). This electron microprobe was equipped with five 
WDS units that allowed for the simultaneous collection of five element maps 
during a single run. EPMA analysis and element mapping was performed under 
high vacuum (10-5-10-6 mbar), high voltage (15 kV) and a probe current of 10 
nA. X-ray element maps of phosphorus, calcium, magnesium, iron and sulfur 
were obtained using WDS. X-ray element maps of silicon and aluminum were 
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collected using EDS. Pixel sizes were 0.30 μm and dwell times at each pixel were 
50 ms or 240 ms. Longer dwell times resulted in beam-damaged sample erosion. 
SEM images prepared from the backscattered electron signal in the JEOL electron 
probe micro-analyzer were collected under high vacuum and high accelerating 
voltage (15 kV).

2.2.3.5 Focused Ion Beam – Scanning Electron Microscopy (FIB-SEM)
 
Specimen for FIB-SEM were obtained by inserting ACLAR 7.8 Mil slides (Electron 
Microscopy Services) into an enrichment culture and leaving the ACLAR in the 
sediment for a period of days. Afterwards the ACLAR slide was retrieved and 
washed with MilliQ. Some filaments retained firmly attached (cemented) to 
the ACLAR slide. These ACLAR slides with filaments were incubated in freshly 
prepared fixative (2% paraformaldehyde (PFA, Applichem), 2.5% gluteraldehyde 
(GA, EMS) in 0.15M sodium cacodylate (Sigma-Aldrich) buffer, pH 7.4) at room 
temperature (RT) for 30 min. Fixative was removed by washing 5 x 3 min in 0.15M 
cacodylate buffer and samples were incubated in 1% osmium (OsO4, EMS), 1.5% 
potassium ferrocyanide (Sigma-Aldrich) in 0.15M cacodylate buffer for 40 min at 
RT. This was immediately followed by a second incubation in OsO4 (1% OsO4 in 
double-distilled (dd)H2O) for 40 min at RT. After washing in ddH2O for 5 x 3 min, 
samples were incubated overnight at 4ºC in 1% uranyl acetate (UA, EMS). The 
next day, UA was removed by washing in ddH2O for 5 x 3 min. After final washing 
steps the samples were dehydrated using ice-cold solutions of increasing EtOH 
concentration (30%, 50%, 70%, 90%, 2x 100%), for 3 min each. Subsequent 
infiltration with resin (Durcupan, EMS) was done by first incubating in 50% resin 
in EtOH for 2 h, followed by at least 3 changes of fresh 100% resin (including 1 
overnight incubation). Next, samples were embedded in fresh resin and cured 
in the oven at 65°C for 72 h. Before FIB-SEM imaging, ACLAR was removed from 
the polymerized resin, leaving the filaments embedded directly at the surface, 
the resin block was mounted on aluminum SEM stubs and samples were coated 
with ~6 nm of platinum (Quorum Q150T ES). FIB-SEM imaging was performed 
using a Zeiss Auriga Crossbeam system. The Focused Ion Beam (FIB) was set to 
remove 10 nm sections by propelling gallium ions at the surface. In between 
the milling of the sections, samples were imaged at 1.5 kV using an ESB (back-
scattered electron) detector. 
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2.3 RESULTS

A wide number of samples (>50 samples, >500 images) from enrichment cultures 
with cable bacteria activity were microscopically screened for minerals that were 
directly associated with the cable bacterium filaments, i.e., they occurred inside 
or on the outer surface of the filaments. SEM imaging revealed the intracellular 
formation of polyphosphate granules and two types of mineral transformation 
closely associated with cable bacteria (Fig. 2.1)., (1) the coating of filaments with 
existing mineral particles, in particular of clay particles, and (2) the encrustation 
of the cable bacteria filaments with newly deposited minerals, which is observed 
as an electron dense layer surrounding the surface of the filaments. 

In several samples from MB and RSM, cable bacteria without of any form 
of precipitation, as well as cable bacteria with poly-P granules, coating or 
encrustation, were all present in the same sample, thus suggesting heterogeneous 
precipitation patterns (Fig. 2.4B and 2.10).

2.3.1 Intracellular polyphosphate granules

Naked filaments are defined as filaments with no visible extracellular attachment 
of mineral particles and no visible encrustation. These naked filaments 
comprised the majority of filaments encountered in the sediment samples, 
and were frequently observed to contain circular to ellipsoidal granules when 
imaged with SEM or when using fluorescence microscopy with DAPI staining. 
Note that coated or encrusted filaments may also contain these granules, but this 
could not be verified, as the presence of the intracellular granules is obscured 
by the surrounding sheath or encrustation. DAPI showed the granules as bright 
blue spots in the cells of naked filaments (Fig. 2.2A), thus suggesting they are 
polyphosphate (poly-P) inclusions. DAPI is a fluorescent dye usually used 
for DNA staining but when DAPI is used at a high concentration, it also stains 
polyphosphate granules (Streichan et al., 1990).

SEM imaging provided higher resolution images, which depicted the granules 
as electron-dense, bright, white spots (Fig. 2.2B-C). There was considerable 
variation in the size and amount of granules present between filaments; some 
filaments contained no granules, others contained a single granule or a few large 
ones, while still other filaments contained multiple smaller granules dispersed 
throughout the cell. There was also variation in poly-P patterns between cells 
of the same filament, though typically, the granule pattern remained similar 
between neighboring cells of the same filament (Fig. 2.2). 

SEM-EDS spot analysis on the inclusions indicated large peaks of phosphorus (P) 
and oxygen (O) in the resultant spectrum, accompanied by smaller but prominent 
peaks of calcium (Ca), magnesium (Mg) and also sulfur (S) (Fig. 2.2D). Qualitative 
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Figure 2.1: SEM images of air-dried cable bacteria and the corresponding conceptual 
representation exemplifying the different types of mineralization observed in cable 
bacteria: (A) Cable bacterium filament from the oxic zone of sediment from Rattekaai 
salt marsh containing polyphosphate granules, (B) cable bacterium filament from the 
oxic zone of Mokbaai sediment with clay particles attached to it, (C) completely encrusted 
cable bacterium filament from the oxic zone of Mokbaai sediment that has been broken 
off at a cell junction. Scale bars represent 5 μm (A, B) and  2 μm (C). (D) The poly-P granules 
are found within the cells. (E) Clay particles are attached to the cable bacteria, most likely 
due to the presence of extracellular polymeric substances (EPS). (F) Cell encrustation 
happens along the length of the cable bacterium filament thereby preserving the fibre 
structure.
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chemical analysis using EPMA-WDS confirmed that the poly-P granules within 
non-encrusted filaments contained P, Ca and Mg, and that P was correlated with 
both Ca and Mg (Fig. 2.3). The spatial co-localization of P with Ca, Mg, S and Fe 
was evaluated using Pearson’s correlation coefficient for two different WDS X-Ray 
element maps of naked filaments (Fig. 2.3, Appendix Fig. A2.1). The respective 
correlation coefficients varied from 0.76 to 0.94 for Ca, between 0.64-0.83 for 
Mg, 0.55-0.59 for S and 0.12-0.2 for Fe. Accordingly, there is a significant, high 
correlation between P and Ca and between P and Mg, and a moderate correlation 
between P and S throughout the filament. The low correlation between P and 
Fe suggests that the observed correlations between P and Ca and P and Mg are 
not because of a confounding factor (e.g. dilution by a common element or the 
structure of the cell), because then there would have been a higher correlation 
between the P and Fe as well. 

2.3.2 External coating of filaments

Sporadically, SEM imaging revealed that parts of a cable bacterium filament 
were covered by a heterogeneous coating of mineral particles that appeared to 
be attached to the surface of the filaments (Fig. 2.1B and 2.4). The shape and 
size of the incorporated minerals varied, which provides the coating with a 
rough and rugged texture. DHM imaging showed the presence of living cable 
bacteria coated with these particles (Fig. 2.6A-B) as well as a remaining sheath 
of extracellular polymeric substances (EPS) (Fig. 2.6C). Filaments covered with a 
particle coating were generally extracted together with naked filaments that had 
poly-P granules from the same sediment batch (Fig. 2.5A). WDS and EDS element 
mapping revealed that the attached mineral particles predominantly consisted 
of Si, Al, Mg and Fe (Fig. 2.5C-F), and therefore, they are most likely ambient 
clay-like particles. Coated filaments showed a clearly different signature in the 
WDS and EDS element mapping compared to naked filaments. The latter were 
clearly identifiable in the P map (Fig. 2.5B), but did not show any signature for Si, 
Al, Mg and Fe (Fig. 2.5C-F). Both coated filaments and naked filaments contain 
P throughout the filament, although the presence of P was less prominent in 
the coated filaments (Fig. 2.5B), suggesting a higher concentration of P in naked 
filaments and an inverse relationship between external clay coating and poly-P 
formation. However, most of the X-ray counts measured came from the sample 
surface and therefore WDS element maps reflect the composition of cable 
bacteria living in the oxic zone of surface sediments. Since the surface of the 
coated filaments contains minerals, the P content of the filaments from different 
fields of view cannot be compared using WDS element maps. 

2.3.3 Filament encrustation

Filament encrustation involved the deposition of a solid mineral phase along 
the external surface of cable bacterium filaments, and this solid mineral crust 



  33

Mineral formation induced by cable bacteria

2

Figure 2.2: (A) Fluorescence image of a cable bacterium filament stained with DAPI. The 
bright blue dots in the cytoplasm are poly-P granules. The inset shows a close-up of a 
single cell where the poly-P granules are distinguishably visible. (B) Scanning electron 
microscope (SEM) image of a bundle of cable bacteria filaments showing variability in 
patterns of poly-P granules in filaments extracted from the same environment. The poly-P 
granules are the bright, white spots indicated by the arrows. (C) SEM image of three 
adjoint cable bacteria filaments showing different sizes and patterns of poly-P granules. 
Inclusions in image B and C are marked with a green arrow. (D) A representative example 
of an EDS spot analysis of a poly-P granule, where the resultant spectrum shows a high 
abundance of the elements O, Mg, P, Ca and S. The point of the green arrow on the SEM 
image indicates the location of the spot analysis. Scale bars represent 10 μm (A, B, D) and 
5 μm (C). All filaments were extracted from the suboxic zone of sediment incubations 
from Rattekaai Salt Marsh.
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was tens or even hundreds of nanometers thick (Fig. 2.7). Filament encrustation 
was observed quite regularly in sediment samples, but importantly, it was only 
present in filaments that were retrieved from the oxic zone of the sediment 
enrichments.
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Encrusted filaments showed a distinct morphology when compared to the naked 
or coated filaments. Based on the morphology, different degrees of encrustation 
were distinguished. If a filament was weakly encrusted it closely followed the 
topography of the outer cell surface of the cable bacterium filaments, as if a 
homogeneous layer of mineral had precipitated on the outer surface (Fig. 2.7). 
Cable bacteria have a characteristic outer surface morphology, which consists 
of a pattern of parallel ridges that run all along the length of a filament (Pfeffer 
et al., 2012). This longitudinal ridge pattern was often still clearly visible in the 
encrusted filaments, even if filaments showed a high degree of encrustation 
(Fig. 2.7A-F). Filaments that were broken at cell junctions provided a cross-
sectional view of the encrustation, and this allowed to estimate the thickness 
of the encrusted layer, which may reach up to 430 nm (Fig. 2.7A). In filaments 
that were only lightly encrusted, the individual encrusted ridges were separately 
visible (Fig. 7B) and the cell junction was clearly identifiable as a ring containing 
apparent voids in encrustation (Fig. 7A-B). The presence of these voids at the 
cell junctions fully aligns with the model for the internal structure of the cable 
bacteria (Cornelissen et al., 2018; Pfeffer et al., 2012). This model proposes that 
the outer cell membrane shows invaginations around fibres that run from cell to 
cell, thus creating a ring of regularly spaced voids at the cell junctions. When the 
encrustation becomes thicker (Fig. 2.7C-F), the ridge pattern and the voids at the 
cell junctions become less apparent as these features are gradually obscured by 
the deposition of new layers of mineral. 

FIB-SEM analysis was done on filaments that were weakly encrusted (Video 
1, Appendix) as well as on filaments that were strongly encrusted (Video 
2, Appendix). The mineral that formed the crust was strongly stained with 
the uranyl acetate and/or osmium tetroxide stains that were used in sample 
preparation for FIB-SEM, thus providing a dark seal around the filaments in the 
FIB-SEM images (Fig. 2.8). In contrast, the ridge compartments themselves were 
left unstained, and hence appeared white in the FIB-SEM images. This allowed 
us to estimate the thickness of the crust by measuring the distance from the top 
of the ridge compartment to the top of the crust. The weakly encrusted filaments 
all had 16 ridge compartments in the cell envelope, while the strongly encrusted 
filaments had 11 ridge compartments. Both sets of filaments were obtained 
from the same sample, and hence, this confirms that cable bacteria within the 
same environment are highly variable with respect to their number of ridges 
(Cornelissen et al., 2018). We estimated that on average 180 nm of mineral was 
deposited on top of the weakly encrusted filaments. In contrast, the crust of the 
strongly encrusted filaments was much thicker and amounted to 500 nm. These 
latter filaments were so highly encrusted that crusts from different filaments 
were cemented together by the mineral precipitation and the thickness along 
a filament was more heterogeneous when compared to the weakly encrusted 
filament (Video 2, Appendix). 
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EDS spot analysis (Fig. 2.7F) and WDS analysis (Fig. 2.9  and 2.10) revealed that 
the encrustations were mainly composed of O, Fe and P. Minor amounts of Ca and 
Si were sometimes also observed, but these did not consistently show up among 
samples, indicating that the Ca and Si content of the crusts was variable. This 
EDS spot analysis was repeated on multiple filaments (~50) of different samples 
and consistently showed the same elemental composition (presence of O, Fe, P 
and sometimes Si, Ca and S) in the mineral encrustation (data not shown). 

A second type of encrustation morphology shows nanometer-sized globules 
present on the surface of cable bacteria filaments (Fig 2.7A and 2.7C). WDS 
analysis showed that these globules also contained Fe and P (Fig. 2.10). Some 
filaments covered in these globules were less mineralized than the completely 
encrusted cable bacteria suggesting that the growth of these iron-phosphate 
minerals predates the more advanced crust formation (Fig. 2.10). Some filaments 
were completely encrusted and were also covered in globules showing that they 
continued growing after the cell is encrusted (Fig. 2.7A and 2.7D).

Figure 2.3: False-colored WDS element maps of (A) secondary electrons, (B) phosphorus, 
(C) calcium, (D) magnesium, (E) sulfur and (F) iron. Scale bars represent 10 μm. To 
assess the correlation between the elements, scatter plots of (G) P and Ca, (H) P and Mg, 
(I) P and S and (J) P and Fe are shown. All scatterplots were produced from a pixel-by-
pixel analysis from the WDS X-ray element maps collected with the EPMA. The Pearson’s 
correlation coefficient (R) values are depicted on top of the scatterplots. Filaments were 
extracted from the suboxic zone of sediment incubations from Rattekaai Salt Marsh.
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2.4 DISCUSSION

In the present study, we examined enrichment cultures of cable bacteria by 
different types of microscopy and spectroscopy, and observed the formation of 
poly-P granules within the cells and two different types of mineral formation 
directly associated with multi-cellular filaments of these cable bacteria:, the 
attachment of clay-particles into a coating surrounding the bacteria, and 
encrustation of the cell envelope by iron minerals.

2.4.1 Polyphosphate (Poly-P) granules

In the laboratory sediment enrichments from all field sites examined in this 
study, naked cable bacterium filaments were observed that contained poly-P 
granules. It was not possible to discern if these poly-P granules were also present 
in encrusted or coated cable bacteria. Both the size and number of poly-P 
granules varied widely between filaments present in the same sediment sample 
(Fig. 2.2A-C).  Some filaments contained no poly-P granules, other filaments 
had one large poly-P granule in each cell, while still other filaments contained 
multiple smaller poly-P granules in each cell. Differences in size and number of 
poly-P granules could even be observed within a single bacterium (Fig. 2.2B,D, 
Fig. 2.3). Yet in general, the differences in size and number of the poly-P granules 
were larger between filaments than within cells belonging to the same filament. 

The EDS and WDS spectra showed that granules mainly contained P and O, 
which suggested they consist of poly-P granules, which are long-chain polymers 
consisting of 2-1000 orthophosphate residues linked together by a high energy 
phosphoanhydride bond that is similar to the bond in ATP (Kornberg, 1995; 
Seufferheld et al., 2008; Rao et al., 2009). Poly-P appears to have distinctive 
biological functions in microbial cells, and this function depends on abundance, 
chain length, origin, and subcellular location of the granules. Poly-P granules 
have been thought to act as an ATP substitute and energy storage, although the 
metabolic turnover of ATP is considerably higher than that of poly-P (Kornberg, 
1995). They can also be a reservoir for orthophosphate (Pi), a chelator of metal 
ions, and a buffer against alkali ions. Finally, poly-P granules have been claimed 
to aid the channeling of DNA, and to regulate the responses to stresses and 
adjustments for survival, especially in the stationary phase of culture growth 
and development (Kornberg 1995 and references therein). Due to their anionic 
nature, poly-P granules typically form complexes with cations (Kornberg, 1995; 
Rao et al., 2009; Seufferheld et al., 2008). This is fully confirmed by our EDS 
measurements, which show prominent peaks of Ca and Mg, as well as by the 
X-Ray mapping, which revealed a high spatial correlation between P on the one 
hand, and Ca and Mg on the other hand. Moreover, this correlation pattern was 
consistent across filaments with different numbers and sizes of granules (Fig. 
2.3, Appendix Fig. A2.1).
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Our EDS data also showed the presence of S in the poly-P granules (Fig. 2.2D). 
However, X-Ray mapping illustrated that S showed a poor spatial correlation 
with P (Fig. 2.3, Appendix Fig. A2.1). Hence, sulfur appeared not restricted to the 
poly-P granule, but was evenly distributed throughout the entire filament (Fig. 
2.3, Appendix Fig. A2.1). Given this homogeneous distribution, we hypothesize 
that sulfur is not linked to poly-P granules, but is an abundant element in the 
thick cell envelope that surrounds the cable bacterium filaments (Cornelissen et 
al., 2018; Jiang et al., 2018). 

Poly-P granules have been observed in other large sulfur-oxidizing bacteria, like 
Thiomargarita, Thioploca and Beggiatoa (Schulz and Schulz, 2005) as well as in 
cable bacteria under in situ conditions in a coastal hypoxic basin (Sulu-Gambari 
et al., 2016). Both the size and number of poly-P granules are thought to greatly 
depend on the environmental conditions these large sulfur-oxidizing bacteria 
are exposed to, such as the sulfide and oxygen regime (Brock and Schulz-Vogt, 
2011). Under oxic conditions, Thiomargarita namibiensis and Beggiatoa gain 
energy from aerobic oxidation of elemental sulfur that is intracellularly stored 
in S globules. The excess energy gained through sulfur oxidation (i.e. the energy 
that does not need to be invested in overall metabolism and cell growth) then 
initiates luxury uptake of P, which is stored in poly-P granules. Under anoxic 
conditions, T. namibiensis and Beggiatoa gain energy from the oxidation of free 
sulfide (H2S) to elemental sulfur using internally stored nitrate as an electron 
acceptor. This oxidation does not yield as much energy and so the breakdown 
of poly-P then forms an auxiliary mechanism to gain energy (Brock and Schulz-
Vogt, 2011; Schulz and Schulz, 2005). 

Acidocalcisomes are subcellular organelles in eukaryotes that are homologous 
to Poly-P granules in prokaryotes (Seufferheld et al., 2008). Acidocalcisomes are 
an electron-dense, acidic compartment containing a matrix of pyrophosphate 
and polyphosphates with bound calcium and other cations, mainly magnesium 
and potassium. The formation of acidocalcisomes hence allows increased 
uptake of both phosphorus compounds and cations (Docampo and Moreno, 
2012). Acidocalcisomes possess an enclosing membrane that has a function in 
the calcium and pH homeostasis (Seufferheld et al. 2003), as well as the osmotic 
homeostasis (Docampo et al., 2005). It has been found that poly-P granules in the 
bacteria Agrobacterium tumefaciens (Seufferheld et al., 2003) and Rhodospirillum 
rubrumare (Seufferheld et al., 2004) are similar to the acidocalcisomes found in 
eukaryotic species; they are rich in orthophosphate (Pi), pyrophosphate (PPi), 
poly-P, Ca, Mg and potassium (K), and are acidic and enclosed by a membrane. 
In addition, Seufferheld et al. (2003, 2004) discovered that the acidocalcisomes 
in eukaryotic species as well as the poly-P granules in A. tumefaciens and R. 
rubrumare both contained the enzyme protonpyrophosphatase (H+-PPase), which 
suggests a common origin of these organelles. The Ca in the acidocalcisome is 
bound to a polyanionic matrix of poly-P, and can be released after alkalinization 
of the organelle. Ca2+ uptake into acidocalcisomes is driven by Ca2+-ATPases 
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in several protists and probably through Ca2+/H+ antiporters facilitated by the 
proton pumps in other organisms (Docampo and Moreno, 2012). Recently, 
poly-P granules that are similar to acidocalcisomes have also been observed in 
the sulfide-oxidizing marine Beggiatoa strain 35Flor (Brock et al., 2012). These 
poly-P granules showed a similar association between P, Ca and Mg and were 
enclosed by a lipid layer which is hypothesized to be a membrane. However, in 
contrast to acidocalcisomes, the poly-P granules found in strain 35Flor are not 
acidic (Brock et al., 2012). 

Given the correlation between P, Ca and Mg as seen in the WDS mapping (Fig. 
2.3) and EDS analysis (Fig. 2.2D), we hypothesize that the poly-P granules seen 
in the cable bacteria could be membrane-bound vacuoles that have a function in 
the Ca2+/H+ homeostasis. This could allow cable bacteria to maintain optimum 
intracellular pH levels in an environment with strong pH gradients, specifically 
in the alkaline oxic zone. Another possibility is that the poly-P granules function 
as a kind of “energy safety system” that enables survival under conditions 
of low redox potential, similar to the function of the poly-P granules in other 
sulfur-oxidizing bacteria such as Beggiatoa, Thioploca and Thiomargarita  (Brock 
and Schulz-Vogt, 2011). One option could be that cable bacteria use the Poly-P 
granules as an internal energy reservoir that drives their motility (Bjerg et al., 
2016) under energy-starved conditions (e.g. when a filament is no longer in 
contact with the oxic zone, and hence cannot perform long-distance electron 
transport due to a lack of electron acceptor). To investigate if the poly-P granules 
within cable bacteria are separate organelles within the cells and if they function 
as an “energy safety system” similar to poly-P granules in other sulfur-oxidizing 
bacteria, the presence of a membrane around the poly-P granules needs to be 
confirmed as well as the uptake of phosphate during oxic conditions and the 
release of phosphate during anoxic and sulfidic conditions (Brock et al., 2012). 
To analyze the acidity of the polyphosphate granules they can be analyzed by 
fluorescence microscopy using pH sensitive dyes (e.g. Acridine orange) (Brock 
et al., 2012; Hegler et al., 2010). This would provide insight into the ways cable 
bacteria maintain their function in an environment that is variable on both 
spatial and temporal scales as a result of their own metabolism.

4.2 External coating of mineral particles

In a number of cases the filaments of cable bacteria are surrounded by a 
heterogeneous coating in which mineral particles of different sizes and 
geometries are embedded. One option is that the attached minerals are formed 
de novo; another – and more likely option – is that existing minerals are glued 
together via extracellular polymeric substances (EPS). Cable bacteria show 
a gliding motility where filaments follow the receding sulfide front and stay 
connected with the oxygen whilst the gap between the oxygen and sulfide is 
widening as a consequence of the growth and metabolism of the cable bacteria 
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(Bjerg et al., 2016). Once in contact with oxygen, the cable bacteria were observed 
to stop gliding. This behavior is suggestive of oxygen chemotaxis. As long as the 
oxygen front is changing, cable bacteria will glide through the sediment (Bjerg et 
al., 2016), most likely by excreting EPS. Digital holographic microscopy confirms 
the formation of EPS in relation to the gliding movement (Fig. 2.6). The DHM 
images show a sheath of optically thick EPS that tightly surrounds the filament. 
Moreover trails of EPS are left behind on aclar slides embedded in the sediment, 
suggests that EPS is produced by the filaments as an aid in motility (Fig 2.6). 
EPS excretion to aid motility has been found in other filamentous bacteria like 
cyanobacteria and Beggiatoa spp. (Larkin and Henk, 1996; Risser and Meeks, 
2013). In Beggiatoa spp. pores in the cell wall have been observed, and the 
hypothesis is that EPS is excreted through these pores to sustain gliding motility 
(Larkin and Henk, 1996). In cyanobacteria, similar evidence for gliding motility 
by EPS excretion (like the presence of excretion pores and the staining of trails) 
is supported by the recent discovery of an essential EPS excretion gene (Risser 
and Meeks, 2013). 

Thioploca spp. cells form filaments that cling to each other and secrete a sheath 
of mucous that surrounds several filaments. This sheath allows the filaments 

Figure 2.4: (A) SEM micrograph of two cable bacteria (white arrows) that have clay 
particles attached to their surface. (B) SEM micrograph showing that three types of 
mineralization patterns occur within the same environment: cable bacteria that are not 
encrusted and contain poly-P inclusions (lower right of image, several inclusions are 
marked with a yellow arrow), cable bacteria that show extracellular attachment of clay 
particles (white arrows), and two encrusted cable bacteria that have broken up during 
the SEM imaging process. Scale bars represent 5 μm (A) and 10 μm (B). Filaments were 
extracted from the oxic zone of Mokbaai sediment.

A B
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to tunnel through the sediment up to the overlying water (Larkin and Strohl, 
1983). These Thioploca sheaths are often covered with detritus (Rickard, 2012).  
We propose that the gliding movement of cable bacteria might “trap” already 
present clay (nano)particles in the EPS matrix resulting in the extracellular 
attachment of clay particles without the formation of new clay minerals  (Fig. 
2.1E). The interaction between particulate minerals and microbial cells may 
arise because of the binding of pre-formed, finely dispersed minerals, such 
as colloidal silica, metal oxides and clays (Phoenix et al., 2005). Whether the 
extracellular attachment has any (negative) effect on the metabolism of the cable 
bacteria is unknown and open for investigation.

4.3 Cell encrustation

The combination of SEM, EDS, EPMA, WDS and FIB-SEM analysis showed 

Figure 2.5:  (A) SEM image in which the yellow arrow points towards cable bacteria 
without any external attachment of particles while the green arrow points towards cable 
bacteria that have extracellular attachment of clay particles. False colored WDS element 
maps of (B) phosphorus, (E) magnesium and (F)  iron, and EDS element maps of (C) 
aluminum and (D) silicon. Scale bars represent 10 μm. Filaments were extracted from the 
suboxic zone of sediment from Rattekaai Salt Marsh

A B C
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the presence of cable bacteria cells that were encrusted with a mineral layer 
containing mainly Fe and P and minor amounts of Mg, Ca, and Si (Fig. 2.7-
2.10). The encrustation was only observed in (parts of) cable bacteria that 
were present in the oxic zone. We propose that the encrustation consists of 
amorphous or poorly-crystalline iron(oxyhydr)oxides that precipitated onto the 
outer membrane thereby either incorporating or adsorbing phosphate.

The external surface of a cable bacterium filament shows a unique structure with 
uniform ridges running along their entire length of the filament (Cornelissen 
et al., 2018; Pfeffer et al., 2012). The ridges are running inside the continuous 
periplasmic space, with the collective outer membrane serving as electrical 
insulation from the external medium (Cornelissen et al., 2018; Pfeffer et al., 
2012). Adjacent cells within the filaments are separated by cell junctions that 
are bridged by the periplasmic filling and enclosed by the collective outer 

CB

EPS

A B

C

Figure 2.6: Images of cable bacteria grown on glass slides in sediment from the Dutch 
Marine Lake Grevelingen were captured with a digital holographic microscope. (A) The 
light intensity image, (B) the phase image and (C) a false color view of a detailed subarea 
(green box) of the phase image B. In the images, the presence of living cable bacteria 
(CB), as well as the remnants of filaments which had been coated with particles and where 
most likely only a sheath of extracellular polymeric substances (EPS) remains, can be 
observed.
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Figure 2.7: SEM images of cell encrustation in cable bacteria: (A) Sediment from an 
incubated core from Mokbaai after 38 days showing different degrees of encrustation 
on the cable bacteria. (B) Cells of a cable bacteria filament showing encrustation of the 
filament ridges. (C) Mineralized stalk that has been broken at a cell-cell junction showing 
that iron(oxyhydr)oxide has precipitated at the cell-cell junction. It also shows the 
presence of nanometer sized globules. (D) sediment from the oxic layer from Mokbaai 
after 24 days showing encrusted cable bacteria as well as the twisted stalks from the Fe(II) 
oxidizing Gallionella spp. (E) Sediment from an incubated core from the black Sea showing 
a large part of a looping encrusted cable bacteria filament with attached minerals. (F) 
Broken mineralized remains of a cable bacterium showing the presence of the ridges of 
the cell and the presence of nanometer sized globules. (G) A representative example of 
a composition spectrum from an EDS spot analysis of encrustation observed on a cable 
bacteria. The spectrum shows the presence of O, Fe, Si, and Ca in the encrustation. The 
sample was gold-coated prior to analysis, hence the gold (Au) peak. The spot location is 
indicated by the black cross in the inset.  Scale bars represent 10 μm (E), 5 μm (B, D), 3 
μm (A) and 2 μm (C, F). Filaments were extracted from the oxic zones of sediments from 
Mokbaai (A, D), Rattekaai salt marsh (B, C), and the Black Sea (E, F, G).
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membrane (Jiang et al., 2018; Cornelissen et al., 2018). These ridge structures 
were also observed in the mineralized filaments (Fig. 2.7 and 2.8). Therefore, 
we refer to the formation of this mineral layer as ‘‘cell encrustation”, which is 
a term borrowed from Miot et al. (2009), who found that the morphology of the 
periplasm was preserved upon mineralization of nitrate reducing Fe2+ oxidizing 
bacteria strain BoFeN1 (Miot et al., 2009, 2011). Even though the encrustation is 
not found within the periplasmic space (Fig. 2.8), it preserves the ridge structure 
that is associated with the fibres in the periplasm. To further investigate the 
interaction between the outer cell surface, EPS and the mineral layer, cryogenic 
methods appear to be promising since they would preserve the native structure 
(Bassim et al., 2012; Dohnalkova et al., 2011; Miot et al., 2011).
Cable bacteria belong to the Gram-negative bacteria and there have been 
multiple reports on the encrustation of other Gram-negative bacteria (Benzerara 
et al., 2004, 2008, 2011; Goulhen et al., 2006; Miot et al., 2009, 2011; Schädler et 

Figure 2.8: SEM images (A, D), FIB-SEM images (B, E) and conceptual representations (C, 
F) of horizontal cross-sections from cell junctions (A-C) and cells (D-F) of cable bacteria 
filaments. (A) A mineralized cell junction from a cable bacterium. (B) FIB-SEM image 
of a cell junction showing the connection of ridges at the junctions between cells. (C) 
Conceptual representation of a mineralized cell junction showing that the encrustation 
is on the outside of the shared outer membrane. (D) Two broken cable bacteria filaments 
where the upper filament shows the inside of a cell while the lower filament shows the 
(mineralized) inside at a cell-cell junction. (E) FIB-SEM image of a cross-section of a cell 
and (F) the conceptual representation showing that the encrustation is on the outside of 
the plasma membrane. Scale bars represent 0.5 μm (A) and 1 μm (D). The filaments were 
taken from the oxic zones from incubated sediments from the Black Sea (A), Mokbaai (D) 
and Marine Lake Grevelingen (B, C, E,F).
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al., 2009), which suggests that this might be a widespread and common process. 
These are all bacteria that apparently have no mechanism to avoid cellular 
encrustation. Several Fe2+ oxidizing bacteria have evolved mechanisms to avoid 
cellular encrustation by Fe3+ minerals; some species create more acidic micro-
environments resulting in a higher solubility of Fe3+ ions (Hegler et al., 2010; 
Schädler et al., 2009), Gallionella spp. and Leptothrix spp. produce extracellular 
organic polymers that nucleate Fe3+ precipitates leading to the formation of 
spirally twisted stalks and sheaths, respectively (Hallberg and Ferris, 2004). 
Mariprofundus ferrooxydans strain PV-1 have hydrophilic cell surfaces and a 
near-neutral charge to prevent encrustation (Melton et al., 2014). Cable bacteria 
appear not to have developed a mechanism to avoid encrustation which might 
be problematic for their survival. Cell encrustation could potentially limit 
the diffusion of substrates and nutrients to the cell, impair uptake of these 
compounds across the membrane, and as a consequence lead to the stagnation 
of cell metabolism and eventually even to cell death (Konhauser, 1998; Schädler 
et al., 2009). When a culture of the Fe(II) oxidizing bacteria Acidovorax sp. 
strain Bo1FeN1 was exposed to high concentrations of Fe2+, most cells became 
encrusted with iron minerals. Cells that were moderately encrusted still had 
the capacity to assimilate acetate but with increasing levels of iron encrustation 
the capacity to assimilate carbon decreased exponentially. Remarkably, a small 
proportion of cells remained free of encrustation and metabolically active 
implying that phenotypic heterogeneity might be a viable strategy to cope with 
biomineralization (Miot et al., 2015). Since both encrusted and non-encrusted 
filaments co-exist (Fig. 2.10A) this strategy might also be employed by cable 
bacteria.

Although the structure and composition of the common outer membrane 

Figure 2.9: (A) SEM image and false-colored WDS element maps of the same area 
for (B) phosphorus and (C) iron for a consortium of encrusted cable bacteria. 
Scale bars represent 5 μm. Filaments were extracted from the oxic zone from 
incubated sediments from Rattekaai Salt Marsh.
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shared by all cells in a cable bacterium filament is not known, Gram-negative 
bacteria typically possess an outer membrane that forms an asymmetric lipid-
protein bilayer which incorporates phospholipids, lipopolysaccharides (LPS) 
and proteins, and separates the external environment from the periplasm. The 
outer face contains almost all of the LPS while the inner face holds most of the 
phospholipid. The LPS layer is mostly anionic in nature due to the presence of 
exposed phosphoryl and carboxyl groups that can be readily ionized. This way, 
the LPS heavily interacts with the surrounding environment (Beveridge, 1999) 
and can be a site for the precipitation of fine-grained minerals (Fortin et al., 
1997), such as Fe3+ minerals. Although the bacterial surface has a net negative 
charge, positively charged free amine groups are also present within the outer 
cell membrane. These groups can interact with negatively charged silicate ions 
at circumneutral pH values. Even if there are not enough amine groups present, 
superfluous silica (SiO3

2-) might be deposited through metal ion bridging 
where a multivalent metal ion (e.g. Fe3+ or Ca2+) cross-links SiO3

2- to carboxyl 
or phosphoryl groups via electrostatic interactions (Schultze-Lam et al., 1996). 
The binding of metal ions onto the cell membrane might be dependent on a 
“proton motive force” (Mera et al., 1992). When protons are forced outside of 
the cell, which occurs within cells of the cable bacteria in the suboxic and 
sulfidic zone resulting in the lowered pH values that are part of the “geochemical 
fingerprint” (Meysman et al., 2015), the protons might preferentially bind to the 
cell membrane thereby influencing the metal-binding capacity. This gives rise 

Figure 2.10: (A) SEM image with several cable bacteria showing varying degrees of 
encrustation and the correlated false colored WDS images of the same area showing the 
presence of (B) phosphorus and (C) iron. The yellow arrow indicates a thin cable bacteria 
showing no signs of encrustation, the purple arrow a large cable bacteria covered in 
nanometer-sized globules that contained Fe and P, and the green arrow an encrusted 
cable bacteria where the crust was mainly composed of Fe and P. Scale bars represent 5 
μm. The filaments were taken from the oxic zone of Rattekaai Salt Marsh sediment.
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to a microenvironment that is comparable to the macro-environment (lower pH 
values) stimulating dissolution of minerals and therefore inhibits the formation 
of an extracellular mineral crust in the more acidic suboxic zone. In addition, 
the binding of protons to the outer membrane results in less binding of positively 
charged metal species such as Fe2+ and Fe3+.
The exact mineralogy of the iron oxides in the crust is unknown but the orange 
color suggests that it is mainly composed of amorphous or poorly-crystalline Fe3+ 
minerals (e.g. ferrihydrite). The biogeochemical cycles of iron and phosphorus 
are intimately linked and phosphate (PO4

3) adsorption to, or co-precipitation 
with, iron (oxyhydr)oxides is an important mechanism for P removal in both 
marine and freshwater environments. Research in Lake Grevelingen (The 
Netherlands) showed that the presence of cable bacteria promoted the formation 
of iron oxides and the removal of pore water P that was sequestered in the 
sediment as iron (oxyhydr)oxide-bound P (Seitaj et al., 2015; Sulu-Gambari et al., 
2016). Due to the charged outer surface of the bacterial membrane, sorption of 
positively charged metal ions (Ferris et al., 1987; Fortin et al., 1997; Beveridge, 
1999), such as Mg2+ and Ca2+, as well as negatively charged silicate ions via cross-
linking (Schultze-Lam et al., 1996), might have resulted in the incorporation 
of minor amounts of Mg, Ca, and Si. The exact mineralogy and crystallinity of 
the minerals formed onto the cable bacteria and the interaction with organic 
groups remain unknown and can only be resolved with transmission electrion 
microscopy (TEM) and other high-resolution synchrotron-based microscopy 
techniques such as scanning transmission X-Ray microscopy (STXM) (Miot et 
al., 2014 and references therein).

Iron (oxyhydr)oxides are widespread and form in any environment where Fe2+-
bearing waters come into contact with O2 (Konhauser and Riding, 2012). In 
electrogenic sediments, the formation of an iron oxide crust has been observed 
in both laboratory experiments (Risgaard-Petersen et al., 2012; Rao et al., 2016) 
as well as in-situ (Seitaj et al., 2015; Sulu-Gambari et al., 2016). It is an example 
of biologically induced mineralization (Lowenstam and Weiner, 1989) resulting 
from the metabolic activity of the cable bacteria and the subsequent availability 
and re-oxidation of the Fe2+ ions in the oxic zone. The oxidation of Fe2+ could be 
either abiotic or biotic. The abiotic oxidation rate of Fe2+ by molecular oxygen 
is very slow at acidic pH but increases steeply up to a pH of ~8. At neutral pH, 
the abiotic oxidation of Fe2+ occurs within minutes (Stumm and Morgan, 1996). 
At pH values above 8, the oxidation rate is fast, but no longer varies with the 
pH. The rate of oxidation is both thermodynamically and kinetically enhanced 
by adsorption of dissolved iron species to hydrous oxide surfaces (Morgan and 
Lahav, 2007). For the Fe2+ oxidation to be biotic, Fe2+ oxidizing bacteria need 
to outcompete the abiotic reaction. The twisted stalks of the  Fe2+ oxidizing 
Gallionella spp. have been found in samples of encrusted cable bacteria (Fig. 
2.7D) showing that, despite the high pH values in the oxic zone, Fe2+ oxidizing 
bacteria (partly) outcompete the abiotic reaction. There is also direct evidence 
for the co-existence of active cable bacteria and Fe2+ oxidizing and Fe3+ reducing 



  47

Mineral formation induced by cable bacteria

2

bacteria in sediments representative of typical marine environments (Otte 
et al., 2018). Whenever cable bacteria were abundantly present (0.1%-4.5%), 
both Fe2+ oxidizing and Fe3+ reducing bacteria were homogeneously distributed 
throughout the sediment and their presence was therefore decoupled from the 
traditional geochemical gradients (Otte et al., 2018). After oxidation, ferric iron 
(hydr)oxides are expected to precipitate more or less instantly at the alkaline pH 
values in the oxic zone due to the low solubility of Fe3+ under these conditions. 
The alkaline pH value in the oxic zone is the result of the separation of two redox 
half-reactions in electrogenic sulfur oxidation by cable bacteria. Precipitation 
most likely occurs directly where the Fe3+ is formed and because of the proximity 
of cells, Fe3+ ions, Fe3+ complexes, Fe3+ colloids and Fe3+ minerals are expected to 
adsorb to prokaryotic cell surfaces that are generally effective sorption interfaces 
for metal ions (Beveridge, 1999; Ferris et al., 1987; Fortin et al., 1997) as well as 
negatively charged silicate ions (Schultze-Lam et al., 1996).
 
In addition to the cellular encrustation that pertains to the length of the ridges, 
another form of mineralization in the form of nano-sized globules was observed 
(Figs. 2.4B, 2.7C, 2.10). Research on the biomineralization of strain BoFeN1 
showed similar precipitation of iron phosphate globules at the cell surface (Miot 
et al., 2009). Those globules were observed before and after complete cellular 
encrustation although they were more numerous and thicker with increasing 
degrees of cellular encrustation (Miot et al., 2009). Laboratory experiments on 
the interaction between bacterial surfaces and mineral particles with Shewanella 
putrefaciens, a gram-negative dissimilatory metal-reducing bacteria, showed 
that nano-sized particulate iron oxides could adsorb irreversible to the bacterial 
surface suggesting that not all cell surface-associated minerals nucleated on 
the cell envelope (Glasauer et al., 2001). On the basis of the available data either 
scenario is possible; (i) the globules were formed either while the cable bacteria 
became encrusted by simultaneously nucleating onto the cell wall and continued 
growing during and after cellular encrustation, or, (ii) the globules were pre-
formed nanominerals that irreversibly attached to the outer membrane and 
continued to grow after adsorption.

It appears that the metabolism of cable bacteria results in a cascade of reactions 
that eventually results in the uncontrolled mineralization of filaments that 
arepresent in the oxic zone. The cell surface provides a nucleation site and 
template for mineral formation, and the increase of the pH in the oxic zone 
as a result of the electrogenic metabolism of cable bacteria favors Fe-mineral 
precipitation and growth. Since the mineral precipation does not appear to be 
controlled by the cable bacteria, it forms an example of biologically induced 
mineralization. The formation of a mineral crust on the cell surface of a 
bacterium would potentially limit their cell metabolism and may eventually 
lead to cell death (Konhauser, 1998; Schädler et al., 2009). However, the extent 
to which this affects cable bacteria is currently unknown and so the impact of 
encrustation on cable bacteria metabolism needs to be resolved. 
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2.5 CONCLUSIONS

Combined electron microscopy and spectroscopy on cable bacteria showed 
different types of mineral formation based on the morphology, location and 
chemical composition of the minerals: poly-P granules, extracellular coating by 
clay minerals and cellular encrustation by iron(oxyhydr)oxides in the oxic zone. 
The co-localization of Ca and Mg within the poly-P granules and the presence of Fe 
and P within the cellular encrustation was confirmed. Although the encrustation 
develops over time, the effect of the encrustation on the metabolism of the 
cable bacteria remains unknown. More research is needed on the succession of 
mineralization, the exact morphology, mineral phase, crystallinity and location 
of the mineralization and the effect of mineralization on the metabolism of 
the cable bacteria. The cellular encrustation shows similarities with other 
encrusting gram-negative bacteria (Benzerara et al., 2004, 2008, 2011; Goulhen 
et al., 2006; Miot et al., 2009, 2011; Schädler et al., 2009), indicating a possible 
common mechanism for the mineralization of gram-negative bacteria that have 
no mechanism to avoid encrustation.
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DATA AVAILABILITY 

Video data can be accessed via the TIB av-portal at doi: 10.5446/38390 (Video 1) 
and doi: 105446/38389 (Video 2)

Video 1: FIB-SEM video composed of 525 electron backscatter images showing the 
horizontal cross-sectional view along the length of three cells of a weakly encrusted 
filament. After each image a section of 10 nm was removed with the ion beam before a 
new section was imaged. The mineral encrustation can be seen as a dark seal around the 
filament while the ridge compartments and the cell content are unstained and appear 
white, the shared periplasmic space is gray. The encrustation is only found around the 
filament and not within the periplasmic space. At time stamp 0:21 and 1:13 the cell-cell 
junctions can be observed. On average, ~180 nm of encrustation surrounds the cable 
bacterium.

Video 2:  FIB-SEM video composed of 501 electron backscatter images. After each image 
a section of 10 nm was removed and a new section was imaged. The video shows two 
filaments with a horizontal cross-sectional view along the length of the filament that can 
be seen on the right at the start of the video. The filament that is visible on the left at 
the start of the video follows a different direction and therefore the cross-section shows 
different angles. The thick layer of mineral encrustation appears as a dark seal around the 
filament, the ridge compartments and the cell content appear white. The encrustation is 
only found around the filament and not within the periplasmic space. Both filaments are 
strongly encrusted and the mineral crust of both filaments is partly cemented together 
which can be observed from 0:06 till 0:26. The encrustation is heterogeneous with an 
average thickness of ~500 nm. 



50

Chapter 2

Figure Site Coating
Accelerating 
Voltage Instrument Filament extr

2A RSM C 15 kV JEOL FEP 1
2B MB Au 10 kV Phenom FEP 1
2C MB Au 10 kV Phenom FEP 3
3A RSM - - Zeiss FEP 1
3BC RSM Si wafer 10 kV Phenom FEP 1
3D + 4 RSM C 15 kV JEOL FEP 1
5A MB Au 10 kV Phenom FEP 1
5B MB Au 10 kV Phenom FEP 4
6 RSM C 15 kV JEOL FEP 1
7 MLG - - oLine D3HM -
8A MB Au 10 kV Phenom FEP 3
8B RSM Au 10 kV Phenom FEP 4
8C RSM Au 10 kV Phenom FEP 1
8D MB Au 10 kV Phenom FEP 1
8E BS Au 10 kV Phenom FEP 2
8F BS Au 10 kV Phenom FEP 1
8G BS Au 10 kV Phenom FEP 2
9A BS Au 10 kV Phenom FEP 2
9D MB Au 10 kV Phenom FEP 3
9BCEF MLG - - Zeiss Auriga Crossbeam system -
10+11 RSM C 15 kV JEOL FEP 1

Table A2.1. Overview of the samples used in the different figures. Samples were collected 
from incubated sediments from Rattekaai Salt Marsh (RSM), Marine Lake Grevelingen 
(MLG), and Mokbaai (MB) in the Netherlands, or the Black Sea (BS). Coating was either 
with carbon (C) or gold (Au), depending on the instrument used for imaging and elemental 
analysis. Phenom: Phenom ProX desktop scanning electron microscope, JEOL: JXA-8530F 
Hyperprobe Field Emission Electron probe micro-analyzer, Zeiss: Zeiss Axiovert 200M 
epifluorescence microscope.

APPENDIX
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Fig. A2.1  Secondary electron image showing cable bacteria and the corresponding X-ray 
element maps of (A) secondary electrons, (B) phosphorus, (C) calcium, (D) magnesium, 
(E) sulfur and (F) iron. To assess the correlation between the elements, scatter plots of (G) 
P and Ca, (H) P and Mg, (I) P and S, (J) P and Fe are shown. All scatterplots were produced 
from a pixel-by-pixel analysis from the wavelength-dispersive X-ray element maps 
collected with the electron probe micro analyzer. The Pearson’s correlation coefficient (R) 
values are depicted on top of the scatterplots
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ABSTRACT

Multicellularity is a key evolutionary innovation, leading to coordinated activity 
and resource sharing among cells, which generally occurs via the physical 
exchange of chemical compound. However, filamentous cable bacteria display a 
unique metabolism in which redox transformations in distant cells are coupled 
via long-distance electron transport rather than an exchange of chemicals. This 
challenges our understanding of organismal functioning, as the link between 
electron transfer, metabolism, energy conservation and filament growth in cable 
bacteria remains enigmatic. Here, we show that cells within individual filaments 
of cable bacteria display a remarkable dichotomy in biosynthesis that coincides 
with redox zonation. Nanoscale secondary ion mass spectrometry combined 
with 13C (bicarbonate and propionate) and 15N-ammonia isotope labelling reveals 
that cells performing sulfide oxidation in deeper anoxic horizons have a high 
assimilation rate, whereas cells performing oxygen reduction in the oxic zone 
show very little or no label uptake. Accordingly, oxygen reduction appears to 
merely function as a mechanism to quickly dispense of electrons with little to 
no energy conservation, while biosynthesis and growth are restricted to sulfide-
respiring cells. Still, cells can immediately switch roles when redox conditions 
change, and show no differentiation, which suggests that the “community 
service” performed by the cells in the oxic zone is only temporary. Overall, our 
data reveal a division of labour and electrical cooperation among cells that has 
not been seen previously in multicellular organisms.

Keywords: cable bacteria, multicellularity, metabolism, nanoSIMS, stable 
isotope probing
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3.1 INTRODUCTION

Cable bacteria belong to the candidate genera Electrothrix and Electronema 
within the  Desulfobulbaceae family, and are filamentous microorganisms that 
form up to centimetre-long chains of cells joined end-to-end by tight intercellular 
junctions (Cornelissen et al., 2018; Pfeffer et al., 2012; Schauer et al., 2014; Trojan 
et al., 2016). They inhabit marine and freshwater sediments (Burdorf et al., 2017; 
Malkin et al., 2014; Trojan et al., 2016), and have evolved a unique “electrogenic” 
metabolism, which allows electron donors and acceptors to be harvested 
in widely separated locations. Cells within the same filament show a striking 
dichotomy in their metabolism, corresponding to a spatial zonation of redox 
half-reactions (Pfeffer et al., 2012): cells located within deeper sediment layers 
perform the “anodic” oxidation of hydrogen sulfide (½ H2S + 2H2O → ½ SO4

2- + 
4e- + 5H+), while cells in the upper oxic layer of the sediment reduce oxygen (O2 
+ 4H+ + 4e- → 2 H2O). Cable bacteria also have a high affinity for H2S (Meysman 
et al., 2015) which allows them to efficiently scavenge H2S from the pore water, 
creating a centimetre-wide zone in the sediment where neither O2 nor H2S 
are detectable (Malkin et al., 2014; Nielsen et al., 2010; Pfeffer et al., 2012). 
Although there is no detectable H2S in this so-called suboxic zone, it has been 
shown that there is intense cryptic sulfur cycle operating, where cable bacteria 
immediately oxidize the H2S produced by sulfate reduction and FeS dissolution 
(Meysman et al., 2015; Risgaard-Petersen et al., 2012). The spatial segregation 
of cathodic oxygen reduction in the oxic zone and anodic sulfide oxidation in 
the suboxic zone necessitates that electrons are passed from cell to cell over 
distances from micrometres to centimetres, and it was demonstrated that this 
electron transport indeed occurs inside the bacteria (Bjerg et al., 2018; Meysman 
et al., 2019). Cable bacterium filaments share a common periplasm containing 
a parallel network of fibres, and the fibres remain continuous across cell-cell 
junctions and stretch the entire length of a filament (Cornelissen et al., 2018). 
Electrical measurements have recently shown that these periplasmic fibres are 
the conductive structures enabling long-distance electron transport (Meysman 
et al., 2019). The remarkable “electrical interaction” between cells of the same 
filamentous organism provokes the question of how the electron flow is coupled 
to energy conservation, biosynthesis, and cell growth.  

To examine this question, sediment cores with an active cable bacteria 
population were amended with either 13C-labeled bicarbonate (targeting 
inorganic C uptake) or propionate (targeting organic C uptake) in combination 
with 15N-labeled awwmmonium (proxy for general biomass synthesis). After 24 
hours of incubation, the redox zonation within the sediment was assessed by 
microsensor profiling. Subsequently, individual cable bacterium filaments were 
separately retrieved from the oxic (0-2 mm) and suboxic zones (5-10 mm) of the 
sediment, and their carbon and ammonium assimilation was determined using 
nanoscale secondary ion mass spectrometry.
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3.2 MATERIALS AND METHODS

3.2.1 Culturing conditions

Enrichment cultures were prepared from reduced, sulfidic sediment collected 
in the summer of 2016 from Rattekaai Salt Marsh (The Netherlands; 51.4391°N, 
4.1697°E). This site was chosen because earlier studies documented the presence 
of cable bacteria in-situ (Malkin et al., 2014; Sulu-Gambari et al., 2016). The 
sediment was sieved (500 μm) to remove fauna, homogenized, and subsequently 
re-packed in polycarbonate cores (inner diameter 5.2 cm) as described before 
(Malkin et al., 2014; Nielsen et al., 2010). The sediment cores were submerged 
in artificial seawater (salinity of 32) and incubated in the dark for several weeks 
until an active cable bacteria population developed. The seawater was kept 
at 20 °C and bubbled with air to maintain 100% air saturation throughout the 
incubation.

3.2.2 Microsensor profiling

Microsensor profiling (O2, H2S, and pH) was performed to monitor the geochemical 
fingerprint and thus the developmental state of the cable bacteria population 
(Meysman et al., 2015). The data were also used to discriminate between the 
oxic and suboxic zones in the sediment at the time of sampling. Microsensors 
were purchased from Unisense A/S (Denmark), connected to a four-channel 
Microsensor Multimeter (Unisense), and fixed in a two-dimensional micro-
profiling system (Unisense) that enabled stepwise movement of the sensors. 
The software SensorTrace PRO (Unisense) was used to control the movement of 
the microsensors and log sensor signals. A general-purpose reference electrode 
(REF201 Red Rod electrode; Radiometer Analytical, Denmark) was used as 
reference during the pH measurements.

3.2.3 Stable isotope probing experiments

Two separate incubation experiments were conducted to quantify the assimilation 
of carbon and ammonium by cable bacteria. The first took place in March 2017 
and used sediment cores amended with 13C-labeled bicarbonate (13C-DIC) and 
15N-labeled ammonium (15N-NH4). The experiment was repeated in December 
2017 and expanded by additionally incubating sediment cores amended with 
13C-labeled propionate and 15N-NH4. 

Stock solutions used to amend the sediment cores were prepared as previously 
described (Vasquez-Cardenas et al., 2015). In March 2017, one stock solution 
was prepared by dissolving 62 mM 13C-DIC (13C atom fraction of 99%) and 0.35 
mM 15N-NH4 (15N atom fraction ≥98%) in artificial seawater. In December 2017, 
two stock solutions were prepared, one containing 62 mM 13C-DIC and 0.40 mM 
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15N-NH4, and the other containing 11 mM 13C-propionate (13C atom fraction 99%, 
all C-atoms labelled) and 0.40 mM 15N-NH4. These concentrations were chosen 
because they were successful in labelling for nanoSIMS analysis in previous 
experiments (Vasquez-Cardenas et al., 2015). In both cases the artificial seawater 
contained no Mg and Ca ions to avoid precipitation of Mg13CO3 and Ca13CO3 as 
well as no bicarbonate and ammonium ions as to not dilute the label. The salts 
(NaH13CO3, Na13CH3

13CH2
13COO and 15NH4NO3) used for preparing the stock 

solutions were purchased from Sigma-Aldrich. 

Labelling of the sediment cores was done by first inserting three sub-cores 
(inner diameter 1.2 cm) into the core without disturbing the sediment, and 
subsequently by injecting 500 μL of the labelled stock solution into each sub-core 
in ten 50 μL injections. To ensure homogeneous spread of the label throughout 
the sediment, the syringe needle was inserted to a depth of 5 cm, and the liquid 
was released while slowly moving the needle upwards. The use of the sub-cores 
ensured that the label was spread within a well-constrained volume. One of the 
sub-cores was used to retrieve cable bacteria, while the other two were used for 
porewater analyses.

After label addition the cores were incubated for 24 h at 20°C to allow label 
assimilation by the cable bacteria. This incubation time was chosen because the 
doubling time was found to be around 20 h (Schauer et al., 2014; Vasquez-Cardenas 
et al., 2015). In March 2017, this incubation was done in a dark container with 
no overlying water added on top of the sediment cores. The thin water film at 
the sediment surface was therefore in direct contact with air, which could have 
resulted in the dilution of the 13C-DIC label close to the sediment-water interface 
due to CO2 exchange. In December 2017, exchange with atmospheric CO2 was 
avoided by performing the incubation in a sealed container filled with artificial 
seawater. For the cores amended with 13C-DIC and 15N-NH4 the artificial seawater 
was labelled with 13C-DIC and 15N-NH4 as well to ensure equal 13C and 15N labelling 
of the porewater and overlying water. This difference did not alter the results 
obtained from the March 2017 incubation.

3.2.4 Filament extraction

Clusters of cable bacterium filaments were picked under a microscope with 
fine glass hooks custom-made from Pasteur pipettes. Filaments were retrieved 
separately from the oxic (0-2 mm depth) and the middle of the suboxic (5-10 mm 
depth) zone of the sediment. The filaments were washed several times (> 3) in 
Milli-Q water (Millipore, The Netherlands) to eliminate precipitation of salt as 
described before (Vasquez-Cardenas et al., 2015), transferred onto polycarbonate 
filters (pore size 0.2 μm; Isopore, Millipore, The Netherlands) pre-coated with a 5 
nm thin gold layer, and air-dried in a desiccator for at least 24 h.
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3.2.5 Scanning Electron Microscopy (SEM)

The polycarbonate filters were imaged with a scanning electron microscope 
(JEOL Neoscope II JCM-6000, Japan) to identify areas suitable for NanoSIMS 
analysis. This was done under a 0.1-0.3 mbar vacuum and a high accelerating 
voltage (15 kV) using a backscattered electron detector.

3.2.6 NanoSIMS analysis

Nano-scale secondary ion spectrometry (nanoSIMS) analysis was performed 
with the NanoSIMS 50L instrument (Cameca, France) to assess the assimilation 
of 13C-bicarbonate or 13C-propionate and 15N-ammonium by individual cells of 
cable bacteria. Fields of view (FOV) selected through SEM were pre-sputtered 
with Cs+-ions until secondary ion yields stabilized. Subsequently the primary 
Cs+-ion beam (current: 1-2 pA, energy: 16 keV, spot size: 130 nm, dwell time: 1 
ms/pixel) was scanned over the FOV (areas between 10×10 μm and 20×20 μm in 
size) while detecting secondary ions 12C–, 13C–, 12C14N–,12C15N– and 31P–. To increase 
the overall signal the same FOV was imaged multiple times (10–200 frames), and 
the resulting ion count images were aligned and accumulated.
 
NanoSIMS data were processed using the Matlab-based software Look@
NanoSIMS (Polerecky et al., 2012). After alignment and accumulation of the 
measured planes, regions of interest (ROIs), which corresponded to individual 
cable bacteria cells or segments of cable bacterium filaments (comprising 
between 5-10 cells), were drawn manually using the 12C14N− ion count image. The 
ROIs drawn around segments of cable bacteria were used to analyse differences 
between filaments extracted from different redox zones whereas the ROIs drawn 
around individual cells were used to analyse differences within cells belonging 
to the same filament. For each ROI, the ROI-specific 13C atom fraction was 
calculated using the total 12C− and 13C− ion counts accumulated over all ROI pixels. 
Similarly, the ROI-specific 15N atom fraction was calculated from the total 12C14N− 
and 12C15N− ion counts accumulated over all ROI pixels. ROIs were excluded from 
the final analysis if their 13C or 15N atom fraction varied significantly among 
measured planes.

The isotope data are presented as atom fractions, x(13C) and x(15N), or as excess 
atom fractions (also referred to as enrichment), xE(13C) = x(13C)s – x(13C)ref and 
xE(15N) = x(15N)s – x(15N)ref, which is the difference between the atom fraction of 
the sample (s) relative to a reference value (Coplen, 2011). Average 13C and 15N 
atom fractions of cable bacteria retrieved from a separate unlabelled sediment 
core were used as the reference values, i.e., x(13C)ref = 0.011 and x(15N)ref = 0.0037. 
The phosphorus content of the cable bacterium filaments is presented as the ion 
count ratio 31P/(12C+13C) calculated from the total ion counts of P and C determined 
in the filament ROIs. This quantity should therefore be only interpreted as a 
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relative measure of P that is comparable among cells and filaments analysed in 
this study.

3.2.7 Pore water analyses
 
The 13C-labelling of the porewater dissolved inorganic carbon pool (DIC) was 
measured as previously described (Li et al., 2007). Because of the limited 
porewater volume in the sampled sub-cores, these analyses could not be 
performed separately for the oxic and anoxic zones. When possible, the handling 
was done under CO2-free conditions (N2 atmosphere) to minimize exchange 
with atmospheric CO2. Under CO2-free conditions, the top 3 cm of the sub-cores 
were sliced off and transferred into a 50 mL Greiner tube. The sediment was 
then centrifuged at 3000 rpm for 10 minutes. Again under anoxic conditions, the 
supernatant was retrieved and filtered over 0.45 μm pore size filters. Following 
filtration, 0.3 mL, 0.5 mL or 0.7 mL of the filtered porewater were injected into 
helium-flushed (5 min, flush rate of 70 mL min-1) air-tight septum-capped vials (12 
mL) that contained four drops of 85% H3PO4, which were subsequently analysed 
by GasBench IRMS. Only porewater from the experiment in December 2017 
was measured. Therefore, assimilation rate constants could not be calculated 
from the experiment in March 2017. The porewater ammonium concentrations 
were determined by the colorimetric indophenol blue method (Solorzano, 1969). 
These values, in combination with the known amounts and labeling of the 
injected stock solution where then used to calculate the porewater 15N-labeling 
based on mass balance.

3.2.8 Cyclic voltammetry on intact cable bacteria

Cyclic voltammetry was conducted in PBS pH 7.4 buffer using a PGSTAT 302 N 
potentiostat (Metrohm Autolab B.V., Utrecht, The Netherlands). A conventional 
three-electrode electrochemical cell was employed using BASi® gold disks 
electrodes (1.6 mm in diameter) as working electrode, a glassy carbon rod as 
counter electrode, and a saturated calomel electrode (SCE) immersed in a 20 mL 
PBS solution as reference electrode. The gold disk electrodes were sequentially 
polished with 3, 1 and 0.25 μm diamond and 0.05 μm alumina slurries, and 
electrochemically treated in 0.5 M H2SO4 by cyclic potential scans from 0.2 to 
1.45 V versus SCE with a scan rate of 0.1 V s-1 until a characteristic steady-state 
voltammogram was obtained. Further, the electrodes were incubated for 24 
h in 8 mM mercaptohexanol (MH) dissolved in MilliQ water. Prior to use, the 
electrodes were washed with copious amount of MilliQ water. A clump of intact 
cable bacteria was collected from an independent sediment core enriched 
with an active cable bacteria population and deposited on the surface of the 
MH-modified gold electrode by the aid of a PBS buffer droplet. The oxygen 
concentration of the electrolyte solution was adjusted by injecting air-saturated 
PBS solution. Cyclic voltammograms were obtained at a scan rate of 20 mV s-1.
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To calculate the total length of the filament on the electrode (used for cyclic 
voltammetry measurements) bright field microscopy (Zeiss Axioplan 2, 
Germany) was used. The length of the filaments as well as the average cell length 
(3 μm) was determined by subsequent image analysis in ImageJ.

3.2.9 Sediment manipulation experiment

First, the presence of an active population of cable bacteria in the sediment 
core was confirmed by measuring vertical profiles of O2, pH, H2S and electric 
potential (EP) using microsensors (Appendix Fig. A3.5). Subsequently, the 
overlying water was purged for several minutes with N2 gas to induce anoxia, 
and then purged with air for several minutes to re-establish oxic conditions. 
After each step, EP profiles were measured. Afterwards, the sediment was cut 
horizontally few mm below the oxic-suboxic boundary (5 mm depth) with a thin 
nylon thread (60 μm diameter), which disrupted the electron transport by the 
cable bacteria (Pfeffer et al., 2012) and resulted in a decrease of the electric field 
in the sediment (Nielsen and Risgaard-Petersen, 2015). EP depth profiles were 
measured 2, 15 and 30 minutes after the cutting with the top 5 mm sediment 
layer left in place. Subsequently, the top sediment layer was removed, exposing 
previously suboxic sediment to an oxygenated water column, and depth-profiles 
of EP were measured after 2, 15 and 30 minutes. At the end, the overlying water 
was subjected to another cycle of induced anoxia and re-oxygenation while 
depth-profiling EP after each step.  
Sediment cutting was done by fixing a ring with a height of 5 mm on top of the 
core liner and slowly pushing the sediment up with a plunger until the top of the 
sediment reached the top of the ring. Once the sediment was in place, a nylon 
thread was passed through the sediment guided by the slit between the core 
liner and the ring. Afterwards the slit was sealed with a water-proof adhesive 
tape to allow stable conditions during EP measurements. The sediment slice was 
removed by removing the adhesive tape around the ring and sliding the ring off 
the sediment core in one swift motion. 

Electric potential (EP) was measured using an electric potential microelectrode 
(EPM) built at Aarhus University (Denmark) (Damgaard et al., 2014). The REF201 
Red Rod electrode was used as a reference during the EP measurements. The EPM 
and the reference electrode were connected to a custom-made millivoltmeter 
with a resistance of >1014 Ω. 

3.2.10 Phase contrast microscopy

To observe the movement of cable bacteria with a phase contrast microscope 
special slides were constructed that allowed for a stable oxygen front. The slides 
were constructed by gluing slabs of microscope slide glass onto a microscope 
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slide, creating a chamber in the centre of the slide (30 mm x 8 mm x  2 mm). 
Sediment was then placed in this chamber with a cover glass on top, and the 
narrow gap between the slide and cover glass was flooded with artificial seawater 
to remove loose sediment particles. This created a clear division between 
sediment and glass, and cable bacteria could move into the space left between 
the chamber and edge of the cover glass (Bjerg et al., 2016). The movement of 
the bacteria within the chamber was analysed in a phase contrast microscope at 
20°C. A ZEISS Observer Z1 (Zeiss, Göttingen, Germany) inverted microscope with 
a PALM automated stage and  a 40x phase contrast objective was used.

3.2.11 Quantification of specific assimilation rates of C and N

Assimilation of carbon. Specific rates of carbon assimilation were estimated 
assuming that the cells assimilated carbon from two 13C-labelled carbon sources, 
C1 and C2, and that for both carbon sources the increase in the cellular carbon 
content, C, followed first-order kinetics, dC/dt = kC1C + kC2C, where kC1 and kC2 
denote the specific assimilation rate of carbon from the respective source. Both 
kC1 and kC2  represent the amount of C assimilated per unit time normalized to the 
C content of the cell, and are therefore expressed in units of d-1 (mol C (mol C)-1 
d-1). These assumptions imply that the excess 13C atom fraction of a cell, xE(13C), 
changes in time according to the differential equation

(1)

where xE(13C)C1 and xE(13C)C2 denotes the excess 13C atom fraction of the respective 
carbon source. 
 
For the 13C-bicarbonate incubation we assumed that the 13C-enriched porewater 
DIC was the only carbon source, and that there was no uptake of propionate due 
to its low basal concentration in the porewater. Additionally, we assumed that the 
13C enrichment of the DIC pool, xE(13C)DIC, was constant during the incubation and 
equal to the value measured after the incubation. Based on these assumptions, 
the differential equation (1) is simplified to

(2)

The solution to this differential equation implies that the increase in the 13C 
enrichment of the cell approaches the enrichment of the DIC in an inverted 
exponential fashion, i.e., evolves in time, t,  as 

(3)

Using this expression, the specific rate of inorganic carbon assimilation by a 
cable bacterial cell or a filament segment, kDIC, was therefore calculated from 
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its 13C enrichment measured at the end of the 13C-bicarbonate incubation as

(4)

For the 13C-propionate incubation, we assumed that the cable bacteria 
assimilated carbon from two sources: the added 13C-enriched propionate as well 
as the porewater DIC. Since the added propionate far exceeded the propionate 
present in the porewater, the 13C enrichment of the propionate, xE(13C)P, was 
assumed to be constant during the incubation and equal to the value in the 
added stock (0.98). In contrast, the 13C enrichment of the DIC pool, xE(13C)DIC, was 
assumed to increase with time during the incubation due to the oxidation of the 
added 13C-labeled propionate to CO2 by the microbial community in the core. 
That this occurred was confirmed by the significant 13C enrichment of the DIC 
pool measured at the end of incubation (xE(13C)DIC= 0.0378 and 0.0715 in the two 
replicate sediment cores from which the cable bacteria were sampled). Because 
of this small 13C enrichment of the DIC pool at the end of the incubation, we could 
approximate its increase during the incubation by a linear function of time, i.e.,

(5)

where kPO denotes the propionate oxidation rate constant. For the given 13C 
enrichment of the added propionate (xE(13C)P = 0.98) and of the DIC after 1 day 
(xE(13C)DIC,1d = 0.0378 and 0.0715; see above), we calculated the propionate oxidation 
rate constants of 0.0386 d−1 and 0.073 d−1. Taking into account these results, the 
differential equation (1) for the 13C-propionate incubation is simplified to

(6)

The solution to this differential equation implies that the 13C enrichment of a 
cell assimilating carbon from these two sources will increase according to the 
function

(7)

where K = kP + kDIC. How this expression was used to calculate the specific rate of 
propionate assimilation, kP, is described below.

Assimilation of nitrogen. Specific rates of ammonium assimilation were 
estimated assuming that ammonium was the only nitrogen source, and that the 
increase in the cellular nitrogen content, N, followed first-order kinetics, dN/dt 
= kNH4N, where kNH4 denotes the specific assimilation rate of ammonium. This 
assumption implies that the excess 15N atom fraction of a cell, xE(15N), changes in 
time according to the differential equation
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(8)

where xE(15N)NH4 is the excess 15N atom fraction of the porewater ammonium.
 
For both incubations (13C-bicarbonate and 13C-propionate) we assumed that 
the 15N enrichment of the porewater ammonium was constant during the 
incubation. Since we could not directly measure this enrichment, we estimated 
it based on the volume and 15N labelling of the artificial seawater injected into 
the cores at the beginning of the incubation combined with the porewater NH4 
concentration and porewater volume determined after the incubation. Based on 
the assumption of constant xE(15N)NH4, the solution to the differential equation 
(8) implies that the increase in the 15N enrichment of the cell approaches the 
enrichment of the ammonium according to the function
 

 (9)

Using this expression, the specific ammonium assimilation rate by a cable 
bacterial cell was therefore calculated from its 15N enrichment measured at time 
t as

(10)

Discrimination between the rates of inorganic carbon and propionate 
assimilation. The purpose of the incubation with the added 13C-enriched 
propionate was to quantify the cell-specific propionate uptake rate, kP. However, 
because the incubation with the 13C-enriched DIC clearly showed that the cells 
assimilated inorganic carbon, and because there was a significant increase 
in the 13C labelling of the DIC pool due to the conversion of 13C-propionate to 
13C-CO2, the 13C enrichment of cells from the 13C-propionate incubation is 
described by a rather complicated function of time (see equation 7). Because this 
function depends on two unknown parameters, kDIC and kP, their values cannot 
be determined from the measurement of a cellular 13C enrichment at a single 
time point. To allow separate discrimination of kDIC and kP, we took advantage 
of the fact that we simultaneously measured both the 13C and 15N enrichments 
in individual cable bacteria cells. Specifically, we exploited the observation 
from the 13C-bicarbonate incubation that the cellular assimilation of 13C-DIC 
and 15N-ammonium assimilation were strongly coupled (correlation coefficient 
r=0.9843, p<0.001), i.e., the ratio between the rate constants kDIC (see equation 4) 
and kNH4 (see equation 10) had a well-defined fixed value (denoted here as rC/N = 
kDIC / kNH4).

Overall, we assumed that the coupling between the assimilation of DIC and NH4 
was the same during both the 13C-bicarbonate and 13C-propionate incubations. 
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Thus, for a given 15N enrichment of a cell from the 13C-propionate incubation, 
we first determined its specific ammonium assimilation rate constant kNH4 from 
equation (10). Then we used the rC/N factor determined from the results of the 
13C-bicarbonate incubation and predicted the corresponding rate constant of 
inorganic carbon assimilation as kDIC = rC/N×kNH4. Using this rate constant, we then 
found kP such that the 13C enrichment predicted by equation (7) was equal to the 
measured value. Since an analytical solution to equation (7) for kP does not exist, 
we found this solution numerically.

3.2.12 Statistical Analysis

In the isotope labelling experiments, there were four biological replicates (cores) 
and each core had two categorical treatments (oxic and suboxic), providing eight 
samples in total.  All samples showed a non-normal distribution and unequal 
variances, while sample sizes were also variable (n between 24 and 94, Table 
S1). To evaluate the effect of the different treatments, a non-parametric Kruskal-
Wallis test was performed, followed by a Dunn’s post-hoc test to assess which 
sample pairs were statistically different. The R package “dunn.test” was used for 
pairwise comparisons. To avoid family-wise error rates, while retaining sufficient 
statistical power, the Holm-Bonferroni p-adjustment was used (Dinno, 2017).

3.3 RESULTS

3.3.1 Tight coupling between carbon and ammonia assimilation 

Examination of individual filaments (n=524) revealed that 13C and 15N atom 
fractions were strongly correlated in both the 13C-bicarbonate (p<10-4, r=0.9842, 
n=347) and 13C-propionate (p<10-4, r=0.9274, n=177) incubations (Fig. 3.1A-
B). This strong correlation after a relatively short incubation period (24 h) 
suggests that the uptake of carbon and ammonia are tightly coupled in cable 
bacteria. Although directly comparable data are scarce, the coupling of the C 
and N uptake in cable bacteria seems to be different from that seen in other 
prokaryotes. For example, anoxygenic phototrophic sulfur bacteria Chromatium 
okenii, Lamprocystis purpurea (both unicellular) or Chlorobium clathratiforme 
(filamentous) showed no coupling between inorganic carbon and ammonia 
assimilation, and this was attributed to the accumulation of carbon in storage 
compounds (Musat et al., 2008). Similarly, C and N assimilation in diazotrophic 
cyanobacteria are also decoupled, because of their ability to store fixed nitrogen 
as cyanophycin (Eichner et al., 2017; Finzi-hart et al., 2009), or because specialized 
cells are developed, such as N2-fixing heterocysts (Ploug et al., 2010; Popa et al., 
2007). Cable bacteria do not show cell differentiation (Cornelissen et al., 2018), 
but have been demonstrated to produce polyglucose inclusions (Kjeldsen et al., 
2019). Apparently, polyglucose accumulation was either absent or insufficiently 
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active during our experiments to distort the coupling of carbon and ammonia 
assimilation. Future studies should investigate whether a similar tight coupling 
between C and N assimilation is found in other prokaryotes that do not harbour 
C or N storage compounds or form specialized cells.

3.3.2 Cable bacteria are facultative autotrophs 

Cable bacteria showed clear 13C enrichment in both the 13C-bicarbonate and 
13C-propionate incubations. Thus, cable bacteria appear to be facultative 
chemoautotrophs (Vasquez-Cardenas et al., 2015), congruent with the presence of 
both the Wood-Ljungdahl pathway for CO2 fixation as well as the methylmalonyl-
CoA pathway for propionate assimilation in their genome (Kjeldsen et al., 2019). 
Still, cellular 13C enrichment in the 13C-propionate incubation could be due to 
assimilation of 13C-bicarbonate produced through 13C-propionate mineralization 
by other members of the microbial community. The significant 13C enrichment 
of the DIC pool measured at the end of the 13C-propionate incubation confirmed 
that substantial mineralization had occurred (excess atom fractions in the two 
replicate sediment cores reached xE(13C)DIC = 0.0378 and 0.0715). We used the 
strong correlation between 13C and 15N atom fractions in the cable bacteria 
from the 13C-bicarbonate incubation (Fig. 3.1A) to account for the uptake of 
mineralized 13C-DIC, and thus, we could distinguish between bicarbonate and 
propionate uptake in the 13C-propionate incubation (see Methods). We found 
that the direct propionate uptake was only ~7% of the inorganic C uptake (see 
Appendix;  Table A3.1 and Fig. A3.2; values are for filaments from the suboxic 
zone – see Discussion). Hence, both autotrophic CO2 fixation and heterotrophic 
propionate assimilation were conjointly active in the cable bacteria population, 
but the autotrophic pathway clearly dominated biomass synthesis.

3.3.3 Synchronous assimilation of carbon along the filament in the suboxic 
zone

We examined individual cells from eight filaments (0.6−2.3 mm long) with a high 
carbon assimilation rate (k > 0.1 d-1; Fig. 3.2A-B) that were retrieved from the 
13C-bicarbonate incubation. This extensive analysis revealed limited variability in 
inorganic carbon assimilation within filaments (coefficient of variation of 9−19% 
among 16−65 cells within the same filament; See Appendix, Table A3.2). Moreover, 
the inorganic carbon assimilation showed no systematic trend with distance 
along the filament (See Appendix, Fig. A3.3). This remarkable homogeneity of 
C uptake within a filament is in stark contrast with the heterogeneity among 
filaments (coefficient of variation 43−71%; Table A3.1), thus suggesting that 
inorganic carbon assimilation is highly synchronous among cells within a cable 
bacterium filament. Although a similar homogeneous C uptake within filaments 
was reported for sulfide-oxidizing bacteria Thioploca araucae and Thioploca chileae 
(Otte et al., 1999), it is not typical for other filamentous prokaryotes. For example, 
filamentous cyanobacteria show heterogeneous C and N assimilation among 
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cells within the same filament (Eichner et al., 2017; Finzi-hart et al., 2009; Ploug 
et al., 2010; Popa et al., 2007), due to differential formation of C and N storage 
compounds or because compounds with freshly fixed C and N are exchanged 
between differentiated cells (heterocysts vs. vegetative cells). High variability in 
C uptake between cells was also observed among cells within filaments of the 
heterotrophic bacterium Candidatus Microthrix parvicella. This variability was 
attributed to phenotypic heterogeneity and differential gene expression among 
cells, thus illustrating the colonial character of the organism (Sheik et al., 2016).

3.3.4 Electron transport takes place across inactive cells

Single cells were occasionally (~0.15% of cells analysed) encountered that 
showed significantly lower 13C and 15N enrichment compared with the remainder 
of the filament, suggesting metabolic inactivity (Fig. 3.2C-E). Mechanical damage 
during filament retrieval and subsequent lysis of the labelled cell content are an 
unlikely explanation for this, as only single cells were affected, and cell walls 
showed no signs of rupture. The presence of isolated inactive cells surrounded 
by highly active cells in both upstream and downstream directions indicates 
that electron transport can still take place across the filament. Therefore, a cell 
apparently does not need to be metabolically active to enable long-distance 
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Figure 3.1: Assimilation of 13C- and 15N-labeled substrates by cable bacteria as measured 
by NanoSIMS.  Shown are atom fractions in incubations with (A) 13C-bicarbonate (n=347) 
and (B) 13C-propionate (n=177). Each data point represents the mean 13C and 15N atom 
fraction for a segment (5-10 cells), or in some cases from multiple segments (16-65 cells), 
from an individual filament (see example images in SI Appendix, Fig. A3.1). Pearson 
correlation coefficient (r) and the corresponding p-value are also shown. Colours and 
symbols differentiate between replicate sediment cores and redox zones in the sediment 
from which the filaments were retrieved, respectively. Dotted lines represent the natural 
13C (0.011) and 15N (0.0037) atom fraction measured in filaments with no exposure to 
labelled substrates. Dashed lines in panel A show the 13C atom fraction in the DIC pool 
during the incubation. Dashed lines in panel B show the predicted 13C atom fraction in 
the filament segments due to assimilation of 13C-bicarbonate produced in the sediment 
by mineralization of the 13C-propionate by other community members. (C) Boxplot of 
the inorganic carbon assimilation rates, kDIC (d-1). Each data point represents the value 
calculated for the same segment, or multiple segments, as the 13C and 15N atom fractions 
data shown in panels A-B. Segments were grouped based on the redox zone (oxic vs. 
suboxic), treatment (13C-bicarbonate vs. 13C-propionate), and core replicates. For one 
13C-bicarbonate incubation (blue-green circles in Fig. 1A) assimilation rates could not be 
calculated due to the lack of porewater 13C-DIC data. For the 13C-propionate incubations, 
the bicarbonate assimilation rates were estimated from the 15N enrichments, and the 
corresponding propionate assimilation rates are shown Fig. A3.2 (appendix). White 
circles and horizontal lines show the mean and median assimilation rate, respectively. 
p values indicate significant differences between redox zones within the same replicate 
core; n.s., p ≥ 0.05 (not significant); *, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001. 
(D) Boxplot of the relative phosphorus content in cable bacterium filaments expressed 
as the 31P/C ion count ratio. Each data point represents the value calculated for the same 
segment, or multiple segments, as the 13C and 15N atom fractions data shown in panels 
A-B. Grouping of the segments, as well as the meaning of the p-values and symbols used, 
is the same as in panel C. The values of the 13C and 15N atom fractions and the 31P/C ion 
count ratio’s for each segment used in this figure can be found in Dataset S1 at https://
www.pnas.org/content/117/10/5478.

electron transport, as long as the conductive fibre network in the periplasm 
remains functional (Meysman et al., 2019). This provides resilience to the 
electron transport and is highly beneficial for the functioning of the whole cable 
bacterium filament. 

3.3.5 Large variation in assimilation rates among filaments in the suboxic zone 

A sizeable fraction of filaments from the suboxic zone (110 out of 269) showed 
high carbon assimilation rates (k = 0.1−1.02 d-1), whereas the remaining filaments 
were either inactive (82 out of 269, k < 0.01 d-1) or minimally active (77 out of 269, 
0.01 d-1 < k < 0.1 d-1) (See Appendix, Fig. A3.1 and A3.4, Table A3.1). The maximum 
assimilation rates observed here (k ~1 d-1) are consistent with  the doubling 
times for cable bacteria (~20 h) as found in previous laboratory enrichment 
studies (Schauer et al., 2014; Vasquez-Cardenas et al., 2015). This variability in 
activity among filaments in the suboxic zone (coefficient of variation 55-86%; 
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Figure 3.2: Variation in 13C and 15N atom fractions within filaments of cable bacteria. (A) 
Scanning Electron Microscopy (SEM) image of a bundle of cable bacterium filaments, 
with dashed coloured lines indicating eight different filaments investigated in detail with 
NanoSIMS. Images of 13C atom fractions obtained by NanoSIMS are superimposed on 
the SEM image (the corresponding higher resolution image is shown in Appendix, Fig. 
A3.6). Filaments were retrieved from the suboxic zone of one of the cores incubated with 
13C-bicarbonate. Scale bar is 200 μm. (B) Cross-plot of average 13C vs. 15N atom fractions 
in individual cells of the eight filaments analysed. Dotted lines represent the natural 13C 
(0.011) and 15N (0.0037) atom fractions. The clustering of data-points shows that intra-
filament variation is substantially smaller than inter-filament variation. The values of the 
13C and 15N atom fractions for each of the cells can be found in Dataset S2 and can be 
accessed at https://www.pnas.org/content/117/10/5478. (C-E) Representative NanoSIMS 
images of the 13C and 15N atom fractions in cable bacteria from the (C) 13C-bicarbonate 
and (D-E) 13C-propionate incubation. Images are shown as overlays of the 13C (in green) 
and 15N (in blue) atom fractions. White arrows point to cells showing a decreased carbon 
uptake in an otherwise active filament. Scale bars are 5 μm. Appendix Fig. A3.7 shows 
the original images of the 13C and 15N atom fractions, 12C14N secondary ion counts, and 
secondary electron images. 
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Table A3.1) can be explained in several ways. One cause of variation could be 
oxygen availability, whereby the filaments that showed minimal or no activity 
had no access to oxygen during the 24 hour incubation period. Differences in 
assimilation rates could also be the result of genetic diversity within the same 
phylogenetic population (Musat et al., 2008). Finally, the observed variation in 
assimilation rates could reflect differences in gene expression among individual 
filaments, for example, when filaments that belong to a different age/life cycle 
are in a different physiological state (Musat et al., 2008). Hence, it is possible 
that some filaments were younger and showed higher growth rates than other 
filaments. Overall, the observed variation in metabolic activity among filaments 
is striking, and future studies should better resolve the life cycle of cable bacteria 
to elucidate the cause of this variation. 

3.3.6 Anabolic activity is highly diminished in the oxic zone. 

Our data show that filament label assimilation is strongly dependent on redox 
zonation (highly significant Kruskal-Wallis rank sum test, chi-squared=113.82, 
df=7, p<2.2·10-16; Fig. 3.1C). In contrast to filaments from the suboxic zone, 
all filaments in the oxic zone showed no or minimal label assimilation (See 
Appendix, Fig. A3.5, Table A3.1). Biomass synthesis thus appears to be strongly 
uncoupled from oxygen utilization. This observation concurs with recent 
genome analysis of cable bacteria, which reveals a complete absence of known 
membrane-bound terminal oxidases (Kjeldsen et al., 2019), thus leading to the 
hypothesis that oxygen reduction is entirely periplasmic and cannot be coupled 
to proton translocation and adenosine triphosphate (ATP) synthesis. The low but 
detectable label assimilation in a few filaments in the oxic zone may imply some 
limited basal maintenance metabolism, or alternatively, it could result from the 
migration of labelled filaments out of the suboxic zone and into the oxic zone 
during the 24-hour incubation period. 

The metabolic dependence with respect to redox zonation is also reflected in the 
phosphorus content. Filaments retrieved from the oxic zone had a significantly 
lower relative phosphorus content (quantified by the 31P/C ion count ratio) 
when compared to filaments from the suboxic zone (Kruskal-Wallis rank sum 
test, chi-squared=225.61, p<2.2·10-16, Fig. 3.1D). We attribute this to a difference 
in the amount of intracellular polyphosphate inclusions between cells in the 
oxic and suboxic zone. Polyphosphate inclusions are long-chain polymers 
consisting of 2–1000 orthophosphate residues linked together by a high-energy 
phosphoanhydride bond that is similar to the bond in ATP (Kornberg, 1995). 
Cable bacteria have been shown to possess polyphosphate inclusions (Geerlings 
et al., 2019; Kjeldsen et al., 2019; Sulu-Gambari et al., 2016), although the size and 
density of these inclusions varied widely among filaments extracted from the 
same sediment sample. This is also reflected here by the large variability in the 
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relative phosphorus content among filaments extracted from the same sediment 
core and redox zone (Fig. 3.1D). Polyphosphate can have many functions, and it 
has been thought to act as an energy storage system and to regulate the responses 
to stresses and adjustments for survival (Kornberg, 1995). The difference in the 
relative phosphorus content suggests a build-up of polyphosphate within the 
suboxic zone and breakdown of polyphosphate by cells residing in the oxic 
zone. Since biomass synthesis appears to be strongly uncoupled from oxygen 
reduction, cells in the oxic zone could use the polyphosphate inclusions as an 
energy reservoir or as a response to regulate oxidative stress. 

3.3.7 Cable bacteria have a high capacity for oxygen reduction. 

To further elucidate the division of metabolic labour, we quantified the per-
cell capacity for oxygen reduction using cyclic voltammetry (Fig. 3.3A). The 
observation of oxidation and reduction peaks (E⁰′ = 0.155 V vs. SHE) in the 
absence of O2 implies that redox-active sites are present on the outer surface 
of the cable bacteria. When O2 concentrations are gradually increased, the 

Figure 3: Oxygen reduction capability of cable bacteria and its dependence on redox 
zonation. (A) Cyclic voltammograms of intact cable bacteria deposited on a gold disk 
electrode (PBS pH 7.4; scan rate, 0.02 V s-1) at different concentrations of O2 (μM) in 
solution. Inset = cyclic voltammograms at low O2 concentrations. (B) Response of long-
distance electron transport to a sequence of manipulations, as measured by the difference 
in electric potential (∆EP) at the sediment-water interface and at 30 mm depth (the 
corresponding vertical profiles are show in SI Appendix Fig. A3.5). Start = sediment with 
active long-distance electron transport by cable bacteria (high ∆EP). M1: anoxic overlying 
water (residual ∆EP due to diffusive electric potentials). M2: oxic overlying water. M3: 
sediment core was cut at a depth of 5 mm with a thin wire (3 mm below the oxic zone), 
but the sediment slice was left in place while the overlying water was oxic. M4: the top 
sediment slice was removed, so cells within the suboxic zone had instantly access to O2. 
M5: overlying water was made anoxic after 60 minutes (to verify that the response after 
M4 was due to cable bacteria). M6: oxic overlying water (to verify that the long-distance 
electron transport was re-established).

A B
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cathodic current increases, thus indicating that electrons are channelled 
onwards to O2 (Fig. 3.3A). In the absence of cable bacteria, O2 does not affect the 
cathodic current. The cathodic current reaches a maximum of 1.1×10−7 A at 50 
μM O2. Accounting for the total length of filaments on the electrode (12.03 mm, 
or 4010 cells, as quantified by microscopy), this corresponds to an electron flow 
of 1.7×108 electrons cell-1 s-1 and a cellular O2 reduction rate of 7.1×10−17 mol O2 
cell-1 s-1. This rate should be considered as a conservative estimate, since some 
catalytic sites were likely not in contact with the electrode. This O2 reduction rate 
is 5−10 times higher than maximum rates obtained for unicellular aerobic sulfur 
oxidizers in continuous laboratory cultures (Banciu et al., 2004; Geelhoed et al., 
2010), and exceeds the typical in situ respiration rate of bacteria under nutrient-
limiting conditions in aquatic sediments by 2−4 orders of magnitude (Arndt et al., 
2013). This sizeable capacity of cable bacteria for O2 reduction is not unexpected, 
as cable bacteria typically show similar volumetric filament densities in oxic 
and suboxic zones (Schauer et al., 2014), and so a 10-20 times smaller number 
of “cathodic” O2-reducing cells in the shallow oxic zone (1−3 mm thick) must 
process all electrons originating from the many “anodic” H2S-oxidizing cells in 
the suboxic zone, which extends 10−60 mm deep into the sediment (Malkin et 
al., 2014; van de Velde et al., 2016).

3.3.8 The capacity for oxygen reduction is always present 

Cells along a cable filament show a conspicuous redox dichotomy: they perform 
“anodic H2S oxidation” within the suboxic zone and “cathodic O2 reduction” 
within the oxic zone. To investigate whether cells are specialized, and hence 
whether the specific redox behaviour is permanent, we recorded depth profiles 
of electric potential at various stages of a sediment manipulation experiment. 
The build-up of an electric potential with depth is a tell-tale sign of long-distance 
electron transport, thus signifying whether cable bacterium filaments are 
metabolically active (Damgaard et al., 2014; Risgaard-Petersen et al., 2014). The 
removal of the oxic top layer of the sediment was followed by a rapid recovery 
of the electric field (Fig. 3.3B, Appendix Fig. A3.5). This demonstrates cells 
previously oxidizing sulfide rapidly switched to oxygen reduction once they had 
access to oxygen, and thus re-established the long-distance electron transport. 
The response time (<2 min) was too quick to be mediated by gene expression. 
These data show that cable bacteria cells not only have an impressive enzymatic 
capacity for O2 reduction, but also that this capacity appears to be continuously 
present in all cells. This “readiness” of cable bacteria cells to perform both redox 
half-reactions at any time could be beneficial in a dynamic environment, where 
redox zonation is frequently disturbed by physical alterations (e.g. bioturbation, 
wave action, tides). Alternatively, as cable bacteria are motile (Bjerg et al., 2016), 
having both the “cathodic” and “anodic” machinery operational at all times 
could be advantageous if parts of filaments would frequently relocate between 
oxic and suboxic zones. 
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3.4 DISCUSSION 

Cable bacteria are presently the only filamentous microorganism known capable 
of long-distance electron transport (Meysman, 2018). Long-distance electron 
transport allows an energetically favourable connection of sulfide oxidation to 
oxygen reduction, which gives cable bacteria a competitive advantage to flourish 
in the redox gradients that characterize aquatic sediments (Meysman, 2018). 
A redox-stratified division of metabolic labour allows the multicellular cable 
bacteria to “mine” for hydrogen sulfide in deeper sediment layers, while still 
keeping contact with oxygen. Our results offer new insights into this division 
of labour and growth, demonstrating that it is more complex and dynamic than 
previously thought.  

3.4.1 Oxygen reduction is not coupled to anabolic activity. 

Our data paint an enigmatic picture of the oxygen utilization by cable bacteria. 
When cable bacteria are active within a sediment, geochemical evidence from 
both field and laboratory studies shows that their activity is responsible for a 
large fraction (5-93%) of oxygen reduction within sediments (Malkin et al., 
2014; Nielsen et al., 2010; Risgaard-Petersen et al., 2014; van de Velde et al., 
2016). Our voltammetry data confirm that cable bacteria have an impressive 
enzymatic capacity for O2 reduction (Fig. 3.3A). Moreover, when filaments 
have no access to oxygen, the electric field generated by cable bacteria rapidly 
disappears (Fig. 3.3B), confirming that oxygen (or nitrate) is necessary for the 
functioning of the organism (Risgaard-Petersen et al., 2014). Still, this process 
of oxygen reduction is apparently not, or to a limited extent, coupled to energy 
conservation. Extensive analysis of individual filaments showed no to very little 
biosynthesis in cells from the oxic zone in contrast to high levels of biosynthesis 
in cells from the suboxic zone (Fig. 3.1C). This is congruent with recent genomic 
analysis, which reveals no known proteins that can couple energy generation 
in cable bacteria to oxygen reduction (Kjeldsen et al., 2019). Hence, while cable 
bacteria are responsible for a large fraction of oxygen reduction in sediments, 
there appears to be no energetic gain involved for the cells that do so. The fact 
that biosynthesis only occurs within the suboxic zone is also congruent with the 
known O2 sensitivity of the Wood-Ljungdahl pathway that is used for inorganic 
carbon fixation (Berg, 2011).

3.4.2 A new perspective on the coupling between electron transport and 
energy conservation inside cable bacterium filaments. 

The process of electron transport consists of three key steps (Fig. 3.4). First, 
electrons are generated by cells performing anodic sulfide oxidation, and this 
process can be coupled to energy conservation via substrate-level and oxidative 
phosphorylation through reversal of the canonical sulfate reduction (DSR) 
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Figure 3.4: Schematic representation of the energy metabolism of a cable bacterium. 
The cells in the suboxic and sulfidic zone (green) perform anodic H2S oxidation. The free 
energy released by this redox half-reaction is utilized for generating ATP, thus allowing 
the assimilation of carbon and nitrogen, while the generated electrons are transported 
towards cells in the oxic zone via conductive fibres in the shared periplasmic space. 
Cells in the oxic zone (blue) utilize these electrons to perform cathodic O2 reduction, but 
this results in very little to no release of free energy and hence no capacity to assimilate 
carbon and ammonia.
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pathway (Kjeldsen et al., 2019), similar to their close relative Desulfurivibrio 
alkaliphilus (Thorup et al., 2017). The electrons produced by anodic sulfide 
oxidation are subsequently “uploaded” onto the conductive periplasmic 
fibre grid (Meysman et al., 2019), and transported from cell to cell along the 
longitudinal axis of the filament to the oxic zone. The voltage drop along the 
periplasmic conductive structure of single filaments is ~12−14 mV mm-1 (Bjerg et 
al., 2018), which implies a potential difference of only ~40 μV across a single cell. 
Such a small potential difference would only generate 3.6 J per mole of electrons, 
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which is three orders of magnitude lower than the minimum biological energy 
quantum needed to sustain life (Müller and Hess, 2017), and would require the 
passing by of  >5000 electrons to generate one ATP molecule. Hence, electron 
transport across a cell is an unlikely source of free energy required for ATP 
synthesis. In the third step, electrons are “downloaded” from the periplasmic 
grid by cells performing cathodic oxygen reduction (Meysman, 2018), and our 
results show that this step is not coupled to anabolic reactions. Accordingly, only 
the anodic sulfide-oxidizing half-reaction is coupled to energy conservation and 
allows for the observed biosynthesis and growth. The division of labour in terms 
of redox metabolism (cathodic and anodic cells cooperate) therefore generates 
highly asymmetric rewards in terms of cellular anabolism (only the anodic cells 
grow). In order to optimize the energy yield, we hypothesize that the redox 
potential on the periplasmic wire network in cable bacteria is closer to oxygen 
than to sulfide, so that most energy is recovered by the uploading of electrons 
from sulfide oxidation to the wire network, and little energy is dissipated by 
downloading of electron from the wire network towards oxygen reduction. This 
hypothesis needs to be tested in further experiments.

3.4.3 Division of labour within individual filaments. 

So why is there no apparent energy conservation during cathodic oxygen 
reduction? One proposition is that oxygen reduction in cable bacteria has been 
optimized for speed rather than energy conservation (Kjeldsen et al., 2019). Cells 
in the oxic zone merely serve to reduce oxygen as fast as possible to efficiently 
evacuate electrons from the conductive wire network, thereby enabling the 
anodic cells in the deeper layers to use the periplasmic grid as an electron sink 
with a high redox potential. While such asymmetric metabolism would benefit 
the filamentous organism as a whole, the oxic cells would bear the burden of the 
metabolic costs associated with oxygen reduction, which includes detoxification 
of reactive oxygen generated by high O2 reduction rates. Likely other metabolic 
costs are incurred in the oxic zone, as the high pH in the oxic zone could hamper 
the function of periplasmic and outer membrane proteins (Kjeldsen et al., 2019). 
Thus, the oxygen-respiring cathodic cells appear to provide a kind of “community 
service” to the filament by ensuring a relay of electrons to facilitate the growth of 
the sulfide-oxidising anodic cells while they do not grow themselves. 

Our results provide no indication that the cathodic cells receive a “reward” in 
return for their O2 reduction “service” to the anodic cells. One way to establish 
a mutually beneficial interaction would be an intercellular exchange of 
metabolites akin to that occurring between the heterocyst and vegetative cells 
in filamentous cyanobacteria (Ploug et al., 2010; Popa et al., 2007). However, 
this mechanism is unlikely in cable bacteria given that their cells are separated 
by a rigid junction with no evidence of pores or channels (Cornelissen et al., 
2018). An alternative route for metabolite transfer could be the periplasm, which 
harbours the conductive fibres and is shared among all cells in the filament 
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(Bjerg et al., 2018). However, a simple assessment of the length and time scales of 
diffusion (D=δ2/(2τ)) immediately reveals that such transport would be very slow. 
Given the diffusion coefficient of organic substrates in the periplasm (~5-100 x 
10-12 m2 s-1) (Sochacki et al., 2011), time scales required for diffusive transport 
along centimetre-long filaments (δ ~1 cm) would amount to 5-100 days. Finally, 
any intercellular exchange of metabolites would necessarily imply a transfer of 
isotope label to the cells in the oxic zone, but no such carbon or nitrogen transfer 
was observed after a 24 h incubation period (Fig. 3.1). 

This invokes the question of how cells in a cable bacterium filament collectively 
function. In order to perform long-distance electron transport, one part of the 
filament must be in contact with O2. One option is that cells in the oxic zone perform 
O2 reduction without biomass synthesis, but maintain a basal metabolism until 
all their energy reserves are exhausted and then die. They are then continuously 
replaced by new cells from the suboxic zone, which are pushed up as the filament 
in the suboxic zone grows. Alternatively, the community service in the oxic zone 
could have a temporary character. Cable bacteria show gliding motility (Bjerg 
et al., 2016), and new microscopic evidence reveals they can instantaneously 
change their direction of motion (Sup. Video). Filaments could move within the 
sedimentary redox gradients in such a way that different parts of the filament 
are in contact with O2 at different times. Individual cells thus could “take turns” 
in the oxic zone in a cooperative division of stress. Our phosphorus data are 
supportive to this idea. In the oxic zone, cells could temporarily rely on energy 
stores such as polyphosphates, and when cells subsequently retreat back into the 
suboxic zone, these energy reserves could be replenished. As such, one would 
expect polyphosphate reserves to be lower in cells in the oxic zone, as seen in 
our data (Fig. 3.1D). Our finding that cells have both the “cathodic” and “anodic” 
enzymatic machinery operational at all times (Fig. 3.3) is also congruent with the 
idea of a temporary community service in the oxic zone. It indicates that cable 
bacteria are geared up to cope with rapid redox changes, as would happen when 
filaments frequently relocate between oxic and suboxic zones. 

Multicellularity has emerged independently over 25 times in the history of life 
(Grosberg and Strathmann, 2007), and represents a highly diverse phenomenon, 
as it has been realized in different ways and with different degrees of integration 
(Lyons and Kolter, 2015; Zacchetti et al., 2018). Cable bacteria add another twist 
to this story, as the filaments display a unique form of metabolic integration 
facilitated by electrical currents. A key attribute of multicellularity is that 
differentiated cell types perform distinct functions, as this increases the fitness 
of the organism, even if such differentiation is costly to individual cells (Bonner, 
1998; Grosberg and Strathmann, 2007). Cable bacteria fit this picture and display 
a remarkable division of labour: cells in the suboxic zone harvest energy from 
the oxidation of sulfide and assimilate inorganic carbon and ammonia, whereas 
cells in the oxic zone reduce oxygen without biosynthesis. While having access 
to the energetically favourable electron acceptor O2 increases the overall 
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fitness of the organism, this comes at a cost of giving up biomass synthesis for 
the cathodic cells that perform the O2 reduction. Cable bacteria have evolved 
from a clade of strictly anaerobic organisms, and this may explain the absence 
of biosynthesis in the oxic zone. Only through functional differentiation, the 
filaments can simultaneously carry out the functionally incompatible tasks 
of aerobic sulfide oxidation (strictly dependent on O2) and inorganic carbon 
fixation via the Wood-Ljungdahl pathway (inhibited by O2). A peculiar difference 
with other multicellular prokaryotes is that the division of labour between cells 
appears to be reversible. The external redox environment determines which 
functional cell mode is active, and cells appear capable of switching fast between 
modes when exposed to different redox conditions. This also explains why cells 
are not morphologically differentiated within a filaments. 
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The datasets (dataset 1 and dataset 2) and supplementary video can be accessed 
at https://www.pnas.org/content/117/10/5478.

Dataset 1: document (.xls) with each 13C atom fraction, 15N atom fraction and 31P/C value 
for each filament segment. These values were used to construct Fig. 3.1, Appendix table 
A3.1 and Fig. A3.2.
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Dataset 2:. document (.xls) with each 13C atom fraction for each single cell from the each 
of the followed filaments. These values were used construct Fig. 5.2 and Appendix table 
A3.2. 

Movie S1: Time-lapse taken with a phase contrast microscope showing the sudden change 
in the direction of motion of cable bacteria. Two types of morphologically different cable 
bacteria are seen; very thin cable bacteria and cable bacteria with a larger diameter. The 
bottom cable bacterium with a large diameter shows a sudden reversal of movement even 
though the oxygen front was stable. Note that within the sediment enrichment used for 
nanoSIMS only the cable bacteria with a large diameter were present (diameter ~3-4 μm). 
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APPENDIX
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Figure A3.1: Images of 13C and 15N assimilation by cable bacteria. Representative images of 
the 13C atom fraction (A-D), 15N atom fraction (E-H), 12C14N- ion counts (I-L) and secondary 
electrons (M-P) in filaments from the different incubations and redox zones: filaments 
incubated with 13C-bicarbonate, and retrieved from the oxic zone (A, E, I, M) and from 
the suboxic zone (B, F, J, N); filaments incubated with 13C-propionate, and retrieved from 
the oxic zone (C, G, K, O) and from the suboxic zone (D, H, L, P). Scale bars are 3 μm. A 
filament segment was defined as a region of interest (ROI). The counts of secondary ions 
12C-, 13C-, 12C14N- and 12C15N- were accumulated over the ROI pixels to calculate the average 
13C and 15N atom fractions per filament.
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Figure A3.3: The 13C atom fraction of cells along the length of the filament. Each data-
point represents the average 13C atom fraction for one cell along a filament. The distance 
between cells along the filament was determined from the SEM image shown in Fig. 3.2A. 
The colours correspond to the filaments as defined in Fig. 3.2A-B.

oxic zone suboxic zone

Figure A3.2: Boxplot of propionate assimilation rates by cable bacteria. Shown are rates 
by filament segments retrieved from the oxic and suboxic zone of two replicate sediment 
cores from the 13C-propionate incubation. The rates were calculated from the measured 
13C and 15N atom fractions as described in the Methods. White circles and horizontal bars 
correspond to the mean and median assimilation rates, respectively, boxes extend from 
0.25 to 0.75 quantile.
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Figure A3.4: Histograms of inorganic carbon assimilation rates by cable bacteria. 
Histograms are shown separately for filaments retrieved from the oxic and suboxic zone 
of sediment cores incubated with 13C-bicarbonate and 13C-propionate. For all histograms 
the first bin (0-0.01 d-1, red) includes filaments classified as ‘inactive’ based on the fact that 
their 13C enrichment was not significantly different from the filaments with no exposure 
to labelled substrates (control filaments). The second bin (0.01-0.1 d-1, white) includes 
filaments classified as ‘minimally active’. Filaments with the assimilation rates > 0.1 d-1 
(grey) were classified as ‘active’.

A B

C D
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Figure A3.5:. Vertical profiles of O2, H2S, pH, and the electric potential (EP) in a sediment 
core with active cable bacteria during the sediment manipulation experiment. (A) Oxygen 
and sulfide depth profiles, (B) pH depth profiles. The combination of these profiles 
showed the presence of an active cable bacteria population. The oxygen depth profile was 
used to determine the oxygen penetration depth. The EP data were used to calculate the 
difference in electric potential (∆EP) shown in Fig. 3.3. (C) EP profiles were measured in 
an intact core with the conditions in the overlying water sequentially altered from oxic 
(light grey) to anoxic (red) and back to oxic (blue). Each profile corresponds to an average 
of two replicate profiles. (D) Sediment cutting experiment: EP profiles were measured 
2 min (black), 15 min (red) and 30 min (blue) after the sediment was cut horizontally 
with a thin wire at a depth of 5 mm. Each profile is a single measurement. (E) Removal 
of the cut sediment layer: EP profiles were measured 2 min (black), 15 min (red) and 30 
min (blue) after the top 5 mm of sediment was removed and O2 became available to the 
cable bacteria close to the new sediment-water interface (indicated by dashed line). Each 
profile is a single measurement. (F) EP profiles were measured 60 min after the top 5 mm 
of sediment was removed and the conditions in the overlying water were sequentially 
altered from anoxic (red) to oxic (blue) conditions. Each EP profile corresponds to an 
average of two replicate profiles. In panels (D, E, F) the original EP profile (light gray) is 
included for comparison. When necessary the profile was shifted downwards to reflect 
the correct position of the sediment-water interface.

A B C

D E F
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Figure A3.6: Stitched Scanning Electron Microscopy (SEM) images of a bundle of cable 
bacterium filaments with a higher resolution that the one shown in Fig. 3.2A. Dashed 
coloured lines indicate some of the followed filaments investigated in detail with 
NanoSIMS. Images of 13C atom fractions obtained by NanoSIMS are superimposed on the 
stitched SEM image.
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Figure A3.7: NanoSIMS images of the 13C atom fraction (A-C), 15N atom fraction (D-F), 
12C14N- ion count (G-I), and secondary electrons (J-L) in cable bacteria from the (A, D, G, 
J) 13C-bicarbonate and (B-C, E-F, H-I, K-L) 13C-propionate incubation. White arrows point 
to cells showing decreased carbon and nitrogen assimilation in an otherwise active fila-
ment. The images correspond to the rgb overlay images shown Fig. 3.2C-E. Scale bars are 
3 μm. 
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Figure A3.8: (A) Bright field microscopy image of the cable bacteria used for cyclic 
voltammetry measurements and the (B) overlying lines drawn in ImageJ to determine 
the total length of the filaments. 

A B

Table A3.1: Variability of carbon assimilation rates among individual filaments of cable 
bacteria. Shown are the total number of filaments measured per replicate sediment core, 
and the corresponding amounts and percentages of filaments classified as ‘inactive’ 
(kDIC=0-0.01 d-1), ‘minimally active’ (kDIC=0.01-0.1 d-1), and ‘active’ (kDIC>0.1 d-1). For both 
incubations (13C-bicarbonate and 13C-propionate) most of the filaments retrieved from 
the oxic zone were inactive and only a small percentage was minimally active. Activity of 
the filaments from the suboxic zone was higher but still a large fraction of the filaments 
showed no or only a minimal activity. The average inorganic carbon assimilation rates are 
given separately for the active and minimally active filaments from both treatments. The 
standard deviation and the corresponding coefficient of variation illustrate considerable 
variability among individual filaments within the active and minimally active sub-
populations. The ratio between the assimilation rates of propionate and inorganic 
carbon, kP/kDIC, shows that for filaments from the suboxic zone of the sediment cores 
labelled with 13C-propionate only a small part (~7%) of the assimilated 13C originates 
directly from the 13C-propionate, whereas most of it originates from the +C-DIC produced 
through 13C-propionate remineralization (see Methods). In contrast, for filaments from 
the oxic zone the contribution of 13C-propionate to the total carbon uptake is much larger 
(22-36%, calculated as kP/(kP+kDIC)). 

13C-bicarbonate 13C-propionate

Oxic zone Suboxic zone Oxic zone Suboxic zone

Core 1 Core 2 Core 1 Core 2 Core 1 Core 2 Core 1 Core 2

Total # filaments 73 31 94 53 24 31 49 73

Inactive 59 (81%) 25 (81%) 26 (28%) 22 (41%) 18 (75%) 16 (52%) 7 (14%) 27 (37%)

Min.  active 14 (19%) 6 (19%) 39 (41%) 12 (23%) 6 (25%) 15 (48%) 16 (33%) 10 (14%)

Active 0 (0%) 0 (0%) 29 (31%) 19 (36%) 0 (0%) 0 (0%) 26 (53%) 36 (49%)

kDIC active (d-1) - - 0.48 ± 0.34 0.27 ± 0.13 - - 0.45 ± 0.19 0.37 ± 0.17
Coefficient of 
variation - - 71% 48% - - 43% 47%

kDIC min. active (d-1) 0.024 ± 0.014 0.015 ± 0.005 0.054 ± 0.030 0.029 ± 0.025 0.040 ± 0.024 0.033 ± 0.016 0.040 ± 0.022 0.040 ± 0.034
Coefficient of 
variation 61% 31% 55% 85% 61% 49% 57% 86%

kP/(kP + kDIC) - - - - 0.561±0.266 0.283±0.306 0.067±0.077 0.069±0.051
13C-DIC ratio of the 
porewater 0.123 0.136 0.123 0.136 0.0484 0.0821 0.0484 0.0821
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Table A3.2: Variability of carbon assimilation rates among cells within individual 
filaments of cable bacteria from the suboxic zone. Shown are statistics for the eight 
individual filaments retrieved from the suboxic zone from the bicarbonate incubation 
marked with different colours in Fig. 3.2A, including the distance (in mm and in number 
of cells) between the first and last segment measured along the filament, the total number 
of cells measured, the mean and standard deviation of 13C atom fractions of all measured 
cells within a filament, the mean and standard deviation of the assimilation rate constant 
and the corresponding coefficient of variation within that filament. Data show that 
variability within filaments is clearly lower than variability among filaments (compare 
with Table A3.1).

Filament
Max length 

(mm)

No. 

cells

No. cells 

measured
13C/(12C+13C) kDIC (d-1)

Coefficient of 

variation

1 (green) 1.570 523 65 0.069 ± 0.0043 0.736 ± 0.081 11.0

2 (black) 0.790 263 16 0.061 ± 0.0071 0.596 ± 0.114 19.2

3 (yellow) 1.431 477 59 0.081 ± 0.0061 1.001 ± 0.153 15.3

4 (cyan) 1.002 334 34 0.019 ± 0.0013 0.072 ± 0.013 18.7

5 (purple) 0.984 328 23 0.022 ± 0.0011 0.106 ± 0.011 10.0

6 (white) 0.797 266 23 0.022 ± 0.0011 0.103 ± 0.011 10.4

7 (red) 2.323 774 63 0.078 ± 0.0036 0.910 ± 0.081 8.9

8 (blue) 1.555 518 42 0.034 ± 0.0023 0.229 ± 0.025 11.1
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ABSTRACT

Cable bacteria are multicellular, Gram-negative filamentous bacteria that display 
a unique division of metabolic labor between cells. Cells in deeper sediment 
layers are oxidizing sulfide, while cells in the surface layers of the sediment are 
reducing oxygen. The electrical coupling of these two redox half reactions is 
ensured via long-distance electron transport through a network of conductive 
fibres that run in the shared cell envelope of the centimetre-long filament. Here 
we investigate how this unique electrogenic metabolism is linked to filament 
growth and cell division. Combining dual-label stable isotope probing (13C and 
15N), nanoscale secondary ion mass spectrometry, fluorescence microscopy 
and genome analysis, we find that the cell cycle of cable bacteria cells is highly 
comparable to that of other, single-celled Gram-negative bacteria. However, the 
timing of cell growth and division appears to be tightly and uniquely controlled 
by long-distance electron transport, as cell division within an individual filament 
shows a remarkable synchronicity that extends over a millimetre length scale. 
To explain this, we propose the “oxygen pacemaker” model in which a filament 
only grows when performing long-distance transport, and the latter is only 
possible when a filament has access to oxygen so it can discharge electrons from 
its internal electrical network.

Keywords: cable bacteria, stable isotope probing, nanoSIMS, filament growth, 
cell cycle, cell division
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4.1 INTRODUCTION
Cable bacteria are multicellular, filamentous bacteria that gain metabolic 
energy by coupling the oxidation of sulfide (H2S + 4 H2O → SO4

2- + 8 e- + 10 H+) in 
deeper sediment layers to the reduction of oxygen (O2 + 4 H+ + 4 e- → 2 H2O) at the 
sediment-water interface (Nielsen et al., 2010; Pfeffer et al., 2012). A remarkable 
aspect is that these two redox half-reactions occur in different cells of a given 
filament: “anodic” cells in deeper anoxic sediment layers only perform sulfide 
oxidation, while “cathodic” cells in the oxic zone only perform oxygen reduction. 
The necessary electrical coupling between these two redox half reactions is 
ensured by the transport of electrons over centimetre-scale distances through 
a regularly spaced network of highly conductive fibres that run along the whole 
filament (Meysman et al., 2019; Thiruvallur Eachambadi et al., 2020). This spatial 
separation of redox half-reactions allows cable bacteria to harvest sulfide over 
a wider range of sediment depths, which gives them a competitive advantage 
over other, single-celled sulfide-oxidizing bacteria (Meysman, 2018). Since their 
discovery, cable bacteria have been found at the oxic-anoxic interface in a wide 
range of aquatic sediment environments, including marine (e.g. Malkin et al., 
2014; Burdorf et al., 2017), freshwater (Risgaard-Petersen et al., 2015), and aquifer 
(Müller et al., 2016) sediments. In these environments, cable bacteria strongly 
influence the elemental cycling of sulfur, iron, phosphorus, and methane 
(Risgaard-Petersen et al., 2012; Seitaj et al., 2015; Sulu-Gambari et al., 2016; 
Scholz et al., 2020). Additionally, cable bacteria have been found attached to the 
anode of a benthic microbial fuel cell placed in anaerobic conditions (Reimers et 
al., 2017) or in association with oxygenated zones around plant roots (Scholz et 
al., 2019) and worm tubes in marine sediments (Aller et al., 2019).

Cable bacteria belong to the family of Desulfobulbaceae (Trojan et al., 2016), 
which also contains single-celled sulfate-reducing and sulfur disproportionating 
bacteria. Genomic analysis suggests that cable bacteria oxidize sulfide by 
reversing the canonical sulfate reduction pathway and use the Wood-Ljungdahl 
pathway for inorganic carbon uptake (CO2 fixation), but also have the potential 
to additionally assimilate organic carbon (Kjeldsen et al., 2019). Stable isotope 
probing (SIP) experiments using 13C-labelled CO2 and propionate followed by 
either community lipid analysis (Vasquez-Cardenas et al., 2015) or analysis of 
individual cells and filaments by nanoscale secondary ion mass spectrometry 
(nanoSIMS) (Geerlings et al., 2020) have confirmed that cable bacteria incorporate 
both inorganic and organic carbon. Cable bacteria can thus be categorized as 
facultative chemoautotrophs (Vasquez-Cardenas et al., 2015; Kjeldsen et al., 2019; 
Geerlings et al., 2020). Interestingly, carbon fixation in cable bacteria appears 
to be strongly dependent on the redox environment, where only the sulfide-
oxidizing cells assimilate carbon whereas the oxygen-reducing cells do not 
assimilate carbon (Geerlings et al., 2020). Thus, the dichotomy that characterizes 
the energy metabolism in cable bacteria is also directly reflected in their carbon 
metabolism. Consequently, it appears that the cathodic cells dispense electrons 
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as quickly as possible via oxygen reduction without any energy conservation, 
while biosynthesis and growth remain restricted to the anodic cells, which are 
able to generate metabolic energy from sulfide oxidation (Kjeldsen et al., 2019; 
Geerlings et al., 2020).

A cable bacterium filament is linear (not branched) and typically consists of 
thousands of cells. Although the cells are separated from each other by a rigid 
septum, they share a periplasmic space that contains the network of conductive 
fibres, which run along the longitudinal axis of the filament (Pfeffer et al., 2012; 
Jiang et al., 2018; Meysman et al., 2019) and are inter-connected between adjacent 
cells by a cartwheel-shaped structure located within the septum (Cornelissen et 
al., 2018; Thiruvallur Eachambadi et al., 2020). 

Cable bacterium filaments hence display a complex metabolism and architecture, 
but little is presently known about how these filaments grow and elongate. 
Previous observations by fluorescence microscopy have indicated that filament 
growth is too fast to be exclusively apical, and hence cell division must occur 
continuously along the filament (Schauer et al., 2014). Here, we combine SIP-
nanoSIMS, fluorescence microscopy and genomic data to gain insights into the 
cell cycle of cable bacteria, and the process of filament elongation. Previously, 
the SIP-nanoSIMS technique has shown that the rates of inorganic carbon 
and nitrogen assimilation are remarkably homogeneous among the cells of 
individual filaments that perform the sulfide-oxidizing half-reaction (Geerlings 
et al., 2020). Here, we use these previously published data and expand it with 
three-dimensional reconstructions of stable isotope incorporation to gain more 
detailed insights into the biomass synthesis and growth of cable bacteria. We 
show that, on the level of individual cells, the process of cell division in cable 
bacteria appears to be highly comparable to that of the Gram-negative model 
species Escherichia coli. Yet, on the filament level, cable bacteria display unique 
characteristics, where the cells performing sulfide oxidation show synchronized 
cell division along the filament over millimetre-scale lengths. We propose a model 
that links the observed synchronized cell division to the unique electrogenic 
metabolism of the cable bacteria.

4.2 METHODS

4.2.1 Cable bacteria culturing

Enrichment cultures were prepared from natural sediment collected from a 
creek bed in Rattekaai Salt Marsh (The Netherlands; 51.4391°N, 4.1697°E). At 
this site, earlier studies have documented the presence of cable bacteria in 
situ (Malkin et al., 2014). After collection in the field, the sediment was stored 
anoxically in the laboratory until further handling. At the start of the enrichment 
incubation, sediment was sieved (500 μm mesh size) to remove fauna and large 
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debris, homogenized, and subsequently re-packed in polycarbonate cores (inner 
diameter 5.2 cm) as described before (Malkin et al., 2014). The sediment cores 
were submerged in artificial seawater (ASW, salinity of 32, the in situ value) and 
incubated in the dark for several weeks until an active cable bacteria population 
developed. The seawater was bubbled with air to maintain 100 % air saturation, 
and the temperature (20 °C) and salinity were kept constant throughout the 
incubation.

Two separate enrichment cultures were prepared. The first enrichment culture 
consisted of four replicate cores and was prepared with sediment collected 
in the summer of 2016 and incubated for 54 days between September and 
December 2017. The second enrichment culture involved four replicate cores 
and was prepared with sediment collected in March 2019 and incubated for 26 
days between September and October 2019. 

4.2.2 Microsensor depth profiling

Microsensor depth profiling (O2, H2S, and pH) was performed to monitor the 
geochemical fingerprint within sediment cores, and thus the developmental state 
and metabolic activity of the cable bacteria population (Meysman et al., 2015). 
The microsensor depth profiles were also used to delineate the oxic and suboxic 
zones in the sediment at the time of core sectioning (see below). Microelectrodes 
(tip diameter; O2: 50 μm, H2S: 100 μm, pH: 200 μm) were purchased from Unisense 
A/S (Denmark), connected to a four-channel Microsensor Multimeter (Unisense), 
and mounted in a two-dimensional micro-profiling system that enabled stepwise 
movement of sensors. The SensorTrace PRO software (Unisense) was used to 
control the movement of the microsensors and record sensor signals. A general-
purpose reference electrode (REF201 Red Rod electrode; Radiometer Analytical, 
Denmark) was used as reference during the pH measurements. Calibration of 
O2, H2S, and pH microsensors was performed as described in Malkin et al (2014). 

4.2.3 Stable isotope probing

Independent stable isotope probing (SIP) experiments were conducted with each 
of the two enrichment cultures. For the first SIP experiment, two stock solutions 
were prepared, one containing 62 mM 13C-bicarbonate and 0.40 mM 15N-NH4, and 
the other containing 11 mM 13C-propionate (13C atom fraction 99%, all C-atoms 
labelled) and 0.40 mM 15N-NH4. For the second SIP experiment only one stock 
solution containing 62 mM 13C-bicarbonate and no added NH4 was used. Stock 
solution concentrations were chosen because they were successful in previous 
SIP experiments (Vasquez-Cardenas et al., 2015). Stock solutions used artificial 
seawater that contained no Mg2+ and Ca2+ to avoid precipitation of Mg13CO3 and 
Ca13CO3, and also no bicarbonate and ammonium ions to avoid label dilution. 
The salts (NaH13CO3, Na13CH3

13CH2
13COO and 15NH4NO3) used for preparing the 
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stock solutions were purchased from Sigma-Aldrich (Cas-numbers: 87081-58-1, 
152571-51-2 and 31432-48-1, respectively).
  
Labelling of sediment cores was done by first inserting three subcores (inner 
diameter 1.2 cm) into a single enrichment culturing core with minimal disturbance 
of the sediment, and then injecting 500 μL of the labelled stock solution into each 
sub-core in ten separate 50 μL injections. To ensure homogeneous spread of the 
label throughout the sediment, the syringe needle was inserted from the top to 
a depth of 5 cm, and the 50 μL liquid was released while slowly retracting the 
needle upwards. The subcores ensured that the label was spread within a well-
constrained volume. At the end of the SIP incubation period (duration see below), 
the three subcores were extracted from the sediment core and sectioned. One 
sub-core was used to retrieve cable bacteria for SEM and NanoSIMS  imaging, 
while the other two were used for porewater analyses.

To reduce loss of labelled CO2 to the atmosphere, SIP incubations were done by 
placing sediment cores in a sealed container filled with air. The bottom of the 
containers was covered with a thin layer of labelled ASW (label concentrations 
were the same as those of the porewater) to allow for gas exchange between this 
water and the overlying atmosphere, so the atmospheric CO2 in the container 
was also labeled. This procedure prevented water evaporation from the core and 
ensured similar 13C and 15N labelling of the overlying layer of water (~2 mm) and 
porewater in the core (no label loss due to outgassing). The SIP incubation time in 
the first experiment was 24 h. This incubation time was chosen because previous 
experiments showed that the doubling time of cable bacteria is around 20 h 
(Schauer et al., 2014; Vasquez-Cardenas et al., 2015). The second SIP experiment 
was conducted for 6 h (two cores) and 24 h (two cores). Temperature was kept 
constant at 20 °C in both SIP experiments.  

4.2.4 Filament retrieval from the sediment

At the end of the SIP incubation, cable bacterium filaments were isolated from 
the sediment matrix under a stereo microscope with fine glass hooks custom-
made from Pasteur pipettes. Filaments were retrieved separately from the oxic 
(0-2 mm depth) and the middle of the suboxic (5-10 mm depth) zone of the 
sediment. Isolated filaments were washed several times (>3) in Milli-Q water 
(Millipore, The Netherlands) to eliminate precipitation of salt, transferred onto 
polycarbonate filters (pore size 0.2 μm; Isopore, Millipore, The Netherlands) pre-
coated with a ~5 nm thin gold layer, and air-dried in a desiccator for ~24 h.

4.2.5 Scanning Electron Microscopy (SEM)

Filaments on the polycarbonate filters were imaged with a scanning electron 
microscope (JEOL Neoscope II JCM-6000, Japan) to identify filament sections 
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suitable for NanoSIMS analysis. Imaging was done under a 0.1-0.3 mbar vacuum 
and a high accelerating voltage (15 kV) using a backscattered electron detector.

4.2.6 NanoSIMS Analysis

Analysis by nano-scale secondary ion mass spectrometry (nanoSIMS) was 
performed with the nanoSIMS 50L instrument (Cameca, France) operated 
at Utrecht University. Fields of view (FOV) selected through SEM were pre-
sputtered with Cs+-ions until secondary ion yields stabilized. Subsequently the 
primary Cs+-ion beam (current: 0.5-2 pA, energy: 16 keV, beam size: 130 nm) was 
scanned over the FOV (areas between 10 x 10 μm and 20 x 20 μm in size, dwell 
time: 1-2 ms per pixel) while detecting secondary ions 12C-, 13C-, 12C14N-, 12C15N-, 
31P- and 32S-. In some samples the 12C14N-/13C14N- ion pair was measured instead of 
the 12C-/13C- ion pair. 

NanoSIMS analysis of most samples focused on the variation of the mean isotopic 
and elemental composition among cells within filaments. In these analyses the 
same FOV was imaged multiple times (180-300 frames) and the resulting ion 
count images were aligned and accumulated. For some samples we aimed to 
obtain additional insight into the 3D distribution of the isotopic and elemental 
composition within cells. These measurements were therefore conducted over a 
substantially larger number of frames (up to 7000) until the sample material was 
completely sputtered away by the primary ion beam.

NanoSIMS data were processed using the Matlab-based software Look@
NanoSIMS (Polerecky et al., 2012). After alignment and accumulation of the 
measured planes, regions of interest (ROIs), which corresponded to single cells, 
were drawn manually using the combined 12C14N-

 and 31P- ion count images. For 
each cell, the cell-specific 13C atom fraction was calculated using the total counts 
of the 12C- and 13C- ions (or 12C14N- and 13C14N- ions) accumulated over all ROI pixels. 
Similarly, the ROI-specific 15N atom fraction was calculated from the total counts 
of the 12C14N- and 12C15N- ions accumulated over all ROI pixels. ROIs were excluded 
from the analyses if the cells appeared damaged. 

To gain insight into the 3D distribution of the isotopic and elemental composition 
within cells, the Look@NanoSIMS program was updated by adding a new feature 
that allows visualization of the depth variation in the nanoSIMS data (ion counts 
or ion count ratios) along a lateral profile. A more detailed description of this 
feature is provided in the Appendix. 

In the first SIP experiment (13C and 15N labelling for 24h) a total of 596 cells from 
21 filaments were analysed by nanoSIMS. Distinct sections (10-15 cells) were 
analysed in each filament, separated by distances that ranged between 169–
4,845 μm (Table 4.1, Appendix Fig. A4.1). Eleven filaments originated from the 
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incubation with 13C-bicarbonate (3 and 8 filaments from the oxic and suboxic 
zone, respectively), and 10 filaments from the incubation with 13C-propionate (all 
from the suboxic zone). 

The within-cell heterogeneity was assessed in more detail and in 3D in 12 cells from 
3 filaments; 8 cells from 2 filaments originating from the second SIP experiment 
(6 h incubation with 13C-labelled bicarbonate and without 15N-labelled ammonia) 
and 4 cells from one filament from the first SIP experiment (24 h incubation with 
13C-labelled bicarbonate and 15N-labelled ammonia). 

As previously shown (Geerlings et al., 2020), the majority of the 13C labelling in 
cells from the 13C-propionate incubation is due to the assimilation of inorganic 
13C produced through mineralization of the added 13C-propionate, whereas 
propionate assimilation plays only a minor role in cable bacteria. In this study 
we refer to C assimilation without distinguishing between inorganic and organic 
C.

To assess the relative variability of 13C and 15N assimilation among cells within 
a filament and the variation of 13C and 15N among filaments the coefficient of 
variation (CV) was calculated for each of the individual filaments. To test if 
the average 13C atom fraction measured in all cells within a filament varied 
significantly from the natural 13C atom fraction (0.011), a one-sample Wilcoxon 
test was performed because there were only 30 cells measured and the 
distribution of the data was non-normal.

4.2.7 Pore water Analysis

The 13C-labelling of the porewater dissolved inorganic carbon pool (DIC) was 
measured as described (Geerlings et al., 2020). Because of the limited porewater 
volume in the sampled sub-cores, these analyses could not be performed 
separately for the oxic and anoxic zones. When possible, the handling was 
done under CO2-free conditions (N2 atmosphere) to minimize exchange with 
atmospheric CO2. Under CO2-free conditions, the top 3 cm of the sub-cores were 
sliced off and transferred into a 50 mL Greiner tube. The sediment was then 
centrifuged at 3000 rpm for 10 minutes. Subsequently, while still under anoxic 
conditions, the supernatant was retrieved and filtered over 0.45 μm pore size 
filters. Following filtration, 0.3 mL, 0.5 mL or 0.7 mL of the filtered porewater 
were injected into helium-flushed (5 min, flush rate of 70 mL min-1) air-tight 
septum-capped vials (12 mL) that contained four drops of 85% H3PO4, which 
were subsequently analysed by GasBench IRMS.

4.2.8 Fluorescence Microscopy

A glass slide sandwich system was inserted into the sediment to observe 
cable bacterium filaments across the oxic-anoxic interface. To this end, two 
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microscopy slides were pressed against each other and ASW was added in 
between. These “double slides” were then inserted half-way into the sediment of 
enrichment cultures (sieved 350 μm mesh) such that the longer edge was parallel 
to the sediment surface. This arrangement allowed the development of opposing 
gradients of sulfide and oxygen within the layer of ASW between the slides. After 
several weeks, when numerous cable bacteria filaments were observed between 
the slides, the slides were carefully separated, the bacteria were stained with 
the general DNA stain 4’,6-diamidino-2-phenylindole (DAPI), and a coverslip was 
placed on top and sealed with a nail polish. The stained filaments were then 
imaged using a Zeiss Axiovert 200M epifluorescence microscope (Carl Zeiss, 
Göttingen, Germany) equipped with the Zeiss filter set 02 (excitation G365, 
beamsplitter: BS395; emission LP420) and filter set 09 (excitation: BP450-490, 
beamsplitter: FT 510, emission: LP 515). 

4.2.9 Genome analysis

The (draft) genome sequences of marine cable bacteria species Candidatus 
Electrothrix aarhusiensis and Ca. Electrothrix marina sp. A5, and of sulfate 
reducing Desulfobulbus propionicus and D. japonicus (all belonging to the family 
Desulfobulbaceae in the class Deltaproteobacteria), were examined for the 
presence of genes involved in cell division. The sulfate reducing representatives 
were selected because of their close phylogenetic proximity to the cable bacteria 
species. The genes examined include the genes that constitute the division and 
cell wall (dcw) cluster, as well as other genes known to be involved in cell division in 
the Gram-negative model organism Escherichia coli (class Gammaproteobacteria). 
The genomes and genome annotations were downloaded from Genbank (ftp.
ncbi.nlm.nih.gov/genomes/genbank/bacteria/). For the two cable bacteria 
genomes, automatic genome annotation was also performed in RAST (Overbeek 
et al., 2014), using the classic RAST annotation scheme. Genes were identified 
by automatic annotation and blastp analysis. The predicted gene functions of all 
genes discussed were manually curated and revised as necessary by comparison 
to the NCBI, Pfam and COG databases.

4.3 RESULTS

4.3.1 C and N assimilation at the filament level

From the 24 h labelling period with 13C-bicarbonate or 13C-propionate and 
15N-ammonia, nanoSIMS data were obtained from 21 individual filaments 
(filament length ranged between 169 – 4845 μm). The resulting data are similar 
between replicate cores and confirm three observations that were previously 
reported in Geerlings et al. (2020). Firstly, there was a strong linear correlation 
between 13C assimilation and 15N assimilation (Fig. 4.1A-B). Secondly, when 
filaments showed a high label uptake, they were always retrieved from the 
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suboxic zone (Fig. 4.1C-D). Filaments retrieved from the oxic zone showed 13C 
and 15N atom fractions close to the natural abundance measured in control cells 
(0.011 and 0.0037, respectively). Thirdly, the data revealed a limited variability in 
the assimilation of 13C and 15N among cells within individual filaments, but strong 
differences in labelling among filaments (Fig. 4.1A-B; Table 1). For example, 
the longest filament analysed (#8; measured length of 4.845 mm) showed no 
significant 13C and 15N assimilation over the entire length (one sample Wilcoxon 
test; V = 443,  p = 0.232), while another long filament (#20, measured length of 
2.323 mm) showed high assimilation of both 13C and 15N (mean 13C atom fraction = 
0.0777; mean 15N atom fraction = 0.0203) and a homogeneous label uptake among 
cells as indicated by small coefficients of variation (CV = 4.6% for the 13C atom 
fraction; CV = 6.5% for the 15N atom fraction; Table 4.1). In general the filaments 
showed little cell-to-cell variation in the label uptake (CV values ranging between 
2-28% for the 13C atom fractions and 2-23% for the 15N atom fractions; Table 4.1). 
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Figure 4.1: Variation of isotope label uptake among cells in individual cable bacteria 
as measured by nanoSIMS. Cross-plots show the correlation between the average 13C 
and 15N atom fractions per cell. Shown are atom fractions from 24 h-labeling with (A) 
13C-bicarbonate and 15N-ammonia and (B) 13C-propionate and 15N-ammonia. Each data 
point represents the mean 13C and 15N atom fraction for a cell measured in the followed 
filaments. Colors and symbols differentiate between individual filaments and redox 
zones in the sediment from which the filaments were retrieved, respectively. Boxplots 
show the average (C) 13C or (D) 15N atom fraction in individual cells (data points) and the 
corresponding mean (white open dot), median (black line) and upper and lower quartiles 
for each individual filament. n = 21 filaments have been analyzed in total. Individual 
filaments were retrieved from the oxic zone of the incubation with 13C-labeled bicarbonate 
(n = 3), from the suboxic zone of the incubation with 13C-labeled propionate (n = 10) and 
from the suboxic zone of the incubation with 13C-labeled bicarbonate (n = 8). Dotted lines 
represent the natural 13C (0.011) and 15N (0.0037) atom fractions. The clustering of data 
points shows that intra-filament variation is substantially smaller than inter-filament 
variation. The filaments from the suboxic zone incubation with 13C-labeled bicarbonate 
(14–21) were also analyzed by Geerlings et al. (2020) (see chapter 3). The corresponding 
nanoSIMS images of the 13C atom fractions from each filament are given in A4.1 (filaments 
#1–19 and #21) or in Figure 4.5 (filament #20). The values of the 13C and 15N atom fractions 
for each of the cells can be found in Supplementary Datasheet 1.

4.3.2 C assimilation at the single cell level

To assess the variation of C assimilation within a cell, fragments comprising 
a few cells of three different filaments from the 6 h labelling period (only 
13C-bicarbonate) and one filament from the 24 h labelling period (13C-bicarbonate 
and 15N-ammonia, filament #20) were investigated in more detail. At the single 
cell level, cells showed marked differences in the degree of 13C labelling of the 
cytoplasm versus the cell envelope (here defined as encompassing both the 
cell septa and the longitudinal cell wall). In effect, cells revealed three distinct 
intracellular isotopic labelling patterns, which were dependent on the degree to 
which a given cell was labelled in 13C. (1) At lowest levels of 13C labelling (13C/C 
only slightly above the natural abundance), the cell envelope was typically 
more enriched in 13C than the cytoplasm (Fig. 4.2A-B). (2) At intermediate 13C 
enrichments (13C/C ~ 0.02-0.06), the cytoplasm became more enriched in 13C 
than the cell envelope (Fig. 4.2C-G). In one occasion, a locally pronounced 13C 
enrichment was observed in the middle section of the cell (Fig. 4.2D), and a 
transversal cross-section demonstrated that this elevated 13C formed a ring at the 
periphery of the cytoplasm (Fig. 4.2E). 3) At highest levels of 13C enrichment (13C/C 
~ 0.06-0.08), the cytoplasm is again more enriched in 13C than the cell envelope 
(Fig. 4.3, filament #20). Likewise, a locally more pronounced 13C enrichment is 
observed in a thin band (~300 nm) through the middle of the cell (Fig. 4.3A-B). 
Transversal cross-section analysis revealed that this region now extends through 
the entire cross-section of the cell, and thus forms a disk rather than a ring (Fig. 
4.3D, H). 
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When the isotope label incorporation is averaged in the vertical direction and 
plotted along the longitudinal axis of the filament, the 13C enrichment shows a 
regular alternating pattern: lower levels at the cell septa and higher levels in the 
middle of the cell relative to the level in the cytoplasm (Fig. 4.3E). The depth-
averaged 13C atom fraction  observed in the middle of these four cells (13C/C 
= 0.100 ± 0.002) was close to the 13C atom fraction of the pore water DIC pool 
(13C/C = 0.112), thus indicating that most of the carbon in these disks was newly 
assimilated during the labelling period. In all cases, the spatial patterns in 15N 
labelling were highly similar to those observed in 13C (Fig. 4.3C, F-G, I).

4.3.3 Synchronized cell division along a filament in the suboxic zone

A striking observation by nanoSIMS is that when bands of increased 13C and 15N 
atom fractions were present in the mid-plane of cells in highly labelled filaments, 
these bands were observed in nearly all cells along the length of a filament. This 
is best illustrated by data from 9 separate segments over a distance of 2.3 mm 
along a single filament taken from the suboxic zone (#20; Fig. 4.4, Fig. A4.2) and 
was additionally observed in four more filament, all from the anoxic zone of the 
sediment (Fig. A4.3). No bands with enhanced labelling were observed in any 
of the other filaments (Fig. A4.3) whose average labelling was lower (Fig. 4.1, 
Table 4.1), indicating that this banding pattern is only observed in filaments that 
experienced a period of fast growth during the labelling period. 

We interpret the bands with the locally enhanced 13C and 15N enrichment as 
division planes. Our observations thus suggest that cell division in cable bacteria 
occurs synchronously along the filament in the suboxic part of the filament. 
Asynchronous division, where some cells are dividing and the rest are not 
dividing was not observed. 

4.3.4 No cell division in cells in the oxic zone

Segments of the same filaments were analysed from both the oxic and suboxic 
zone. DAPI-staining revealed that consecutive cells in the suboxic zone had 
separated crescent-shaped sister chromosomes that were located at the poles of 
the cell (Fig. 4.5A). In contrast, no chromosome separation was observed in the 
segment that was present in the oxic zone (Fig. 4.5B). The cells located in or close 
to the oxic zone mostly showed a single condensed chromosome that was either 
round or showed a cloud-like appearance in the middle of the cell that takes up 
most of the cell volume (Fig. 4.5B). 

4.3.5 Genes involved in cell division

The recently published genome data of two marine cable bacteria species 
(Candidatus Electrothrix aarhusiensis and Ca. Electrothrix marina sp. A5; 
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13C14N/(12C14N + 13C14N)

13C14N/(12C14N + 13C14N)

Z-ring septum middle of 
the cell

cell 1 cell 2

longitudinal cell envelopeseptum

Z ring

cell 2cell 1 cell 3 cell 4 cell 5 cell 6

longitudinal cell envelopesepta

A B
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D

GFE
Figure 4.2: NanoSIMS images of cable bacterium filaments retrieved from the suboxic 
zone of the sediment. All images show the 13C atom fraction, calculated from the secondary 
ion count as 13C14N/(12C14N+13C14N). Measurements were performed on filaments retrieved 
from an incubation that was labelled with 13C-bicarbonate for 6h. (A) NanoSIMS image 
of two parallel filaments. The bottom filament is more strongly 13C labelled compared 
to the top filament. (B) A longitudinal cross section was analysed over the length of 
six consecutive cells in the weakly labelled top filament (dotted line in panel A). The 
image shows the 13C atom fraction as a function of depth. In this filament, increased 13C 
enrichment is observed in the cell envelope and cell junctions, whereas the cytoplasm 
shows a 13C atom fraction similar to the natural level (0.011). (C) NanoSIMS image of the 
13C atom fraction showing three filaments with stronger 13C labelling (in addition to three 
filaments with no 13C enrichment). (D) A longitudinal depth analysis (white dotted line in 
panel C) shows the 13C atom fraction with depth along the length of two adjacent cells. The 
cell envelope and junction show less 13C enrichment than the cytoplasm. In cell one, a ring 
with strong 13C enrichment is observed (interpreted here as a Z-ring). (E) Three transverse 
cross-sections were taken (yellow dotted lines in panel C). In one section through the 
middle of a cell, a Z-ring has formed which is observable as a ring of increased 13C atom 
fraction. (F) Transverse cross-section through a cell-junction. (G) Transverse cross-section 
through the middle of a cell (without a Z-ring). Here, the cytoplasm is more enriched in 
13C than the surrounding cell envelope. Note: The scale in panel A and B was adjusted to 
highlight the iso-tope enrichment in the cell envelope. The scale in panel E, F and G is the 
same as in panel C and D.
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Kjeldsen et al., 2019) were examined for the genes involved in cell division, 
and compared to genome data from two closely related sulfate reducers 
(Desulfobulbus propionicus and D. japonicus). All four species belong to the family 
Desulfobulbaceae in the class Desulfobulbia. 

Overall the gene toolbox for cell division in cable bacteria strongly resembles that 
in Escherichia coli, the model Gram-negative microorganism for which the process 
of cell division has been most intensively studied (Table 4.2). The genomes of Ca. 
E. aarhusiensis and Ca. E. marina contain most genes that constitute the division 
and cell wall (dcw) cluster as well as other genes involved in cell division in E. coli 
(detailed list in Table 4.2). Differences in gene presence between the two cable 
bacteria genomes are most likely due to the incompleteness of the draft genome 
sequences.

With respect to the genes involved in cell division (Table 4.2), we observed no 
differences between the filamentous cable bacteria and non-filamentous D. 
propionicus and D. japonicus. Comparison between the genome of E. coli on the 
one hand, and the two genomes of Ca. Electrothrix and the two Desulfobulbus 
species on the other hand, revealed that zipA, ftsW and ftsN were absent in all 
four Desulfobulbaceae genomes. The gene ftsL was detected in the genome of D. 
japonicus, but appears to be absent in many other genomes of the Desulfobulbaceae 
(MacGregor et al., 2017). An analysis across different phyla has shown that zipA, 
ftsL, ftsN and to a lesser extent ftsW are lacking in many bacterial genomes 
(Margolin, 2000).

In the genomes of the two Desulfobulbus species, the composition and synteny 
of the dcw cluster as present in E. coli is largely preserved (Table 4.2, blocks 
of the same colour indicate gene clusters). In the genome of Ca. Electrothrix 
aarhusiensis other genes have been inserted between mraY, murD and murG 
compared to the Desulfobulbus genomes. We do not know if the same is true for 
Ca. Electrothrix marina because this genome consists of many relatively short 
contigs. 

4.4 DISCUSSION

The combined results of our nanoSIMS, fluorescence microscopy and genomic 
analyses provides insight into the cell cycle (scheme in Fig. 4.6) and growth 
mechanism (scheme in Fig. 4.7) of cable bacteria. Below we first discuss the 
cell cycle at the level of a single cell by combining insights from genomic data 
with nanoSIMS images that capture “snapshots” of major cell cycle events. 
Genomic data about genes involved in cell division are compared to the Gram-
negative model organism E. coli to assess the differences and similarities. Then, 
we “zoom out” to discuss the process of growth and cell division at the level of 
a multicellular filament. Here, we propose a model for the lifestyle of a cable 
bacterium based on our nanoSIMS analysis and fluorescence microscopy.
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Figure 4.3: NanoSIMS images of a highly labelled filament in the process of cell division. 
Measurements were performed on a filament (#20) retrieved from the suboxic zone after 
labelling with 13C bicarbonate and 15N-ammonium for 24h. (A) Secondary electron image 
show-ing the four cells investigated. The invagination of the cell envelope indicates the 
cell septa (highlighted by the black arrows). (B) Corresponding nanoSIMS image of the 
13C atom fraction, calculated as 13C/(12C+13C). (C) Corresponding nanoSIMS image the 15N 
atom fraction, calculated as 12C15N/(12C14N+12C15N). The black dotted line in panel B shows 
where the longitudinal cross-section (D, F) and line analysis (E, G) were performed (19.5 
μm in total). (D, F) The longitudinal cross-sections show the 13C atom fraction (panel D) 
and the 15N atom fraction (panel F) as a function of depth. (E, G) The line analysis shows 
the depth-averaged ratios of the 13C atom fraction (panel E) and 15N atom fraction (panel 
G) along the length of four cells. The red and blue areas show the middle of the dividing 
cell and the cell septa, respectively. (H, I) Transverse cross-section depicting the 13C atom 
fraction (panel H) and the 15N atom fraction (panel I) as a function of depth. The cross-
section was taken at a division plane (red dotted line in panel B). Scales for panel D, and H 
are the same as for panel B. Scales for panel F and I are the same as for panel C.
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4.4.1 The cell cycle of cable bacteria

In general, the bacterial cell cycle includes three activities: chromosome 
replication, chromosome segregation, and cell division (Fig. 4.6; Dewachter 
et al., 2018). The three activities are not sequential but show an overlap (Fig. 
4.6). Specifically, both chromosome segregation and the onset of cell division 
start before the chromosome is fully replicated. Cellular growth takes place 
throughout the whole cycle, but biomass synthesis rates vary and are highest 
during chromosome replication. Most bacteria carefully maintain their size 
over different generations, therefore, cell growth and progression of the cell 
cycle must be intimately connected and coordinated (Dewachter et al., 2018). 
Chromosome replication is dependent on the growth rate, and both the onset 
and duration are governed by nutrient availability and metabolic status, 
which hence allows cells to maintain genome integrity in fluctuating nutrient 
conditions (Wang and Levin, 2009). Cellular growth starts with cell elongation 
which is followed by septum formation prior to division. Elongation and septum 
formation do not take place simultaneously and are characterized by the activity 
of different protein complexes (the elongasome and the divisome, respectively; 
Scheffers and Pinho, 2005; Egan et al., 2020). 

As defined above, the cell envelope of cable bacteria includes the full conductive 
network and includes both the lateral cell envelope, which harbours the 
conductive periplasmic fibres, and the cell septa that harbour the conductive 
cartwheel structure (Cornelissen et al., 2018; Jiang et al., 2018; Meysman et al., 
2019; Eachambadi et al, 2020). Recently, the lateral cell envelope has been shown 
to consist of the cytoplasmic membrane,  a peptidoglycan layer, the electron-
conducting fibre network and the outer cell membrane (Boschker et al., 2021). 
Although our nanoSIMS measurements have a high spatial resolution (lateral: 
~130 nm, depth: ~30 nm; Fig. 4.2), this resolution insufficient to discriminate 
between the different sub-structures of the cell envelope. However, it does allow 
discrimination of isotope label incorporation between the cell envelope and the 
cytoplasm. The latter provided useful information of the different stages of the 
cell division cycle.

Based on this 3D nanoSIMS data, we now attempt to reconstruct the cell cycle 
of a cable bacterium cell. The reconstruction is guided primarily by the current 
knowledge of the standard cell cycle for the model organism E. coli combined 
with a comparative analysis of the putative genes involve in cell division. 
We emphasize, however, that because nanoSIMS analysis lacks molecular 
specificity, further research that combines methods such as immunolabeling 
and correlative microscopy is required to verify the identity of the structures 
and proteins proposed in our model.
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4.4.1.1 Stage 1: Cell elongation 

The cell cycle in cable bacteria starts with the elongation of the longitudinal 
cell envelope (Fig. 4.6, stage 1). NanoSIMS analysis captured some filaments in 
this stage: they show a labelling pattern where the cell envelope (encompassing 
both longitudinal cell wall and septa) is more labelled with 13C (Fig. 4.2A-B) 
compared to the cytoplasm (which has a labelling level closer to the natural 
13C atom fraction). We interpret the observed integration of labelled carbon in 
the cell envelope during the 6 h incubation as the lateral elongation of the cell 
envelope and a remnant of cell junction formation that preceded cell elongation. 
This would imply a relatively short gap phase in this filament. Precursors for cell 
envelope components are synthesized in the cytoplasm and then transported to 
the periplasm (Egan et al., 2017, 2020). The cytoplasm constitutes a larger carbon 
pool than the cell envelope, thus a comparable absolute amount of precursor 
build-up would lead to a lower 13C atom fraction in the cytoplasm (due to the 
larger initial amount of 12C) and a higher 13C atom fraction in the cell envelope 
(as newly synthesized material is concentrated there). This can explain the lower 
labelling in the cytoplasm.

Elongation of the lateral cell envelope hence must include synthesis of both the 
lipid membranes, and the peptidoglycan sacculus as well as elongation of the 
electron-conducting fibre structure network. The peptidoglycan layer in Gram-
negative bacteria consists of a three-dimensional macromolecular network that 
surrounds the cytoplasmic membrane. It is very thin and only comprises 1 to 
3 sheets of murein consisting of glycan strands cross-linked by peptide-chains. 
Despite being this thin (max. ~ 7 nm), the peptidoglycan layer is the principal 
stress-bearing and shape-maintaining structure, which is of critical importance 
to cell viability (Höltje, 1998; Scheffers and Pinho, 2005). The fibre network 
embedded in the periplasm is a conspicuous structure unique to cable bacteria 
and carries the electron flow that connects the half-reactions of sulfide oxidation 
and oxygen reduction (Meysman et al., 2019). It consists of a series of 15-60 
parallel fibres (depending on filament diameter), which are ~50 nm in diameter, 
and run in parallel along the longitudinal axis of the filaments. 

Figure 4.4: NanoSIMS images of the 13C atom fraction measured along the length of a 
filament in the process of division. (A) Mosaic image of Scanning Electron Microscopy 
(SEM) showing a bundle of cable bacterium filaments, the dashed yellow line indicates 
the filament that was investigated in detail with nanoSIMS (filament #20). NanoSIMS 
images of the 13C atom fraction (calculated as 13C/(12C+13C)) are superimposed onto the 
SEM image. The corresponding 15N atom fractions can be found in Supplementary Figure 
A4.1 (B-H) Detailed nanoSIMS images of  the 13C atom fraction measured in certain 
segments along the filament. White arrows indicate the segments of the filament that has 
been analysed. The distance x (as measured from the start of the filament) is indicated 
on top of each image. Scale bars are all 3 μm. The 13C atom fractions of all the 20 other 
measured filaments can be found in Appendix Figure A4.2. 
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The fibres are continuous at the cell junctions, but are also sideways connected by 
a conductive cartwheel structure that converges to a central node, thus providing 
electrical redundancy (Cornelissen et al., 2018; Thiruvallur Eachambadi et al., 
2020). This fibre network is of critical importance to the metabolic functioning 
of a cable bacterium filament, while it is also believed to contribute to the shape 
and mechanical integrity of the filament (Cornelissen et al., 2018; Jiang et al., 
2018). Therefore, the lateral insertion of new material in the cell envelope, 
whether this happens in the peptidoglycan layer or the conductive fibres, must 
be tightly controlled to ensure viability of both the cell and the filament. Our 
nanoSIMS data (Fig. 4.2A-B) indicate that the elongation takes place all along 
the whole lateral cell envelope, and hence not at a single point. This suggests 
that lipid membranes, the peptidoglycan layer and the conductive fibres are 
continuously and homogeneously elongated in different places. Intriguingly, it 
appears that elongation takes place while the filament is metabolically active, 
i.e., while there is long-distance electron transport in the conductive fibre 
network. Recent research using high-resolution atomic force microscopy 
showed that electrical currents can still flow along the filament even if part of 
the fibre structure is disconnected (i.e. some fibres are no longer continuous) 
(Thiruvallur Eachambadi et al., 2020). Thus, it appears that cells can elongate 

Figure 4.5: DAPI-stained fluorescence microscopy image of a cable bacterium filament. 
DAPI stains the DNA inside the cells. White arrows mark individual nucleoids. Red dotted 
lines show the position of the cell septa. Insets show a close-up of the white dotted square. 
Segments from the same filament are shown, but residing in the oxic and suboxic zones. 
(A) Cells in the suboxic zone show two separated chromosomes in a crescent-shape at 
each of the cell poles. (B) Cells in the oxic zone show a single condensed chromosome 
that occupies a large part of the cell volume.

sister nucleoids

suboxic zone

nucleoid

oxic zone

BA
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while still carrying current as long as the network of fibres surrounding them do 
not elongate all at the same time.

The genes responsible for construction of the conductive fibres remain presently 
unknown (Kjeldsen et al., 2019), and so genome analysis cannot provide 
information about the proteins involved in fibre elongation and synthesis. 
In contrast, substantial information is available about the biochemistry of 
peptidoglycan synthesis. Proteins involved in peptidoglycan synthesis are 
conserved across the bacterial domain, and the corresponding genes are 
also present in the genomes of Ca. Electrothrix aarhusiensies and Ca. E. 
marina. Based on the similarity of the genetic information, it appears that the 
mechanisms used to elongate the cell envelope and synthesize peptidoglycan in 
cable bacteria are similar to those employed by other Gram-negative rod-shaped 
bacteria. In general, lateral peptidoglycan synthesis is aided by a cytoskeleton 
built by the MreBCD protein complex. MreB is a bacterial homologue of actin 
that determines the cell shape and guides the synthesis of lateral peptidoglycan, 
which in itself is catalysed by a peptidoglycan synthase (penicillin-binding protein 
PBP2) and RodA. Absence of one (or more) of the Mre proteins or RodA leads to 
drastic changes in cell morphology and cell viability in E. coli (Kruse et al., 2005; 
Schoenemann and Margolin, 2017). However, these genes are all present in both 
Ca. Electrothrix and both Desulfobulbus spp., and in fact, the genes that encode 
for the Mre complex, PBP2 and RodA (mreABC, pbpA and rodA) are located in a 
single gene cluster (Table 4.2). The genes encoding the enzymes to synthesize 
peptidoglycan precursors as identified in E. coli (MurB to MurG, MurJ) are also 
present in the two cable bacteria and Desulfobulbus species analysed (Table 4.2). 
The activity of MurB, followed by the activity of MurC, MurD, MurE, MurF in the 
cytoplasm creates Lipid I, a membrane-bound peptidoglycan precursor. MurG is 
an essential transferase operating at the cytoplasmic membrane that transforms 
Lipid I to Lipid II, the basic building block of peptidoglycan synthesis. The lipid 
II can then be transferred to the periplasm by the flippase MurJ, where it is cross-
linked to form new peptidoglycan by cross-linking of the stem-peptides, which is 
catalysed by peptidoglycan synthases (penicillin binding proteins) (Egan et al., 
2017, 2020).
 
4.4.1.2 Stage 2: Growth and initiation of cell division 

For a successful cell division, chromosome duplication must be coordinated with 
accurate segregation of the newly replicated chromosomes, and also with cell 
growth and division (Reyes-Lamothe et al., 2012). The initiation of replication 
is dependent on the growth conditions, but it is only partly understood how 
replication initiation is coordinated with cellular metabolism and growth 
(Haeusser and Levin, 2008; Reyes-Lamothe et al., 2012; Harris and Theriot, 
2016; Reyes-Lamothe and Sherratt, 2019). To date, all bacterial chromosomes 
have a single replication origin (oriC) from where replication, initiated by DnaA, 
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proceeds bidirectionally. We observed the sister chromosomes as crescent-
shaped features at the cell poles in DAPI-stained cells (only seen in cells 
retrieved from the suboxic zone; Fig. 4.5A). The duplicated chromosomes are 
completely segregated to both cell poles and leave enough space for the divisome 
and the new septum to be built. The positioning of the segregated chromosomes 
(nucleoids) is linked to cell division through nucleoid occlusion factors, a defence 
mechanism made up of proteins that prevent formation of the divisome until 
chromosome segregation is completed (Reyes-Lamothe and Sherratt, 2019). 
Precise chromosome positioning and segregation may even (partly) determine 
when the divisome is built, which is to avoid DNA cleaving during cell division 
(Reyes-Lamothe et al., 2012). 

In our nanoSIMS data, the growth phase is characterized by a relatively 
homogeneous increase in the 13C and 15N labelling of the cytoplasm, as observed 
in filaments displaying medium label uptake (Fig. 4.2D-H, Fig 4.6, stage 2). 
Chromosome replication and the subsequent build-up of the divisome requires 
a substantial amount of biosynthesis (Reyes-Lamothe and Sherratt, 2019), which 
could explain the increased labelling of the cytoplasm. At this point in the cell 
cycle, bio-structures in the cell envelope are recycled as much as possible (Park 
and Uehara, 2008), which can explain why the cell envelope is less enriched in 
both 13C and 15N than the cytoplasm. This enrichment pattern was only observed 
for filaments that sufficiently active (i.e. acquired sufficiently high amounts of 
external C an N in the cytoplasm during the labelling experiment). Given the 
large volume of the cytoplasm, this suggests that high rates of biosynthesis occur 
over a short time span within this specific part of the cell cycle. This observation 
is consistent with observations on cable bacterium filaments analysed with 
atomic force microscopy where swelling in the middle of cells was observed 
(Jiang et al., 2018). This swelling was interpreted as a volume increase of cells to 
accommodate the newly synthesized DNA at the start of chromosome replication 
(Jiang et al., 2018). 

After chromosome replication and subsequent segregation of the sister 
chromosomes, cell division in E. coli is initiated with the assembly of a 
circumferential scaffold on the cytoplasmic membrane, the Z-ring. The Z-ring 
is composed of polymerized FtsZ (the prokaryotic homologue of tubulin) and 
anchored to the inside of the cytoplasmic membrane (Goehring and Beckwith, 
2005). The ftsZ gene is present in both cable bacteria and Desulfobulbus spp. 
(Table 4.2). Mid-cell accumulation of FtsZ in cable bacteria has been observed 
previously using FtsZ-specific immunolabelling in combination with fluorescence 
microscopy (Jiang et al., 2018). We interpret the 13C-enriched circumferential 
ring observed mid-cell near the cell envelope as a Z-ring (Fig. 4.2E-F). Our short-
term labelling experiment shows that the carbon utilized for the build-up of the 
ring with increased 13C atom fraction (which is interpreted as the Z-ring) was 
newly assimilated during the labelling period (< 6 h). 
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As known from other studies, the formation of the Z-ring is under tight spatial 
and temporal control to ensure that it is assembled between segregated 
chromosomes (Haeusser and Levin, 2008; Haeusser and Margolin, 2016; 
Dewachter et al., 2018). The spatial regulation is controlled by the Min system 
(MinCDE), for which the genes are present in cable bacteria (Table 4.2). MinC 
and MinD form negatively acting gradients that inhibit the activity of FtsZ at 
the cell poles, while MinE ensures that polymerization of FtsZ takes place at 
the DNA-free midcell (Haeusser and Levin, 2008; Haeusser and Margolin, 2016; 
Dewachter et al., 2018). FtsZ does not have affinity for the lipid membrane, so a 
membrane-tethering protein is required to connect FtsZ to the cytoplasmic face 
of the inner membrane. In E. coli this role is performed by FtsA and ZipA, two 
proteins that both independently interact with FtsZ to attach it to the membrane 
(Pichoff and Lutkenhaus, 2002). Cable bacteria lack zipA, like bacteria from many 
other phyla (Margolin, 2000), but do possess ftsA, which is present adjacent to 
ftsZ in the genome (Table 4.2). Either ZipA or FtsA is essential for formation and 
stabilization of the Z-ring in E. coli (Pichoff and Lutkenhaus, 2002) and it appears 
that FtsA fulfils this role in cable bacteria and Desulfobulbus spp. 

The Z-ring can be further stabilized by interaction with ZapA and ZapB, two 
small nonessential proteins that interact with FtsZ and are recruited to the 
Z-ring early in the formation of the divisome (Adams and Errington, 2009). The 
zapAB genes are present in the genome of Ca. Electrothrix marina sp. A5 and 
Desulfobulbus spp., but were not found in Ca. E. aarhusiensis, likely because of 
the incompleteness of the latter genome (Table 4.2).

4.4.1.3 Stage 3: Formation of the divisome

Once the Z-ring is established, the remaining cell division proteins are recruited 
onto the Z-ring to form the divisome. There can be a considerable time lag between 
Z-ring formation and the formation of the divisome (Adams and Errington, 2009; 
Lutkenhaus et al., 2012; Typas et al., 2012; Dewachter et al., 2018). The completed 
divisome spans the cell membrane.  Our nanoSIMS imaging showed a disk-like 
structure located in the middle of the cell and characterized by elevated 13C and 
15N atom fractions compared with the rest of the cytoplasm (Fig. 4.3). We interpret 
this disk as the completed divisome. Because the average 13C atom fraction (0.100 
± 0.002) of this disk is close that of the porewater DIC pool (0.112), this suggests 
that the disk was completely synthesized during the SIP experiment (< 24 h) 
using mostly newly fixed C. The 15N atom fraction of the pore water NH4

+ was 
not measured, but the 13C/15N ratio in the disk is the same as in the cytoplasm, 
suggesting that N required for its synthesis also originated externally. This is in 
contrast to the divisome formation in the filamentous cyanobacterium Anabaena 
oscillarioides, where only N is fixed recently (< 4h), whereas C in the division 
proteins is derived from internally recycled carbon pools (Popa et al., 2007). 

Studies have shown that the E. coli divisome contains 11 ‘late-division’ proteins 
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that are assembled to the divisome (FtsEX, EnvC, FtsK, FtsQ, FtsL, FtsB, FtsW, 
FtsI, FtsN, AmiC), most of them non-essential (Goehring and Beckwith, 2005; 
Lutkenhaus et al., 2012). Not all genes coding for these proteins are present in 
cable bacteria and Desulfobulbus spp. (FtsL, FtsW and FtsN are not encoded; 
Table 4.2). It is presently unknown how the division proteins are connected, but 
FtsA appears to plays a key role (Lutkenhaus et al., 2012; Haeusser and Margolin, 
2016). Similar to divisome formation in E. coli (Goehring and Beckwith, 2005; 

O2 + 4 H+ + 4 e- → 2 H2O

Plugged in Unplugged

no anodic or 
cathodic metabolism

active cathodic cell

active anodic cell

long-distance 
electron transport

oxic zone
suboxic zone

H2S + 4 H2O →
SO4

2- + 10 H+ + 8 e-

Figure 6.7: Schematic overview of the “oxygen pacemaker “ hypothesis.  A filament can be 
in two states; “plugged in” and “unplugged”. If a filament is “plugged in”, part of it access to 
oxygen. Only in this state has the filament the capacity to oxidize sulfide via long-distance 
elec-tron transport. If a filament is “unplugged”, access to oxygen is lost and the filament 
no longer has the capacity to perform long-distance electron transport and thus generate 
energy.  
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Lutkenhaus et al., 2012), the FtsEX complex and its interaction partner EnvC are 
presumably recruited first. FtsEX is a conserved membrane protein complex that 
helps in the recruitment of late divisome proteins and aids in the coordination 
of cell wall hydrolysis when constriction is progressing (Yang et al., 2011; Du et 
al., 2016; Haeusser and Margolin, 2016). After FtsEX and EnvC, FtsK, FtsQ, and 
FtsI are recruited to the division plane to complete the formation of the divisome 
(Lutkenhaus et al., 2012), although a number of other unknown proteins may be 
involved as well. 

4.4.1.4 Stage 4: The final steps of cell division

In the final step of the cell cycle in E. coli, the divisome is activated to synthesize 
septal peptidoglycan by FtsI activity and the rest of the cell envelope (Lutkenhaus 
et al., 2012). The driving force behind bacterial fission is the result of membrane 
constriction applied by the treadmilling of FtsZ filaments, the force applied 
by the inward growth due to local peptidoglycan synthesis, or a combination 
of these two processes. In both scenarios, synthesis of the new cell envelope 
is the rate-limiting step (Coltharp et al., 2016). In single-celled bacteria, the 
daughter cells separate completely due to amidase activity splitting the septal 
murein, accompanied by invagination of the outer membrane (Heidrich et al., 
2001). In E. coli, activity of one of the amidases AmiA, AmiB, or AmiC ensures 
cell separation (Lutkenhaus et al., 2012). The gene encoding AmiC is present in 
cable bacteria, as is the gene encoding for its activator NlpD. Although FtsN is 
required for localization of AmiC in E. coli (Lutkenhaus et al., 2012), the gene ftsN 
is absent in many bacteria, including cable bacteria. 

In filamentous cable bacteria the outer membrane invaginates slightly at the 
cell septum but cells do not split completely. For Desulfurivibrio strain 1MN, a 
strain closely related to groundwater cable bacteria (based on the 16S rRNA gene 
sequence), both single cells and filaments were present in the same culture (Müller 
et al., 2020), suggesting that the cells have the capacity to divide completely but 
that this capacity can be suppressed by regulatory control. Besides synthesizing 
the cytoplasmic membrane and the peptidoglycan layer, cable bacteria also 
need to synthesize the complex cartwheel structure at the new junction, which 
becomes part of the conductive fibre network and ensures a fail-safe electrical 
connection between the newly-formed daughter cells (Thiruvallur Eachambadi 
et al., 2020). The build-up of this cartwheel structure during cell division was 
previously visualized via focused ion beam scanning combined with scanning 
electron microscopy (FIB-SEM) (Fig. 3D in Cornelissen et al., 2018), and it was 
hypothesized that it is formed following an invagination of the outer envelope 
during cell division. FIB-SEM images show that the cartwheel structure starts 
growing from the outside (i.e. near the fibre network) and steadily grows inward, 
until the radial cartwheel spokes connect at a central node. The genes involved 
in the synthesis of the cartwheel structure are presently unknown and might be 
unique to cable bacteria.
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Together, the identification of putative genes involved in cell division and the 
presence of a ring and a disk with elevated 13C and 15N values compellingly 
suggests the presence of a Z-ring and divisome in these cells. However, these 
cellular features cannot be unequivocally identified by NanoSIMS alone, and 
so further experimental verification is needed to demonstrate that Z-ring and 
divisome proteins truly appear during the different stages of the cell division.

4.4.2 Filamentous growth of cable bacteria 

Our SIP-nanoSIMS results provide insight into various aspects of filament growth 
in cable bacteria.

4.4.2.1 Filamentous growth of cable bacteria is non-apical 

Previous studies have shown that the growth of cable bacteria is too rapid to 
be exclusively apical (Schauer et al., 2014). Indeed, cable bacteria can grow 
to centimetre long filaments in just a few days (Schauer et al., 2014; Vasquez-
Cardenas et al., 2015), which requires that the majority of cells within the 
filament must divide. Previously, continuous (non-apical) division of cells along 
the length of a filament has been observed over a length of several cells up to 
a distance of 80 μm (Schauer et al., 2014; Jiang et al., 2018). Here, we show that 
non-apical filament elongation extends over far larger distances (up to 2.3 mm). 

4.4.2.2 Filamentous growth only takes place in the suboxic zone 

Based on genome analysis (Kjeldsen et al., 2019) and nanoSIMS tracking of 13C 
and 15N assimilation (Geerlings et al., 2020), it has been hypothesized that cell 
division occurs along the anodic part of the filament (sulfide-oxidizing cells 
located in the suboxic zone of the sediment), but not along the cathodic part 
of the filament (oxygen-reducing cells located in the oxic zone). Since ~90% of 
the filaments is estimated to be present in the suboxic zone of the sediment, 
this would imply that ~90% of the cells could potentially contribute to filament 
growth.
 
Our data provide multiple lines of evidence that cell division only occurs in 
the suboxic zone. Firstly, little labelling was observed in the three filaments 
retrieved from the oxic zone (Fig. 4.1). This is in agreement with a previous SIP 
experiment where little or no uptake of carbon and ammonia was observed 
in filaments retrieved from the oxic zone (Geerlings et al., 2020). Secondly, we 
performed fluorescence imaging of a DAPI-stained filament that spanned both 
the oxic and suboxic zones (Fig. 4.5). Cathodic cells that were present in or close 
to the oxic zone possessed a single nucleoid (region containing DNA), which was 
spherical or oval shaped or showed a cloud-like appearance and was located in 
the middle of the cell (Fig. 4.5B). In contrast, anodic cells located in the suboxic 
zone showed two separated nucleoids, which were crescent shaped and located 



116

Chapter 4

at the cell poles (Fig. 4.5A). Accordingly, while most cathodic oxic cells showed 
no sign of cell division, the anodic cells of the same filaments were in the process 
of chromosome segregation. 

Our observations hence confirm that cable bacteria display an intriguing division 
of labor between cells of the same filament where cathodic cells residing in the 
oxic zone cannot generate energy and therefore cannot assimilate carbon to 
grow and divide, whereas anodic cells in the suboxic zone do have the capacity 
to grow and divide (Kjeldsen et al., 2019; Geerlings et al., 2020).

4.4.2.3 The “oxygen pacemaker” hypothesis 

One conspicuous observation is that cells within a given filament are 
homogenously labelled, while large differences are observed in the degree of 
labelling among different filaments retrieved from the same sediment (small 
within-filament variation, large between-filament variation; Fig.1, Geerlings et 
al., 2020). These data provide a number of insights, which we synthetize here as 
the “oxygen pacemaker” hypothesis. This idea rests upon the following premises 
(summarized in Fig. 4.7):

1. Energy conservation (ATP formation) and biomass synthesis are only 
linked to anodic sulfide oxidation 

2. Biomass synthesis within a cell only occurs when the filament performs 
long-distance electron transport 

3. A filament can only perform long-distance electron transport when one 
part of the filament has access to oxygen

4. Filaments regularly disconnect from oxygen (i.e. retract into the suboxic 
zone)

The exclusive conservation of energy during anodic sulfide oxidation has already 
been discussed in depth above (section 4.4.2.2). Equally, the observation that 
cells within a single filament show a similar degree of labelling suggest that label 
uptake occurs in a synchronized fashion across millimetre long filaments. We 
propose such synchronization occurs through long-distance electron transport, 
which is a process that instantaneously and simultaneously can affect all cells 
within a given filament. All cells within a cable bacterium filament have the 
capacity for oxygen reduction and immediately use this capacity once exposed 
to oxygen (Geerlings et al., 2020). Growth and cell division in a filament can 
only take place when there are both active anodic and cathodic cells. Without 
access to oxygen, electron transport in a filament is immediately halted (Bjerg 
et al., 2018), as the periplasmic wire network becomes saturated with electrons 
(Meysman et al., 2015). This would stop all endergonic catabolic activity, and 
hence, ATP production and biosynthesis would seize. Once a filament has access 
to oxygen, electrons are removed from the periplasmic wire network, and model 
simulations suggest that this causes a potential drop that is quite similar along 
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the whole anodic part of a filament (Meysman et al., 2015). This could be the 
sought-after signal for all sulfide-oxidizing cells within a filament to start carbon 
and nitrogen assimilation. 

Effectively, with respect to oxygen access, one can imagine a filament to be 
in two states (Fig. 4.7): “plugged in” (where part of the filament resides in the 
oxic zone) and “unplugged” (where the entire filament resides in the anoxic 
zone). Filaments can only perform long-distance electron transport when they 
are “plugged in”, as only in this state can the filament release electrons from 
the internal conductive network through oxygen reduction by the cathodic 
cells that reside in the oxic zone. In contrast, when a filament is “unplugged”, 
the internal conductive network is rapidly saturated with electrons, and so 
additional electrons can  no longer be “uploaded” to the network leading to a 
halt of the anodic sulfide oxidation. Critically, the status of being “plugged in” 
or “unplugged” is immediately felt by all cells in the filament, and this explains 
the homogeneous label uptake across filaments. Additionally, the fact that we 
see strong variation in label uptake among filaments then implies that filaments 
have been in the “plugged in” state for different amounts of time during our 6 
hour and 24 hour labelling experiments. In other words, it implies that different 
filaments had access to oxygen for different periods of time. Hence, the contact 
with oxygen serves as a “pacemaker” for long-distance electron transport, as 
well as energy conservation and biomass synthesis in anodic cells.
 
4.2.4 Synchronized cell division within cable bacteria

In addition to homogeneous label uptake, filaments display an even more 
conspicuous form of synchronization. When we examined different segments, 
spatially segregated along a 2.3 mm long filament stretch, we found that all 
investigated cells had a similar labelling pattern with a highly enriched band in 
the middle of each cell (Fig. 4.4). This implies that all 774 cells in this filament 
(assuming a mean cell length of 3 μm) were in exactly the same phase of cell 
division (i.e., stage 3, divisome formation) when this filament was retrieved after 
24 h and had acquired label during the time it was ”plugged in”. This suggests 
that cell division occurs in a synchronized way over large distances within 
cable bacterium filaments. These findings are strengthened by the observation 
of four other synchronously dividing filaments (Fig. A4.3). Foremost, we do 
not think that synchronization is a remnant of the initiation of enrichment 
culturing. Our sediment enrichment cultures developed an active cable bacteria 
population during several weeks (pre-labelling times of 26 and 54 days) before 
addition of labelled substrates. If cell division were initially synchronous in a 
filament, one would expect such synchronicity to be lost over the incubation 
period of 26-54 days. However, this was not what we observed: cells within the 
measured filaments showed synchronous growth and if a cell cycle phase could 
be determined, all measured cells in a filament were in the same phase of the 
cell cycle. (Fig. 4.1, Fig 4.4, Fig A4.3). 
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Other instances of synchronous cell division can be found in nature. Early 
development in animals is characterized by rapid synchronous cell divisions 
(Satoh, 1977; Newport and Kirschner, 1982). However, synchronicity is quickly 
lost after five cell divisions. In the bacterial realm, it is also possible to produce 
synchronously dividing single-celled cultures by enforcing a stationary phase 
where cells are first starved and none of the cells undergo division, and 
then induce cell divisions by supplying new medium to the culture. So here 
synchronized cell division is triggered by an external cue (substrate availability). 
After several subsequent rounds of cell division, the synchrony is lost and cells 
are dividing asynchronously within the culture (Cutler and Evans, 1966). Cultures 
of unicellular Prochlorococcus and Synechococcus cyanobacteria can maintain 
a highly synchronized cell cycle which was attributed to a diel expression 
pattern of the dnaA and ftsZ genes involved in DNA replication and cell division, 
respectively. The timing of external light/dark conditions continuously (re)
sets and adjusts the pace of cell division and thus maintains cell synchrony in 
these phototrophic cyanobacteria (Holtzendorff et al., 2001; Asato, 2003). Again 
synchronized cell division is triggered by an external environmental cue (light/
dark cycle). In general, synchronization in a microbial culture is achieved through 
an external “reset” of the cell cycle, where all cells “sense” a (sudden) change 
in environmental conditions, i.e. access to energy. This allows for temporally 
synchronized gene expression and synchronization of the cell cycle. 

The synchronized cell division as seen in cable bacteria appears to be rare in other 
filamentous bacteria. In filamentous cyanobacteria, cell division is generally 
spread throughout the filament (i.e. not apical), but it is not synchronized. 
The marine filamentous non-heterocystous diazotrophic cyanobacterium 
Trichodesmium erythraeum IMS101 did not showed synchronized cell division 
within a filament when grown under controlled nitrogen-fixing conditions (Sandh 
et al., 2009). Cell division was restricted to small groups of cells that were spread 
along the filament, and at any given point in time, the proportion of dividing 
cells within a filament varied between 5-20% (Sandh et al., 2009). A similar result 
was observed for the filamentous heterocystous cyanobacterium Anabaena 
oscillarioides, where uptake of 13C-labeled bicarbonate over a length of 50 cells 
was relatively uniform among the vegetative cells performing photosynthetic C 
fixation, but much lower in the N2-fixing heterocysts. Interestingly, the authors 
observed a cell division plane, but only in one cell (Popa et al., 2007), implying 
that cell division within A. oscillarioides was not synchronized. The filamentous 
Anabaena sp. PCC 7120, a model organism mainly used to investigate the spatial 
patterning of the nitrogen-fixing heterocysts, showed a strong bias toward 
even-numbered intervals of vegetative cells between terminally differentiated 
heterocysts. This bias was attributed to synchronous division of the vegetative 
cells during the formation of mature heterocysts, which is externally controlled by 
nitrogen deprivation (Khudyakov and Golden, 2004). Quantitative mathematical 
modelling performed to understand controls on heterocyst formation within 
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Anabaena filaments (Muñoz-García and Ares, 2016), was able to reproduce the 
observed fraction of even-numbered intervals when stochastic noise in the 
duration of the cell cycle was kept low (i.e. synchronous cell division). In contrast, 
high levels of stochastic noise (i.e. unsynchronized cell division) resulted in a 
percentage of even-numbered intervals close to 50% (Muñoz-García and Ares, 
2016). This suggests that when the regulation of cell division is governed by an 
external cue (i.e. nitrogen deprivation) it can lead to synchronized cell division. 
However, if the external control disappears, even a small variance in the division 
time will eventually result in an asynchronously dividing population (Olejarz et 
al., 2018). 

For all cells within the sulfide-oxidizing part of a cable bacterium filament to 
divide at the same time, there needs to be a “reset” that applies collectively to all 
cells within a filament. As discussed above, this “common reset signal” is most 
likely access to oxygen. When a filament gains access to oxygen, synchronized cell 
growth is initiated, which then can lead to synchronized cell division among the 
anodic cells within a filament. However, this synchrony would be lost after multiple 
rounds of cell division. Since asynchronous cell division is not observed and 
carbon and nitrogen assimilation among cells within a filament is synchronous, 
filaments must regularly lose access to oxygen and then “reconnect”, i.e., at least 
once every few cell cycles to retain the “metronome effect”. Cable bacterium 
filaments possess gliding motility and oxygen chemotaxis, and have been seen to 
frequently reposition themselves in the sediment (Bjerg et al., 2016). Therefore, 
one option is that filaments, or at least parts of them, frequently migrate in and 
out of the oxic zone. Because the oxygen-reducing cells in a filament do not have 
the capacity for energy generation and are subjected to oxidative stress (Kjeldsen 
et al., 2019), these cells deplete their energy reserves (e.g. polyphosphates) and 
stop growing for as long as they reside in the oxic zone (Geerlings et al., 2020). 
Therefore, these oxygen-reducing cells either die or must retreat back into the 
suboxic zone (Geerlings et al., 2020). Either way, ‘new’ oxygen-reducing cells 
need to position themselves into the oxic zone to ensure the electrical connection 
between the two catabolic half-reactions. Until this happens, the metabolism of 
a filament is paused. Once a satisfactory access to oxygen is re-established, cells 
residing in the suboxic zone can (re-)start their cell cycle, which will result in 
another round of synchronized cell division. Differences in access to oxygen and 
the time necessary to re-establish this connection could explain both the low 
intra-filament variation, which includes the synchronized cell division, and the 
high inter-filament variation in C and N assimilation by cable bacteria.  

4.5 CONCLUSIONS AND OUTLOOK 

In conclusion, our data sheds light on the cell cycle in cable bacteria (Fig. 4.6), 
as well as the mechanism of filament growth (Fig. 4.7). Our data reveals that the 
cell cycle of cable bacteria is highly similar to that of the Gram-negative model 
bacterium E. coli. Moreover, when comparing cable bacteria to single-celled 
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Desulfobulbus species, there is no observable difference in genome content 
with respect to genes involved in cell division. However, there must be some 
modifications in the cell cycle to account for the multicellular nature of cable 
bacteria and the build-up of the electron-conducting fibre network and the 
cartwheel structure that enables long-rage conduction. The mechanism for being 
filamentous is likely under regulatory control, whereas the genes responsible for 
being electrogenic (conductive structures) remain unresolved. 

Our nanoSIMS data show that of carbon (and nitrogen) assimilation in cable 
bacteria filaments is homogeneous, confirming that growth is distributed along 
the filament, and is not just apical. Additionally, our data confirm previous 
observations that growth is restricted to anodic cells residing in the suboxic zone.     

Synchronized cell division can be achieved if cells are collectively “starved” and 
then collectively restart their metabolism. The most likely hypothesis for the 
observed synchronous growth and division in cable bacteria is that filaments 
lose their access to oxygen on a regular basis (or at least once per cell cycle). Due 
to the shared responsibility for energy generation among cells within a filament, 
losing the connection to oxygen results in a sudden halt of the metabolism in all 
cells. Regaining access to oxygen restarts the metabolism allowing all cells in 
the sulfide-oxidizing part of the filament to start growing and eventually divide 
synchronously.

Future research on cell division in cable bacteria should aim to observe the 
development of individual filaments in real time and include molecular 
approaches to monitor gene expression or protein synthesis at the level of 
individual cells within a filament. Therefore new methods need to be developed 
where individual filaments can be labelled and the position of cells along a filament 
can be traced back to either the suboxic or the oxic zone. Distinct processes 
in the first and last steps of the cell cycle, needed to produce a cell capable of 
electron transport, are still to be elucidated. New experimental approaches need 
to be developed to selectively monitor/modify environmental conditions along 
specific parts of a filament such that the growth can be quantified over a filament 
stretch that contains both the cathodic and anodic cells. 
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Figure A4.2: NanoSIMS images of the 13C atom fraction measured along the length of 
all followed filaments. Mosaic image obtained via scanning electron microscopy (SEM) 
showing the filaments measured, as indicated by dashed lines.   

x = 2440 µmx = 2317 µm

x = 2225 µmx = 1949 µmx = 1510 µm

x = 706 µmx = 364 µmx = 61 µm (l), x = 1242 µm (r)

12C15N/(12C14N+12C15N)

Figure A4.1: NanoSIMS images of the 15N atom fraction measured along the length of 
a filament in the process of division. The corresponding SEM image and the nanoSIMS 
images of the 13C atom fractions shown in Figure 4.4.   
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ABSTRACT

Cable bacteria are multicellular filamentous sulfide-oxidizing bacteria consisting 
of thousands of cells that display a unique metabolism where redox half-reactions 
are performed by different cells along the filament. Cells in deeper sediment 
layers perform the sulfide-oxidizing half-reaction whereas cells in the surface 
layers of the sediment perform the oxygen-reducing half-reaction. These half-
reactions are coupled via electron transport through a conductive fibre network 
that runs along the shared cell envelope. Remarkably, only the oxidation of sulfide 
is coupled to biosynthesis and growth whereas the oxygen reducing half-reaction 
serves to quickly remove electrons from the conductive fibre network and is not 
coupled to energy generation and growth. The cells residing in the oxic zone are 
believed to (temporarily) rely on storage compounds of which polyphosphate 
(poly-P) is the most ubiquitous in cable bacteria. Here we investigate the role of 
these polyphosphates in the metabolism of cable bacteria and its dependency on 
the redox environment. To this end, we combined nanoscale secondary ion mass 
spectrometry with dual-stable isotope probing (18O-H2O and 13C-DIC) to visualise 
the relationship between growth in the cytoplasm (13C-enrichment) and poly-P 
activity (synthesis and breakdown) (18O-enrichment). We found poly-P activity 
in almost all cells, as indicated by 18O enrichment of poly-P granules. Hence, 
poly-P must have an important function in the metabolism of cable bacteria. 
Within the oxic zone of the sediment, where no to very little growth is observed, 
18O enrichment in poly-P granules was significantly lower when compared to the 
suboxic zone. Thus, both growth and the poly-P metabolism are governed by the 
redox environment. However, the poly-P metabolism is not coupled to growth, as 
many filaments from the suboxic zone show poly-P activity without growth. We 
hypothesize that within the oxic zone, poly-P is used to protect the cells against 
oxidative stress and/or as a resource to support motility, while within the suboxic 
zone, poly-P is involved in the metabolic regulation before cells enter into a state 
of growth arrest. Further research is required to test this hypothesis.

Keywords: cable bacteria, polyphosphates, nanoSIMS, stable isotope probing, 
cell cycle, stationary phase, growth arrest
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5.1 INTRODUCTION

Cable bacteria are long, unbranched filamentous microorganisms consisting 
of thousands of cells that metabolically cooperate through electrical currents 
(Meysman, 2018). A given filament spatially couples anodic sulfide oxidation 
(H2S + 4 H2O → SO4

2- + 10 H+ + 8 e-) in deeper sediment layers to cathodic oxygen 
reduction (O2 + 4 H+ + 4 e- → 4 H2O) at the sediment-water interface via a process 
termed long-distance electron transport (LDET) (Nielsen et al., 2010; Pfeffer 
et al., 2012). These two redox half-reactions are thus occurring in different 
cells of the same filament. The necessary electrical coupling between the two 
half-reactions is ensured by the transport of electrons over centimetre-scale 
distances through a conductive fibre network that runs internally along the whole 
filament (Meysman et al., 2019; Thiruvallur Eachambadi et al., 2020). This spatial 
separation of redox half-reactions gives cable bacteria a competitive advantage 
over other sulfide-oxidizing bacteria, because it allows them to harvest energy 
from aerobic sulfide oxidation even though free sulfide is spatially separated 
from molecular oxygen by centimetre-scale distances (Meysman, 2018). 

Cable bacteria are facultative autotrophs that mainly assimilate inorganic CO2 
via the Wood-Ljungdahl pathway, but can also assimilate propionate (Kjeldsen 
et al., 2019; Geerlings et al., 2020). They are found in a wide range of aquatic 
sediment environments including marine (Malkin et al., 2014; Burdorf et al., 
2017), freshwater (Risgaard-Petersen et al., 2015), and aquifer (Müller et al., 2016) 
sediments. They have also been found in association with oxygenated zones 
around plant roots (Scholz et al., 2019) and worm tubes in marine sediments 
(Aller et al., 2019), or attached to the anode of a benthic microbial fuel cell placed 
in anaerobic conditions (Reimers et al., 2017). 

A peculiar and unique aspect of the metabolism of cable bacteria is that the 
metabolic energy harvested through long-distance electron transport is not made 
equally available to all cells within a filament (Geerlings et al., 2020). Specifically, 
cable bacteria filaments display a remarkable division of “energy rewards”, in 
which only the sulfide-oxidizing cells gain enough energy for biosynthesis 
and growth, whereas the cells performing oxygen reduction serve to dispense 
electrons as quickly as possible without biosynthesis and growth (Kjeldsen et 
al., 2019; Geerlings et al., 2020). Therefore, the oxygen-reducing cathodic cells 
appear to provide a kind of “community service” to the filament by ensuring 
that the electrical current can flow, but only facilitates the growth of the sulfide-
oxidizing cells (Geerlings et al., 2020). 

To maintain their function, the oxygen-reducing cells have been hypothesized 
to temporarily rely on storage compounds, of which polyphosphate (poly-P) is 
the most ubiquitous within cable bacteria (Geerlings et al., 2019, 2020; Kjeldsen 
et al., 2019). For example, poly-P granules have been observed in both marine 
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(Sulu-Gambari et al., 2016; Geerlings et al., 2019) and freshwater (Kjeldsen et al., 
2019) cable bacteria, with sizes and densities widely varying among filaments 
from the same redox environment and to a lesser extent also within individual 
filaments (Geerlings et al., 2019). 

Polyphosphate is a ubiquitous inorganic biopolymer consisting of tens to 
hundreds of phosphate residues linearly linked together by the same high-
energy phosphoanhydride bonds that are also found in ATP (Rao et al., 2009). 
Poly-P granules are found in cells across all three domains of life (Rao et al., 2009) 
and were one of the first subcellular structures described in bacteria (Meyer, 
1904). The enzymes involved in poly-P metabolism are highly conserved (Rao 
et al., 2009), and it is believed that poly-P has played a key role in the origin of 
life (Brown and Kornberg, 2004; Achbergerová and Nahálka, 2011). In microbial 
cells, poly-P appears to have distinctive biological functions depending on the 
abundance, chain length and subcellular location of the granules. It is thought 
to act as an ATP substitute and to function as energy storage, although the 
metabolic turnover of ATP is considerably greater than that of poly-P (Kornberg, 
1995; Ault-Riché et al., 1998). Poly-P granules can also serve as a reservoir for 
orthophosphate (Pi) (Kornberg, 1995; Seufferheld et al., 2008; Rao et al., 2009). 
Due to their anionic nature, poly-P molecules typically form complexes with 
cations, so they can also function as a chelator of metal ions and a buffer against 
alkali ions (Kornberg, 1995; Seufferheld et al., 2008; Rao et al., 2009). Finally, 
poly-P has been claimed to aid the channelling of the charged DNA molecule 
through the lipid bilayer of the cell membrane and to regulate the responses 
to stresses and adjustments for survival, especially in the stationary phase of 
culture growth and development (Kornberg, 1995; Rao and Kornberg, 1996; 
Ault-Riché et al., 1998; Rao et al., 1998). Recent research has demonstrated that 
poly-P chains can also function as a protein chaperone during stress conditions, 
where a poly-P chain counteracts irreversible protein aggregation by stabilizing 
proteins and maintaining them in a refolding-competent formation (Gray et al., 
2014). 

In cable bacteria, it was hypothesized that poly-P acts as a “survival energy 
package” for cells that “venture” into the oxic zone when performing the 
“community service”, thus functioning as a substitute for ATP or a resource 
utilized for protection against oxidative stress (Kjeldsen et al., 2019; Geerlings 
et al., 2020). Indeed, differences in the relative phosphorus content (i.e., cellular 
P/C) between cells residing in the suboxic and oxic zone have been observed and 
attributed to a build-up of poly-P in the suboxic zone and a breakdown of poly-P 
in the oxic zone (Geerlings et al., 2020). However, this hypothesis needs further 
testing, as other roles for poly-P are possible. For example, it has also been 
argued that poly-P can be involved in Ca2+/H+ homeostasis to maintain optimum 
intracellular pH levels in the alkaline oxic zone (Geerlings et al., 2019), or act as 
an internal energy storage that drives the motility of cable bacteria (Bjerg et al., 
2016). 
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Although the available research hints towards a critical function of poly-P in the 
metabolism of cable bacteria, its identification is hampered by methodological 
challenges when investigating metabolic activity on the level of single cells. 
Elements such as carbon and nitrogen have multiple stable isotopes and 
are therefore routinely used to track metabolic activity of single-cells using 
nanoscale Secondary Ion Mass Spectrometry (nanoSIMS) (Musat et al., 2016). 
However, P has only one stable isotope, and thus its uptake or turnover cannot 
be tracked directly using stable-isotope probing (SIP). Although P uptake could 
be traced through radiolabeling that involves the addition of the short-lived 
33P isotope and a subsequent quantification of the enrichment in the daughter 
isotope 33S (Schoffelen et al., 2018). However, this requires caution when used in 
sediments or applied to molecules such as poly-P because phosphate adsorbs to 
the charged surfaces within the mineral matrix.

Recently, an indirect method based on SIP with 18O-labeled water combined with 
nanoSIMS was applied to quantify poly-P metabolism in filamentous sulfide-
oxidizing bacteria Beggiatoa (Langer et al., 2018). This method exploits the 
relatively rapid exchange of O-atoms between phosphate and water molecules 
catalyzed by enzymes (see Discussion). However, when a cell is metabolically 
active, O-atoms from water molecules can also be incorporated into proteins and 
other biomolecules (e.g. DNA, RNA). Thus, 18O-enrichment of biomass resulting 
from an incubation with 18O-labeled water is an indicator of a general (as opposed 
to specific) metabolic activity of a cell (Ye et al., 2009). However, when SIP with 
18O-labelled water is combined with nanoSIMS, the general and poly-P-specific 
activity can be assessed separately through the spatially resolved measurement 
offered by nanoSIMS (Langer et al., 2018).

In this study, we combine dual-label SIP and nanoSIMS to investigate the 
importance of poly-P metabolism in cable bacteria, including the spatio-temporal 
dynamics of poly-P synthesis and its connection to carbon metabolism. To this 
end, we amended sediment cores with an active cable bacteria population with 
18O-labeled water (targeting both poly-P activity and general metabolism) and 
13C-labeled bicarbonate (targeting inorganic carbon assimilation) and incubated 
them for 6 and 24 hours. Subsequently, we retrieved individual cable bacteria 
filaments from the middle of the oxic and suboxic zones, as well as from the 
transition zone (i.e., the first millimetre below the depth where no oxygen is 
detected), and measured their 18O and 13C atom fractions with nanoSIMS (Fig. 5.1). 
Our data show that almost all measured cells exhibit poly-P activity, as indicated 
by 18O enrichment of poly-P granules, implying that poly-P has an important 
function in the metabolism of cable bacteria. Within the oxic zone of the 
sediment, both 18O enrichment in poly-P granules and growth was significantly 
lower when compared to the suboxic zone. Hence, both the poly-P metabolism 
and growth are governed by the redox environment. However, growth and the 
poly-P metabolism are not coupled to each other, as many filaments from the 
suboxic zone show poly-P activity in the absence of growth. 
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5.2 METHODS

5.2.1 Cable bacteria culturing 

Enrichment cultures with cable bacteria were prepared from natural sediment 
collected on 27-09-2019 within a creek bed from the Rattekaai Salt Marsh (The 
Netherlands; 51.4391 °N, 4.1697 °E). At this site, earlier studies documented the 
presence of cable bacteria in situ (Malkin et al., 2014). After collection in the 

6h labelling
H2

18O and 13C-DIC

oxic zone
transition zone

suboxic zone

Polyphosphate data

filaments retrieved from 
each zone within each core.

24h labelling
H2

18O and 13C-DIC

18O and 13C atom fractions measured with nanoSIMS 
within poly-P granules and the cytoplasm, respectively.

18O/(16O+18O) 13C/(12C+13C)

Figure 5.1: Flow chart depicting the experimental set-up. Four sediment enrichment 
cultures with cable bacteria were labelled with both 13C-bicarbonate and 18O-labeled 
water; two cores were labelled for a period of 6 h and two cores for a period of 24 h. 
After labelling, the four cores were divided into the oxic, transition and suboxic zone 
and from each of these zones, filaments were hand-picked and prepared for nanoSIMS 
analysis. After nanoSIMS analysis, regions of interest were drawn around individual 
polyphosphate granules and the cytoplasm from which the 18O and 13O atom fraction was 
measured.
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field, the sediment was brought to the laboratory at Utrecht University, where it 
was sieved (500 μm mesh size) to remove fauna and large debris, homogenized, 
and subsequently re-packed into polycarbonate cores (height: 12 cm, inner 
diameter: 5.2 cm). The sediment cores were submerged in artificial seawater 
(ASW, salinity of 32, the in situ value) and incubated in the dark for several weeks 
until an active cable bacteria population developed. The overlying seawater was 
bubbled with air to maintain 100 % air saturation, and the temperature (20 °C) 
and salinity were kept constant throughout the incubation. A total of 19 cores 
from the same batch of sediment were incubated. 

5.2.2 Microsensor depth profiling

Cable bacteria activity was monitored within the incubated cores using 
microsensor depth profiling (O2, H2S, and pH). This so-called geochemical 
fingerprint provides information about the developmental state and metabolic 
activity of the cable bacteria population (Meysman et al., 2015). The microsensor 
depth profiles were also used to delineate the oxic and suboxic zones in the 
sediment at the time of core sectioning (see below). 

Microsensors (tip diameters; O2: 50 μm, H2S: 100 μm, pH: 200 μm) were 
purchased from Unisense A/S (Denmark), connected to a four-channel 
Microsensor Multimeter (Unisense), and mounted in a two-dimensional micro-
profiling system that enabled stepwise movement of sensors. The SensorTrace 
PRO software (Unisense) was used to control the vertical movement of the 
microsensors and record sensor signals. A general-purpose reference electrode 
(REF201 Red Rod electrode; Radiometer Analytical, Denmark) was used during 
pH measurements. Calibration of the microsensors was performed as previously 
described (Malkin et al., 2014). 

A cable bacteria population developed in all but one of the sediment cores. 
The five cores with the largest ∆pH were selected for the SIP experiment. The 
quantity ∆pH is defined as the difference between the maximum pH in the oxic 
zone and the minimum pH in the suboxic zone and provides a good proxy to 
compare cable bacteria activity different populations (Burdorf et al., 2018).

5.2.3 Stable isotope probing

For the SIP experiment, 10 ml of stock solution was prepared by mixing 2 mL of 
18O-labeled water (Sigma-Aldrich; 18O atom fraction of 0.99) and 8 ml of artificial 
seawater (ASW) that had a natural abundance of 18O (18O atom fraction of 0.002). 
Hence, the 18O atom fraction in the stock solution was 0.2. The ASW contained 
no Mg2+ and Ca2+ ions (to avoid precipitation of Mg13CO3 and Ca13CO3) and no 
bicarbonate ions (to avoid 13C label dilution). The stock solution was labelled in 
13C by the addition of 13C-bicarbonate (NaH13CO3, Sigma-Aldrich; 13C atom fraction 
of 0.99) to a final concentration of 62 mM. This concentration and labelling were 
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chosen because they were successfully applied in previous SIP experiments 
(Vasquez-Cardenas et al., 2015; Geerlings et al., 2020, 2021). 
Labelling of sediment cores was done by first inserting three subcores (inner 
diameter 1.2 cm, length 5 cm) into a single enrichment culturing core without 
disturbing the sediment, and then injecting 500 μL of the labelled stock solution 
into each sub-core in ten separate 50 μL injections. To ensure homogeneous 
spread of the label throughout the sediment, the syringe needle was first inserted 
to a depth of 5 cm, and then the 50 μL dose of liquid was released while slowly 
retracting the needle upwards. The use of subcores ensured that the label was 
spread within a well-constrained volume. Subsequently, the cores were incubated 
for 6 h (two cores) and 24 h (two cores), with one core chosen as an unlabeled 
control. Temperature was kept constant at 20 °C during all incubations. At the 
end of the SIP incubation period, the three subcores were carefully pulled out of 
the sediment core and sectioned based on the redox zonation (Figure 5.1). One 
sub-core was used to retrieve cable bacteria for scanning electron microscopy 
(SEM) and NanoSIMS imaging, while the other two were stored for porewater 
analyses.

During the incubation, each subcore was overlain with a thin layer of water (~2 
mm) with the same 18O and 13C isotope labeling as the porewater. Additionally, 
the cores were placed in a sealed container filled with air and the bottom covered 
with a thin layer of ASW with the natural abundance of 18O and the 13C labelling 
similar to that of the porewater. This setup ensured similar 13C labelling of the 
porewater and the CO2 pool in the surrounding atmosphere and thus negligible 
13C label loss from the porewater due to air-water gas exchange. Because the 
system was stagnant, the loss of 18O label from the porewater due exchange with 
the thin layer of ASW at the bottom of the container was also negligible.

Based on the volume of the subcore (5.65 ml) and the porosity of sediments from 
the Rattekaai salt march (0.75; L. Burdorf thesis, 2017, p. 141), the volume of 
the porewater in the subcore was 4.24 mL. Since 500 μL of the porewater was 
replaced by the stock solution, the final 18O atom fraction of the porewater was 
approximately 0.025. This is about two-fold greater than the 18O-labelling of 
water used in the SIP experiment by Langer et al. (2018) (S. Langer, personal 
communication).

5.2.4 Pore water analyses

The 18O ratio of the porewater was measured using GasBench Isotope Ratio Mass 
Spectrometry (IRMS). Because of the limited porewater volume in the sampled 
sub-cores, these analyses could not be performed separately for the oxic and 
anoxic zones. The top 3 cm of the sub-cores were sliced off and transferred 
into a 50 mL Greiner tube. The sediment was then centrifuged at 3000 rpm for 
10 minutes. The supernatant was retrieved and filtered over 0.45 μm pore size 
filters. Pore water samples were stored at 4°C until further analysis by GasBench 
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IRMS. 

5.2.5 Filament retrieval from the sediment

Cable bacteria filaments were isolated from the sediment matrix under a stereo 
microscope with fine glass hooks custom-made from Pasteur pipettes. Filaments 
were retrieved separately from the oxic (0-2 mm depth) and the middle of the 
suboxic (5-10 mm depth) zone of the sediment (Figure 5.1). To investigate whether 
there was a transition between cells from the oxic and suboxic zones, filaments 
were additionally retrieved from the transition zone, defined as the zone up to 
1 mm below the oxic zone. Previous studies showed that in the transition zone 
the density (Seitaj et al., 2015) and motility (Bjerg et al., 2016)  of cable bacteria 
are highest. Isolated filaments were washed several times (>3) in Milli-Q water 
(Millipore, The Netherlands) to eliminate precipitation of salts, transferred onto 
polycarbonate filters (pore size 0.2 μm; Isopore, Millipore, The Netherlands) that 
were pre-coated with a ~5 nm thin gold layer, and air-dried in a desiccator for 
~24 h.

5.2.6 Scanning Electron Microscopy (SEM)

Filaments on the polycarbonate filters were imaged with a scanning electron 
microscope (JEOL Neoscope II JCM-6000, Japan) to identify filament segments 
suitable for NanoSIMS analysis. Imaging was done under a 0.1-0.3 mbar vacuum 
and a high accelerating voltage (15 kV) using a backscatter electron detector.

5.2.7 NanoSIMS Analysis

NanoSIMS analysis was performed with the nanoSIMS 50L instrument (Cameca, 
France) operated at Utrecht University. Fields of view (FOV) selected through 
SEM were pre-sputtered with Cs+-ions until secondary ion yields stabilized. 
Subsequently, the primary Cs+-ion beam (current: 0.5-10 pA, energy: 16 keV, 
beam size: 130 nm, dwell time: 1-2 ms per pixel) was scanned over the FOV (areas 
between 10 x 10 μm and 20 x 20 μm in size) while detecting secondary ions 12C14N-, 
13C14N-, 31P-, 16O-, 18O- and 32S-. 

Initial measurements employed a relatively short pre-sputtering interval (~10 
min) and a low primary ion current (0.5-2 pA), which resulted in relatively low 
18O- and 31P- ion yields during the subsequent analysis. Thus, during the analysis, 
the primary ion current was increased to 10 pA to enable quantification of the 
18O atom fraction in the poly-P granules with a desirable precision and within a 
reasonable time (few hours). This increase in the primary ion current resulted, 
however, in too high count rates on the electron multiplier used for the detection 
of 12C14N- (>100,000 cps). To prevent detector aging due to such high count rates, 
12C14N- ions were therefore not detected in these initial measurements and 
only 13C14N- ions were detected and used as a proxy for biomass. Thus, 13C atom 
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fractions are not available for these initial measurements.

Later in the analysis we realised that the 18O- and 31P- secondary ion yields were 
low because the probed volume was too close to the cell surface where the poly-P 
granules were not yet present. Therefore, we changed the measurement protocol 
by including much longer initial pre-sputtering intervals (20-30 min), which 
allowed us to probe the more inner parts of the filaments during the subsequent 
analysis using low primary ion currents (0.5-2 pA). Specifically, it allowed us to 
detect all target secondary ions and thus simultaneously determine both the 13C 
and 18O atom fractions in the biomass of cable bacteria, including poly-P granules.

NanoSIMS analysis of most samples focused on the variation of the mean isotopic 
and elemental composition among cells within filaments. In these analyses the 
same FOV was imaged multiple times (100-300 frames) and the resulting ion 
count images were aligned and accumulated. For some samples we aimed to 
obtain additional insight into the 3D distribution of the isotopic and elemental 
composition within cells. These measurements were therefore conducted over a 
substantially larger number of frames (up to 7000) until the sample material was 
completely sputtered away by the primary ion beam.

NanoSIMS data were processed using the Matlab-based software Look@
NanoSIMS (Polerecky et al., 2012). After alignment and accumulation of the 
measured planes, regions of interest (ROIs) corresponding to the poly-P granules 
were drawn manually using the combined 12C14N- (or 13C14N-), 18O-

 and 31P- ion 
count images. For each ROI, the ROI-specific 18O atom fraction was calculated as 
x(18O) = 18O-/(16O- + 18O-) using the total counts of 18O- and 16O- accumulated over the 
ROI pixels. Similarly, the ROI-specific 13C atom fraction was calculated as x(13C) 
= 13C14N-/(12C14N- + 13C14N-) from the total counts of 12C14N- and 13C14N- (only if the 
12C14N- ions were detected). Note that when detecting secondary ions from a given 
poly-P granule, the probed volume partly included also the cytoplasm of a cell in 
which the poly-P granule was embedded (e.g., “above” or “below” the granule; 
see Results, Figure 5.2). Thus, the 13C atom fraction determined in the ROI drawn 
around a poly-P granule represents the 13C atom fraction in the surrounding 
cytoplasm. ROIs were not drawn for cells that appeared damaged. 

To gain insight into the 3D distribution of the isotopic and elemental composition 
and the position of the poly-P granules within cells, the Look@NanoSIMS 
program was additionally used to visualize the depth variation in the nanoSIMS 
data along a lateral or transversal profile. Details about how this is done in Look@
NanoSIMS are described in Geerlings et al. (2021).

5.2.8 Statistical Analyses

Overall, 1887 poly-P granules in 884 cells from 203 filament segments were 
analysed (Table 5.1). Out of these, 126 poly-P granules in 29 cells from 7 filament 
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segments belong to the control samples. The 18O and 13C atom fractions are 
available for 704 cells (belonging to 164 filament segments), while only the 
18O fraction is available in the remaining 151 cells (belonging to 32 filament 
segments).

Statistical analyses of these data focused on the following aspects: (i) the effect 
of the redox environment and labelling period on the 18O-labelling in the poly-P 
granules, (ii) the variation in the 18O-labelling in the poly-P granules within a 
cell, within a filament, and among filaments, and (iii) the relationship between 
18O and 13C atom fractions in the poly-P granules and the surrounding cytoplasm. 

In most cases, multiple cells belonging to the same filament were measured, 
and each cell contained two or more poly-P granules. Thus, the 18O and 13C data is 
hierarchical (i.e., clustered, or nested) and the experiment design is unbalanced 
(Table 5.1). Initial data exploration revealed that variances are unequal and 
distributions are non-normal (Supplementary Information). Therefore, to 
examine the first two aspects of interest, statistical analysis of variance was 
performed using two linear mixed models. Model 1 focuses exclusively on the 
18O data, uses all measurements, and explores the effects of redox zonation 
and labelling period on the granule-specific 18O atom fractions. Additionally, 
it assesses the intracellular and intrafilament variation. In contrast, Model 2 
focuses on the 13C data and investigates the effects of redox zonation and labelling 
period on carbon assimilation. Although the effect of redox zonation on carbon 
assimilation was investigated before (Geerlings et al., 2020), we use this model 
to compare the 13C intrafilament variation against the variation found in the 18O 
atom fraction. 

Linear mixed models (LMM) were fitted using the R-package nlme (Pinheiro 
et al., 2021). LMM are often used for datasets with a complex, hierarchical 
structure (e.g., biological or ecological datasets) and quantify the relationship 
between a continuous dependent variable (here the 18O or 13C atom fraction) and 
various predictor variables, which include both fixed and random effects. Fixed-
effect parameters describe the relationship between the dependent variable and 
predictor variable for an entire population, whereas random effects allow to 
take the hierarchical structure into account (Zuur et al., 2009). Because we are 
interested in the effect of the redox conditions on the poly-P metabolism as well 
as in the change of the 18O atom fraction during the two labelling periods, both 
the redox zone (oxic, transition, suboxic) and the labelling period (6 h, 24 h) were 
defined as fixed effects with three and two levels, respectively (Table 5.2). Each 
poly-P granule was assigned to a specific cell and filament, which were chosen 
as random effects in the model. For the model selection approach, the step-up 
approach was used, which starts with a reference model that contains all fixed 
components and their interactions. This so-called “beyond optimal model” was 
then used to find the best variance structure and random structure (Zuur et al., 
2009). The set-up for Model 2 was similar to that of Model 1 with the addition that 
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the13C atom fraction was modelled as a continuous response variable (Table 5.2). 

To evaluate the third aspect of interest, the relationship between 18O and 13C atom 
fractions in the poly-P granules and the surrounding cytoplasm, the Kendall rank 
correlation coefficient (τ) was calculated using the averaged 18O atom fraction of 
the poly-P granules within a cell and the 13C atom fraction of the surrounding 
cytoplasm. This is a robust correlation test used when the data shows a non-
normal distribution (Dalgaard, 2013). 

Details of the statistical analysis are provided in the Appendix.

6h incubation 24h incubation
core 1 core 2 core 3 core 4

redox zone oxic transit subox oxic transit subox oxic transit subox oxic transit subox control total

18O 
atom 

fraction

# poly-P 147 432 164 121 333 42 64 66 260 101 15 16 126 1887

# cells 51 166 45 82 243 24 30 33 110 50 10 11 29 884

# filaments 8 35 8 22 64 6 8 5 25 9 3 3 7 203
13C 

atom 
fraction

# cells 32 117 45 82 243 24 - - 101 50 10 - - 704

# filaments 4 25 8 22 64 6 - - 23 9 3 - - 164
Porewater 18O atom 

fraction 0.0234 0.0164 0.0151 0.0160 0.002

Table 5.1: Table depicting he number of poly-P granules, cells and filaments from which 
the 18O atom fraction was measured, the number of cells and filament segments for which 
the 13C atom fraction was measured and the 18O atom fraction of the porewater of each 
of the cores at the end of the incubation. Measurements are split into the different redox 
zones for each of the cores. Note that in the cells and filaments where the 13C atom fraction 
was measured, the 18O atom fraction of the poly-P granules was also measured. 

Table 5.2: Description of the different variables used in the linear mixed models

Name Description Type of variable Levels in model 1 Levels in model 2

frac_18O
18O atom fraction in the ROI 
defined as a poly-P granule

continuous response 1761 -

frac_13C
13C atom fraction of the cell 
cytoplasm

continuous response - 704

cell unique label for each cell categorical random explanatory 855

filament
unique label for each individual 
filament segment

categorical random explanatory 196 164

core
the core from which the 
measurement was extracted

categorical random explanatory 4 4

zone redox zonation categorical fixed explanatory 3 3

labelling period
labelling period of the 
polyphosphate granule

categorical fixed explanatory 2 2
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5.3 RESULTS

5.3.1 Patterns and variation in the 18O atom fraction and 13C atom fraction 
between and within filaments

The patterns shown by the 13C data from the present study are similar to those 
observed previously (Geerlings et al., 2020, 2021). Specifically, 13C labelling is 
highly variable among filaments, with a considerable fraction of filaments (45/164 
or 27.4%) not displaying any 13C enrichment after 6 h and 24 h of incubation 
(table 5.3). Furthermore, the cytoplasmic 13C labelling is highly similar among 
cells belonging to the same filament (Fig. 5.2, Appendix Fig. A5.1). Note, 
however, that in the present study each filament was only measured along one 
segment comprising between 5-10 cells and not along multiple segments as done 
previously (Geerlings et al., 2020, 2021).

There is a clear variation in the 18O labelling of poly-P granules among cells 
belonging to the same filament (Fig. 5.2). However, the granule pattern (i.e. the 
size, position and number of granules per cell) between adjacent cells is similar, 
which is congruent with earlier observations on poly-P granules (Geerlings et al., 
2019). Similar to 13C labelling, 18O labelling in poly-P granules among filaments is 
also highly variable. Based on the examination of filament segments where both 
13C and 18O atom fractions were determined, filaments were divided into four 
distinct labelling patterns (Fig. 5.2, Table 5.3, Appendix Fig. A5.1): 

(1) Filaments that were not labelled or were only very slightly enriched 
in both 18O and 13C (18O/O ≤ 0.0024 and 13C/C ≤ 0.012), were considered 
metabolically inactive during the labelling period. Very few filaments 
(7/164 or 4.3%) were inactive, and all of these originated from the 6 h 
labelling periods. Note that this number only includes filaments with 
visible poly-P granules after the nanoSIMS analysis. That is, inactive 
filaments without poly-P granules are not included here. 

(2) Filaments that showed no 18O labelling (18O/O ≤ 0.0024) but a minor 13C 
enrichment in the cytoplasm (0.012 ≤ 13C/C < 0.015). This was observed in 
3.7 % (6/164) filament fragments, all from the 6 h incubation. Again, only 
filaments with visible poly-P granules were included.

(3) Filaments that showed no, or only minimal, 13C labelling (13C/C ≤ 0.012), 
but contained poly-P granules that were  significant enriched in 18O 
(18O/O > 0.0024). This indicates that the cell did show metabolic activity 
but only with respect to the poly-P (Fig. 5.2E). This was the case for 23% 
of filament fragments (38/164) from both incubation periods combined.

(4) Filaments in which the cytoplasm was labeled both in 13C and 18O. This 
means that these cells assimilated carbon and thus were growing during 
the incubation period. In these cells, 18O labelling in the poly-P granules 
was even greater than in the cytoplasm (Fig. 5.2F). This was true for 
113/164 filaments (69%).



150

Chapter 5

A

cell 1 cell 2 cell 3 cell 4 cell 1 cell 2 cell 3 cell 4

log(Esi) 13C14N/(12C¹⁴N+13C14N) 18O/(16O+18O) 31P/(12C¹⁴N+13C14N)

(E) (F) 2
3
4

2

3

4

1

1

B C D

E F
Figure 5.2: NanoSIMS images of cable bacterium filaments retrieved from the suboxic 
zone of the 6 h incubation. (A) Secondary electron image showing segments of five 
filaments. (B) Corresponding nanoSIMS image of the 13C atom fraction, calculated as 
13C14N/(12C14N+13C14N). (C) Corresponding nanoSIMS image depicting the 18O atom fraction, 
calculated as 18O/(16O+18O). (D) Corresponding nanoSIMS image depicting the relative 
phosphorus content of the filaments, calculated as 31P/(12C14N + 13C14N). Longitudinal cross-
sections were preformed along the white and black dotted lines depicted in panel (B). (E) 
The longitudinal cross-section show the 13C atom fraction, the 18O atom fraction and the 
relative phosphorus content as a function of depth across four cells of the same filament 
that did not show carbon assimilation during the labelling period (the white dotted line 
depicted in panel B). The white arrows points towards a polyphosphate granule in the 
second cell with an increased 18O atom fraction. Note that the cytoplasm in this filament 
segment is not enriched in 18O (and 13C) (F) Longitudinal cross-section showing the 13C 
atom fraction, the 18O atom fraction and the relative phosphorus content across four cells 
of one of the most active filaments retrieved from the 6 h incubation. The white arrow in 
cell 2 points towards a polyphosphate granule. Note that there is 18O enrichment in both 
the cytoplasm and the poly-P, but that the enrichment is highest in the poly-P granule. 

Note that general metabolic activity, as probed by 18O, corresponds to growth, 
which is manifested as 13C assimilation. Thus, when the cytoplasm shows 13C 
enrichment, there is also 18O enrichment and vice versa. In the absence of 
growth, i.e., there is no 13C enrichment in the cytoplasm, there is also no 18O 
enrichment in the cytoplasm. Hence, 18O-labeled water works as a tracer of 
general activity but due to the high spatial resolution of nanoSIMS, it allows us to 
trace cell growth and poly-P activity seperately (Fig 5.2).
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5.3.2 Variation in polyphosphate granules between different morphotypes

Depending on the diameter of the filament and the spatial organization of the 
poly-P granules, two different cable bacteria morphotypes could be distinguished; 
(i) “thin” filaments (diameter ~0.5-1 μm), which mostly contained two similarly-
sized poly-P granules (diameter ~100-300 nm) per cell, one at each cell pole (Fig. 
5.3A), and (ii) “thicker” filaments (diameter > 1 μm), which contained variable 
spatial organizations of the poly-P granules. Some cells in the thicker filaments 
contained many small poly-P granules, while others contained only a few larger 
ones (Fig. 5.3B). It is unknown whether the different morphotypes represent 
different species of cable bacteria or they are different manifestations of the 
same species but in a different stage of the life cycle.

5.3.3 The effect of redox zonation and labelling period

Thorough inspection of nanoSIMS images showed 18O labelling of poly-P 
granules in all zones whereas 13C labelling of the cytoplasm was mainly restricted 

A B

Figure 5.3: Representative NanoSIMS images of the 31P count and 18O atom fractions in the 
two observed cable bacteria morphotypes showing different patterns of polyphosphate 
granules. Images are shown as overlays of the 31P measurements (in blue) and 18O atom 
fraction (in green). Thus, areas depicted in cyan correspond to 18O-enriched poly-P 
granules. The dotted white lines depict the cell boundaries. (A) Thin filaments (diameter 
0.5-1 μm) than mostly contains two poly-P granules at the poles of each cells. The two white 
arrows in the lower filament point toward the position of two granules in one cell. The 
white arrow in the top filament points towards a cell that contains three poly-P granules. 
The filaments were retrieved from the transition zone of the 24 h labelling period. (B) 
Three “thicker” filaments (diameter > 1 μm) that have multiple poly-P granules per cell. 
The filaments were retrieved from the suboxic zone of the 6 h incubation. Scale bars are 3 
μm.  Appendix, Fig. A5.2 shows the original images of the 31P secondary ion count and 18O 
atom fraction, as well as the secondary electron images. Note that the scaling for the red 
and blue colours was optimized independently for each image to enhance the visibility of 
the poly-P granule.
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to cells from the transition and suboxic zone. Although the variation in the 18O 
labelling of the poly-P granules among filaments was large in all zones, the 18O 
atom fraction of the poly-P granules appeared lower in the oxic zone than in the 
transition and suboxic zone and the amount of labelling increased in all redox 
zones after the 24 h labelling period (Fig. 5.4, Fig. 5.5A-B, Appendix Fig A5.1). 
This was confirmed by statistical analyses based on two linear mixed models 
(Appendix), which showed that 18O atom fractions in the poly-P granules from 
the oxic zone were significantly lower than those in the transition and suboxic 
zones in both the 6 h and the 24 h labelling periods, whereas the transition and 
suboxic zones showed no statistically significant differences in both labelling 
periods (Fig. 5.5D-E, Appendix table A5.1). Furthermore, when comparing the 
same redox zones between the two labelling periods (e.g. oxic 6 h vs. oxic 24 h), 
the 18O atom fraction in the poly-P granules from the 24 h incubation was in all 
three redox zones significantly greater than that from the 6 h incubation (Fig. 
5.5D-E, Appendix table A5.1). 

5.3.4 Variation within cells and within filaments

The output of the linear mixed models allowed for the calculation of the interclass 
correlation coefficient (ICC) of each of the combinations of zone and labelling 
period (table 5.4). Model 1 looks at the 18O atom fraction in poly-P granules, where 
each measurement cannot be considered as independent because individual 
granules were nested into cells that were further nested into filaments. Hence, 

6h 24h

oxic transition suboxic oxic transition suboxic

Inactive 5 2 0 0 0 0

Only 13C 4 1 1 0 0 0

Only 18O 8 20 6 3 0 1

13C & 18O 9 66 7 6 3 22

Total 26 89 14 9 3 23

129 35

Table 5.3: Grouping of filaments into the different modes of activity; filaments that were 
considered inactive, active filaments that only showed 13C assimilation, active filaments 
that only showed 18O enrichment of the polyphosphate or active filaments that showed 
both growth (13C assimilation) and 18O enrichment in the polyphosphates. Filaments were 
considered inactive if the polyphosphate 18O atom fraction was equal or below 0.0024 
and the 13C atom fraction was equal or below 0.012 (the background ratio was 0.002 and 
0.011, respectively). 13C atom fractions higher than 0.012 were labeled active whereas for 
polyphosphate granules, 18O atom fractions > 0.0024 were labeled as active.
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two ICC values were determined; one ICC value to assess the variation among 
poly-P granules within cells and one to assess the variation within filaments. 
The ICC values for grouping into cells can be considered to range from poor 
to good (0.559-0.960). The ICC values for grouping into filaments (0.514-0.884) 
are lower. For both the 6 h and 24 h incubations, and in both the cells and the 
filaments, the highest ICC values were found in the oxic zone. Thus, for the 18O 
atom fraction, intracellular variance is lower than interfilament variation. For 
the 13C labelling of the cytoplasm, the ICC values for grouping into filaments are 
high (0.864-0.992). Hence, for the 13C atom fraction, there is almost no variation 
within a filament and almost all of the variation is observed between filaments.

5.3.5 Correlation between poly-P labelling and growth

Analysis of the 18O atom fraction of the poly-P granules within a cell and the 
13C atom fraction of the cytoplasm of the same cell revealed little correlation 
between the two variables (Fig. 5.6). Although there is some correlation between 
the 18O atom fraction of the poly-P granules within a cell and the 13C atom fraction 
of the same cell in the 6 h transition (Fig. 5.6B) and the 24 h suboxic zone (Fig. 
5.6F), this  is a collinearity effect, where both the 18O atom fraction of the poly-P 
granules and the 13C atom fraction of the cytoplasm are dependent on the redox 
zonation (Fig. 5.5, Appendix Fig. A5.3).

ICCcell
18O/O ICCfilament

18O/O ICCfilament
13C/C

6h

oxic 0.959 0.880 0.992

transition 0.808 0.742 0.956

suboxic 0.843 0.774 0.965

24h

oxic 0.823 0.755 0.960

transition 0.718 0.659 0.929

suboxic 0.551 0.506 0.864

Table 5.4: Interclass correlation coefficients (ICC) for the 18O atom fraction from model 
1 (ICC 18O/O) and for the 13C atom fraction from model 2 (ICC 13C/C). In model 1 poly-P 
granules were nested into cells which in turn were nested into filaments, which resulted 
in ICC values for cells and filaments. In model 2, cells were nested into filaments and thus 
only one ICC value was calculated.
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5.4 DISCUSSION

Overall, the combination of detailed nanoSIMS imaging and statistical analysis 
provide valuable insights into the possible roles of polyphosphates within cable 
bacteria metabolism and lifestyle. Our data reveal that nearly all filaments had 
polyphosphate granules and nearly all visible polyphosphate (poly-P) granules 
showed an increased 18O labelling (Fig. A5.1), although differences are notable 
between labelling periods and redox zones – as discussed below. This label uptake 
occurred within a (relatively) short period of 6 to 24 hours, which is comparable 
to the doubling time of cable bacterium cells in laboratory incubations (~20 
hr; Schauer et al., 2014). This indicates an active poly-P metabolism in cable 
bacteria, and so these P-rich organelles appear to play a vital role in their life 
cycle and metabolism. In other prokaryotes (and eukaryotes), poly-P adopts an 
essential metabolic role and is essential for the growth of cells, their responses 
to stresses and pathogenicity. Cells deficient in poly-P are more sensitive to stress 
conditions, including oxidative stress, heat shock, and heavy metal exposure, 
and defective in virulence, biofilm formation, and motility (Kornberg et al., 
1999; Rao et al., 2009; Docampo et al., 2010). 

Figure 5.4: representative nanoSIMS images of the 18O atom fraction within filaments 
retrieved from the (A) oxic zone after a labelling period of 6 h, (B) transition zone after a 
labelling period of 6 h, (C) suboxic zone after a labelling period of 6 h, (D) oxic zone after 
a labelling period of 24 h, (E) transition zone after a labelling period of 24 h, (F) suboxic 
zone after a labelling period of 24 h. Scale bars are all 3 μm. Colour scale are all the same 
(0.002-0.006).

A

oxic zone transition zone suboxic zone

6 h

24 h

D E F

B C
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Figure 5.5: Boxplot of the 18O atom fractions in (A) the 6 h labelling period, (B) the 24 h 
labelling period and (C) the control. Data is shown separately for each replicate core. 
Each data point represents the value calculated within a polyphosphate granule. White 
circles and horizontal lines show the mean and median 18O atom fractions, respectively. 
Note that there is no grouping in cells and filaments, this is a depiction of the raw data. (D) 
outcome of the modelled 18O atom fractions from the 6 h labelling period and (E) the 24 
h labelling period. The outcome was calculated using the linear mixed model described 
in model 1. Black circles denotes the average values, the lines depict the lower and upper 
confidence limits (95%). P values indicate significant differences between the zones. 
The step-by-step built-up and outcomes of the linear mixed model can be found in the 
Appendix, linear mixed modelling and the 18O atom fraction for each poly-P granule used 
in this figure can be found in Dataset 1.

A B C

D E

5.4.1 Investigating polyphosphate metabolism using 18O-labeled water

Before we interpret our data, we review possible pathways through which 18O 
derived from H2

18O can enter poly-P granules, the organic biomass and organic 
phosphate pool. 
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The first step involves oxygen isotope exchange between water and the inorganic 
(ortho)phosphate (Pi) pool, which occurs when inorganic pyrophosphate (PPi) 
is hydrolysed (Figure 5.7, reactions 2 and 4). PPi required in this first step is 
produced in a metabolically active cell by many different processes, such as 
hydrolysis of ATP into AMP. At temperatures below 80 °C, abiotic phosphoryl-
transfer reactions such as PPi hydrolysis are very slow but are significantly 
accelerated by enzymes (Lassila et al., 2011). Therefore, in natural systems, 
the oxygen isotopic signature of the Pi pool (δ18Op) is dominated by enzyme-
mediated oxygen isotope exchange with water (Blake et al., 2001, 2005). The 
dominant enzyme catalysing this process is pyrophosphatase (PPase), which 
occurs intracellularly and establishes the 18O isotope equilibrium between the 
cellular water and the Pi pool within a few hours (Blake et al., 2005; Chang and 
Blake, 2015). Note that PPase is a ubiquitous enzyme that is involved in the 
incorporation of Pi into biomass regardless of the metabolic pathway (Cohn and 
Urey, 1938; Blake et al., 2005). However, oxygen isotope exchange between water 
and Pi can also occur extracellularly, e.g., due to the activity of microorganisms 
that use extracellular phosphatases (e.g., phosphomonoesterases) as a strategy 
to acquire Pi from organic compounds (Liang and Blake, 2006; Von Sperber et al., 
2014). Thus, labelling sediment porewater with 18O-labeled water would result in 
a pool of 18O-labeled phosphate within hours, which can then be incorporated 
into (inorganic) polyphosphates and other biomolecules (Fig 5.7). 

Once the Pi pool is labeled with 18O, the label can enter the poly-P granule via a 
pathway that involves incorporation of Pi into nucleoside triphosphate (NTP, e.g., 
adenosine triphosphate, ATP, or guanosine triphosphate, GTP) and a subsequent 
transfer of Pi from NTP to a poly-P chain during poly-P synthesis (Figure 5.7, 
reactions 5 and 6). Proof of this concept was given when Beggiatoa cultures were 
incubated with 18O-labeled water resulting in 18O enrichments above the natural 
background ratio in the cytoplasm and poly-P granules after a labelling period of 
24 h (Langer et al., 2018).

In all prokaryotes, the synthesis and breakdown of poly-P are catalyzed by two 
families of poly-P kinases, PPK1 and PPK2 (Rao et al., 2009). Enzymes from the 
PPK1 family preferentially use ATP as a phosphodonor (Kornberg et al., 1999; 
Nocek et al., 2008; Rao et al., 2009; Wang et al., 2018) and, at least in an isolated 
form, favour poly-P synthesis. In contrast, the PPK2-type enzymes strongly 
favour poly-P breakdown using guanosine diphosphate (GDP) as a phospho-
acceptor. Breakdown of poly-P via hydrolysis can also take place and is catalyzed 
by an exopolyphosphatase (PPX), which catalyses the cleavage of the terminal Pi 
from the poly-P chain (Kornberg et al., 1999).

Although poly-P can be both synthesised and broken down depending on the cell’s 
needs, we argue that the 18O atom fraction of the poly-P granule would increase 
only if the 18O-labeled Pi were added to the poly-P chain and not if poly-P were 
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broken down. Considerable evidence suggests that poly-P hydrolysis proceeds 
via a concerted mechanism with a single transition state where the nucleophilic 
water attacks the P-atom at the end of the poly-P chain and the O-atom from 
the water molecule eventually ends up in the Pi residue leaving the chain and 
there is no exchange of O-atoms along the rest of the poly-P chain (Lassila et al., 
2011). Poly-P breakdown aided by PPK2 proteins results in the phosphorylation 
of nucleoside monophosphates (AMP or GMP) or nucleoside diphosphates (ADP 
and GDP) (Ishige et al., 2002; Nocek et al., 2008, 2018), which most likely also 
proceeds via a concerted mechanisms with a single “loose” transition state 
(Nocek et al., 2018) where the O-atom from the water molecule ends up in the 
nucleoside triphosphate rather than in the terminal Pi group on the remaining 
poly-P chain. 

5.4.2 Interpretation of the 18O isotope enrichment data

The 18O-labelling levels of poly-P granules within a given treatment (i.e. the 
combination of labelling period and redox zonation) show considerable 
variability (Fig. 5.5) which can be partly explained because the 18O labelling 
level of poly-P granules is governed by an interplay of numerous factors that 
may induce variation. Foremost, our nanoSIMS data provide a final “snapshot” 
of the cumulative 18O labelling level, which may be the result of repetitive cycles 
of poly-P synthesis and breakdown (i.e. turnover) that took place during the 
labelling period. In terms of isotopic labelling, there is an important asymmetry 
between synthesis and breakdown of poly-P, as described above. Therefore, a 
mere breakdown of poly-P granules during the labelling period would not result 
in an increased 18O atom fraction of the poly-P pool, and thus, this breakdown 
cannot be probed with 18O-labeled water and nanoSIMS. The labelling can also 
be dependent on the exact timing of synthesis and breakdown. For example, 
if breakdown is preceded by an equal amount of synthesis, one expects to see 
enrichment; yet the other way, if synthesis precedes breakdown, one expects 
to see no enrichment if the phosphate groups that are added and removed 
from the poly-P chain are the same. Therefore, 18O enrichment within a poly-P 
granule always indicates that synthesis has occurred at some point, but does 
not provide insights into the actual rate of synthesis or the cycles of synthesis 
and breakdown. Further statistical analysis is thus necessary to compare the 
18O enrichment between different treatment (e.g., redox zonation or labelling 
period) and these results can provide insight into the poly-P metabolism of cable 
bacteria.

Secondly, the 18O atom fraction of a poly-P granule is also affected by the 
initial size (i.e. number of phosphate groups) at the onset of labelling. When 
two different sized poly-P granules have the same growth rate (measured as 
phosphate groups added per time unit), the granule that is smallest at the start of 
the labelling experiment would show a higher 18O atom fraction at the end of the 
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Figure 5.6: The 18O atom fraction within the poly-P granules in a cells versus assimilation 
of 13C-DIC within the same cell as measured by NanoSIMS. Shown are atom fractions in 
incubations from (A) 6 h labelling period, oxic zone (n = 114) (B) 6 h labelling period, 
transition zone (n = 360), (C) 6 h labelling period, suboxic zone (n = 69), (D) 24 h labelling 
period, oxic zone (n = 50) (E) 24 h labelling period, transition zone (n = 10), (F) 24 h labelling 
period, suboxic zone (n = 101). Colours differentiate between replicate sediment cores, if 
available. All data points depicted in figure A-F were combined to assess the correlation 
in (G) the 6 h incubation (n = 543) and (H) the 24 h labelling period (n = 161). Each data 
point represents the mean 13C atom fraction of the cell and the corresponding mean 
18O atom fraction of the poly-P granule(s) in that cell. Kendall’s correlation coefficient 
(τ) and the corresponding p value are also shown. Colours differentiate between redox 
zones. Dotted lines represent the natural 13C (0.011) atom fraction and the 18O (0.002) atom 
fraction measured in filaments with no exposure to labeled substrates.
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labelling period because it has less “background” phosphates with the natural 
18O ratio. This way, differences in initial granule size induce labelling variation. 
It is important to note that the addition of 18O-labeled phosphate does not result 
in within-granule variability (Fig 2.2E-F) and thus, the 18O label is not only added 
onto the outer surface of a poly-P granule but the labelling is “well mixed” 
throughout the poly-P granule. This is the result of the structural organization 
of poly-P granules; each granule consists of a number of negatively charged 
poly-P chains that have formed complexes with cations, where poly-P granules 
in cable bacteria have specifically been associated with divalent calcium and 
magnesium ions (Geerlings et al., 2019). Modelling studies on the conformation 
and organization of poly-P molecules and calcium ions have shown that the 
intermolecular interaction via ion bridges result in the formation of organized 
aggregates/particles where the divalent cations occupy a more peripheral 
position and the phosphate chains are located more on the inside of the granule 
(Müller et al., 2019). Thus, several poly-P chains form a poly-P granule where 
the chains are connected to one another via ion bridges and hence 18O-labeled 
phosphate groups recently added onto poly-P chains become part of such an 
aggregate which gives the poly-P granule a “well-mixed” appearance. 

Finally, the measured 18O atom fraction of the ROI defined as a poly-P granule 
is also dependent on the 18O atom fraction of the cytoplasm above and below 
the poly-P granule, which can either be not enriched or less enriched with 18O 
than the poly-P granule (Fig. 5.2). Thus, the 18O atom fraction and the amount 
of cytoplasm above and below the granule ‘dilutes’ the 18O atom fraction of the 
poly-P granule. We countered the observed variability in stable isotope probing 
by measuring a large number of poly-P granules from different filaments and 
redox zones to attain sufficient statistical power for targeted hypothesis testing. 

5.4.3 Differences in the 18O labelling between 6 h and 24 h reflect polyphosphate 
turnover

Although the 18O labelling levels within a given treatment show considerable 
variability, the 18O atom fraction is significantly higher in the 24 h labelling 
period when compared to the 6 h labelling period, for each of the three redox 
zones. Thus, the labelling after 24 h in the oxic zone is significantly higher that 
the 18O labelling after 6 h in the oxic zone and the same is observed for the 
transition and the suboxic zone (Fig 5.5D-E). However, the differences must 
reflect polyphosphate turnover and not merely poly-P build-up. If the only 
process was built-up of poly-P at a constant rate during the 6 h and 24 h labelling 
period, one would expect the ratio to be four times as high after 24 h when 
compared to the situation after 6 h, assuming that the 18O ratio of the substrate 
was constant. However, the 18O ratio of the substrate was most likely increasing 
during the 6 h and the 24 h labelling period. Since it takes ~27 h for the PO4-
water isotope exchange to reach equilibrium fractionation at a temperature of 
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22°C (Blake et al., 2005), it is valid to assume that PO4-water equilibrium isotope 
fractionation was not achieved between the 6 h and 24 h labelling period. Hence, 
if the only process was built-up of poly-P at a constant rate during the 6 h and 
24 h labelling period and the 18O atom fraction of the substrate was increasing 
during this period, the 18O atom fraction between the different labelling periods 
would be more than four times as high. This is not observed in our data where 
the 18O atom fraction between 6 h and 24 h is increased by a maximum of 69% 
in the suboxic zone, whereas the increase in the oxic and transition zone is 36% 
and 38%, respectively (Fig 5.5D-E, Appendix table A5.2). Therefore, the observed 
ratio differences must reflect turnover of poly-P, where the number of turnover 
cycles and the (average) rate of poly-P turnover remains unknown. To gain more 
insight into the rate of poly-P turnover, research on shorter time scales (perhaps 
in the range of 1 h, or lower) is needed.  

5.4.4 Variation in 18O labelling of polyphosphate inclusions within a filament

Reconstruction of the 3D distribution shows that poly-P granules can be a 
prominent feature that takes up a large part of the cell volume (Fig. 5.2), but 
even then the poly-P 18O ratios between poly-P granules of different cells of the 
same filament can be different implying different turnover rates (e.g. Fig. 5.2E). 
However, as described above, part of the observed variance might be attributed 
to the different “dilution” factors resulting from differences in poly-P granule 
size at the onset of labelling. Although there is some variation in the size and 
distribution of granules among cells of the same filament, the granule size and 
pattern between adjacent cells is generally similar (Fig. 5.3, Fig 5.4), which is 
consistent with earlier observations (Geerlings et al., 2019). This holds especially 
true for the “thin” filaments (diameter ~ 0.5-1 μm) that all possess two similar-
sized and labeled poly-P granules located at the pole of each cell within a filament 
(Fig. 5.3A). Nevertheless, measurements within a filament were always taken 
along a stretch of consecutive cells (~4-10 cells), so the total length measured 
of each filament fragment is ~12-30 μm (assuming an average cell length of 3 
μm). Considering that filaments can span the entire suboxic zone and thus reach 
lengths up to several mm’s or even cm’s, no conclusions can be drawn about 
variation in shape and pattern of the poly-P granules among cells within a 
filament from the data presented here. 

The 18O atom fraction of multiple poly-P granules within a cell are correlated 
whereas the correlation on the filament level is considered to be weak (table 
5.4). In contrast, most of the variance observed in the 13C ratio (i.e. carbon 
assimilation) can be explained by grouping of cells into filaments (table 5.4), 
which is congruent with earlier observations where carbon assimilation among 
cells within the sulfide-oxidizing part of a filament was synchronized (Geerlings 
et al., 2021). Whether or not polyphosphate growth is synchronized among cells 
within a filament cannot be clearly answered by our data. However, we do not 
see 18O-enriched poly-P granules in one cell and not-enriched poly-P granules 



  161

The role of polyphosphates

5

in neighboring cells (e.g. Fig 5.2-5.4). That is, when 18O-labeled poly-P granules 
are observed in one cell, they are also labeled, to a similar degree, in the rest of 
the cells in the measured filament segment. So, although it appears that growth 
of polyphosphate granules among cells within a filament is not independent, 
grouping of cells into filaments only explains part of the variance and there must 
be other factors that explain the observed variance, such as described in section 
5.4.2. To assess the degree of synchronicity of the poly-P metabolism among 
cells within a filament, more research is needed in which filaments are subjected 
to 18O labeled substrate for shorter time periods as to avoid repetitive cycles of 
poly-P synthesis and breakdown and filaments need to be followed along the 
length, comparable to what has been done for carbon assimilation (Geerlings et 
al., 2021). 

Figure 5.7: Depiction of how the oxygen atom from 18O-labeled water might end up in the 
cellular inorganic polyphosphate pool, organic biomass and organic phosphate pool. (1) 
18O-labeled water diffuses in (and out) of the cytoplasm, (2) extracellular Pi is subjected 
to equilibrium oxygen isotope exchange between water and phosphate resulting from 
pyrophosphatase activity (PPase). (3) Phosphate is transported in and out of the cell, 
either actively (via membrane-bound transport proteins) or passively via diffusion. (4) 
In the cytoplasm, Pi is also subjected to equilibrium oxygen isotope exchange between 
water and phosphate, (5) after which this 18O-labeled phosphate can be incorporated 
into nucleoside triphosphates (e.g. ATP). (6) The 18O-labeled phosphate groups within a 
triphosphate can be added onto the polyphosphate chain.  (7) 18O-label is incorporated 
into biomass during growth. (8) 18O-labeled phosphate can be incorporated into the 
cellular organic phosphate pool (e.g. DNA, RNA, phospholipids). Modified from Blake et 
al., 2005.
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5.4.5 The polyphosphate metabolism is governed by redox zonation

Although 18O enriched poly-P granules are observed in each redox zone, the 
mean 18O enrichment was significantly lower in the oxic zone compared to the 
transition and suboxic zones (Fig. 6C-D). No significant difference was observed 
in the 18O atom fraction of the polyphosphates between the transition zone and 
the rest of the suboxic zone (Fig. 6 C-D; Appendix table A1). This implies that 
within the entire length of the suboxic zone, the turnover of polyphosphate 
granules was comparable. This holds true for both the 6 h and the 24 h labelling 
periods. Thus, polyphosphate synthesis is governed by redox zonation where 
poly-P synthesis happens in the transition and suboxic zone.

This dependence on redox conditions observed for the polyphosphate 
metabolism in cable bacteria is the opposite of the dependence on redox 
conditions observed in many other polyphosphate accumulating organisms 
(PAO). For most PAO, phosphate is stored as poly-P under oxic conditions and 
used as an energy source for anaerobic acetate uptake (He and McMahon, 2011; 
Saia et al., 2021). Investigation of the phosphorus cycling in wetland sediments 
from South Gippsland (Southern Australia) amended with phosphorus revealed 
the same pattern with uptake of phosphorus as poly-P during aerobic conditions 
and release of phosphorus during anaerobic conditions in exchange for acetate 
uptake (Khoshmanesh et al., 1999, 2002). Similar mechanisms are hypothesized 
to occur in sulfide-oxidizing bacteria other than cable bacteria. For example, 
Thiomargarita namibiensis, a giant sulfur bacterium, oxidizes sulfide when 
residing in anoxic sediments using internally stored nitrate (Schulz and Schulz, 
2005). The sulfide is transformed to zerovalent sulfur which is stored in sulfur 
globules. When acetate is available, polyphosphate is hydrolysed and the energy 
is used to store glycogen. When T. namibiensis migrates into oxic sediments 
energy can be gained from oxidation of sulfur (and presumably glycogen) and 
part of this energy is used for nitrate storage and polyphosphate synthesis. Since 
polyphosphates are only hydrolysed when acetate is available it is thought to be an 
auxiliary mechanism for energy conservation (Schulz and Schulz, 2005). Another 
sulfide-oxidizing bacterium, Beggiatoa spp., which is also filamentous and can 
inhabit the same sediments as cable bacteria (Seitaj et al., 2015), has the potential 
to store large amounts of Poly-P in response to environmental conditions. In 
Beggiatoa, polyphosphates are accumulated under oxic conditions, whereas 
breakdown is observed under anoxic conditions with a high sulfide flux (Brock 
and Schulz-Vogt, 2011). The breakdown of polyphosphate was hypothesized to be 
a source of energy during the absence of a suitable electron acceptor or as a way 
to generate energy to increase motility, which would enhance the possibility to 
escape a hostile environment (Brock and Schulz-Vogt, 2011; Langer et al., 2018). 
Yet, here in cable bacteria, poly-P appears to predominantly synthesized under 
anoxic conditions. However, cable bacteria spatially decouple the redox half-
reactions and if a filament is connected to oxygen, the metabolism employed by 
cells within the suboxic zone is aerobic. Cable bacteria also have the metabolic 
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potential for sulfur disproportionation (Kjeldsen et al., 2019), which would 
be a mechanism for anaerobic energy conservation that could potentially be 
employed for poly-P synthesis when a filament is disconnected from oxygen. 
However, the function of cells in their native habitat often cannot be reliably 
predicted from genomic data (Hatzenpichler et al., 2020) and whether or not 
cable bacteria perform sulfur disproportionation in environmental setting 
remains open for investigation. 

5.4.5 The role of polyphosphates in the oxic zone

Since 18O enrichment indicates synthesis of polyphosphate, all filaments with 
18O enriched poly-P granules must have added 18O-labeled phosphate groups 
onto the poly-P chains during the labelling events. So the question remains as to 
how poly-P granules from cells in oxic zone can become slightly enriched with 
18O? One option is that the poly-P is indeed produced in the oxic zone. Because 
polyphosphate synthesis requires energy, preferentially in the form of ATP 
(Kornberg et al., 1999; Nocek et al., 2008; Rao et al., 2009; Wang et al., 2018), 
the cells from the oxic zone must therefore have had the capacity to generate 
energy at some time during the labelling period. Working from the hypothesis 
that cells cannot generate energy from oxygen reduction because they do not 
possess any known terminal oxidases (Kjeldsen et al., 2019) and in line with the 
absence of carbon assimilation in the oxic zone (Geerlings et al., 2020), the only 
known method for energy generation in the oxic zone would be endogenous 
catabolism, which is a stress response often observed in microorganisms 
entering a non-growing stage, where energy is generated from the breakdown of 
large biomolecules (e.g. DNA, RNA, ribosomes, phospholipids) (Bergkessel et al., 
2016). In stressed E.coli cells, this stringent response redirects cellular phosphorus 
towards synthesis of polyphosphate, which is essential for adaptation to various 
stresses (including oxidative stress), and survival during periods of non-growth 
(Rao and Kornberg, 1996; Ault-Riché et al., 1998; Rao et al., 1998). For cable 
bacteria, energy generation from endogenous catabolism could theoretically be 
directed towards the growth of polyphosphates. This would result in 18O labeled 
poly-P if the energy released by the endogenous catabolism is directed towards 
ATP synthesis, where labelled Pi is added onto the ATP molecule which is then 
used for poly-P synthesis.

Another, and perhaps more likely, explanation for the observed labelling in 
the oxic zone is the motility of cable bacteria (Bjerg et al., 2016). Motility is 
most prominent at the oxic-suboxic boundary, where cells were observed to 
transiently move in and out of the oxic zone keeping cell abundance in the oxic 
zone almost constant  (Scilipoti et al., 2021; Yin et al., 2021). In this view, the 
cells retrieved from the oxic zone likely had a period during the labelling period 
where they were residing in the suboxic zone, where energy generation via the 
catabolic half-reaction was directed toward poly-P synthesis whereby 18O-labeled 
phosphate was added onto existing poly-P chains. They then migrated to the 
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oxic zone before the end of the incubation, possibly using the polyphosphates 
as a source of energy for this motility. Since the capacity for oxygen reduction 
appears to be continuously present among all cells within a filament and cells 
thus can quickly switch from sulfide oxidation to oxygen reduction and vice 
versa (Geerlings et al., 2020), the significantly lower 18O atom fractions can be 
the result from a shorter time period for polyphosphate synthesis in the suboxic 
zone and/or subsequent breakdown of the polyphosphate chains to generate 
energy for motility or for other purposes while residing in the oxic zone. 

Because filaments retrieved from the oxic zone show little to no carbon 
assimilation, both after 6 h and 24 h labelling periods, but do show labelling 
of the polyphosphate, growth must have been arrested before the synthesis 
of poly-P and before migration into the oxic zone. Thus, it appears that cells 
are “prepared” to go into the oxic zone, most likely to increase chances of cell 
viability. A critical question is then what the role of poly-P is within the oxic 
zone? Usually poly-P is thought of as a “back-up” energy reservoir, but Poly-P is 
also considered to be essential for survival of the stationary phase and response 
to oxidative stress in many different species (Rao and Kornberg, 1996; Ault-
Riché et al., 1998; Kornberg et al., 1999; Rao et al., 2009; Gray et al., 2014; Gray 
and Jakob, 2015). Oxidative stress is the result of the increased production of 
reactive oxygen species (e.g. superoxide, O2

-, hydrogen peroxide, H2O2, and 
radical hydroxyl, OH∙) in aerobic environments, which can cause irreparable 
damage to proteins, RNA and DNA. The oxygen-reducing cells in cable bacteria 
are in a constant state of oxidative stress which was highlighted by proteomic 
analysis, which revealed high expression of antioxidant proteins (e.g. catalases, 
superoxide reductase, rubrerythrin, and GroEL/ES chaperonins) that remove 
reactive oxygen species or function as a chaperone to avoid irreversible protein 
folding (Kjeldsen et al., 2019). Poly-P can also act to prevent against oxidative 
stress and acts as an ATP-independent primordial chaperone that does not 
have any significant substrate specificity and can stabilize a wide variety of 
different proteins (Gray et al., 2014; Gray and Jakob, 2015). Therefore, it is our 
hypothesis that the polyphosphates within filaments retrieved from the oxic 
zone were used to protect the cells against oxidative stress. If polyphosphate 
is used as a chaperone, this is independent of ATP (Gray et al., 2014; Gray and 
Jakob, 2015) and thus would be ideal for oxic cells that cannot generate energy 
and thus cannot built extra antioxidant proteins during their period in the oxic 
zone. When polyphosphate functions as a chaperone, no phosphate groups are 
removed so once the chain is separated from the accompanying protein, the 
poly-P can still be used for other tasks, such as motility to escape the hostile oxic 
zone. So before a cable bacteria cell enters the oxic zone and thus a non-growing 
state, the cells within a filament that enter the oxic zone are already “prepared” 
to deal with the oxidative stress as to avoid irreparable protein and DNA damage. 
This preparation must involve synthesis of protective proteins (e.g. catalases, 
superoxide reductases and protein chaperones) and our data suggest that this 
might also include the built-up of polyphosphates, which can then be used to 
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protect against the oxidative stress. 

5.4.6 The carbon metabolism is not coupled to the polyphosphate metabolism

Because both carbon assimilation and polyphosphate build-up are governed by 
the redox environment, the two appear connected. However, correlation analysis 
showed that carbon assimilation does not predict the 18O atom fraction of the 
polyphosphate (Fig. 5.6) and thus polyphosphate synthesis operates independent 
from growth, even in the suboxic zone. This is further highlighted by the sizeable 
fraction of filaments that were retrieved from the transition and suboxic zone 
that showed a pattern with little to no 13C enrichment in the cytoplasm but clear 
18O enrichment in the poly-P granules (Table 5.3, Fig. A5.3). This heterogeneity 
in 13C uptake between filaments was also observed in previous SIP experiments 
(Geerlings et al., 2020, 2021) and in experiments using 14C labelling (Kjeldsen 
et al., 2019), where  30-50% of the filaments from the suboxic zone did not 
assimilate any (inorganic) carbon after labelling periods up to 24 h. The filaments 
that did not assimilate carbon were considered inactive and it was hypothesized 
that these filaments were not in contact with oxygen during the incubation and 
thus could not generate ATP. Our findings here indicate that a large fraction of 
these filaments was not inactive but actively building poly-P granules, which 
requires energy, most likely in the form of ATP. Thus, these cable bacteria must 
have had the capacity for energy generation and were most likely connection 
to oxygen, at least for some period during the labelling experiment but did not 
direct this energy toward growth and reproduction. Instead, they remained in a 
state of growth arrest and directed (part of) their energy towards the synthesis 
of polyphosphates, further highlighting the disconnect between the poly-P and 
carbon metabolism. 

Most bacteria spend the majority of their time in prolonged states of very low 
metabolic activity and little to no growth due to limited access to electron 
donors, electron acceptors and/or nutrients, but cells are prepared to undergo 
rapid division cycles once resources become available (Bergkessel et al., 2016). 
For cable bacteria, two types of growth arrest can be distinguished; periods of 
growth arrest that affect the entire filament and a non-growing state that only 
affects the oxygen-reducing cells, as already described above. Although highly 
relevant for natural settings (which are mostly oligotrophic and do not support 
exponential growth), these non-growing states of the bacterial life cycle are far 
less studied (Kolter, 1993; Bergkessel et al., 2016). In most laboratory cultures, 
exponentially growing cells quickly cease their exponential increase in biomass 
because one of the nutrients becomes limiting, thus entering a phase referred 
to as the stationary phase (Kolter, 1993). This development trajectory is also 
observed in laboratory incubations with cable bacteria, where the development 
of a population consists of a lag phase, an exponential growth phase, a stationary 
phase and a death phase (Schauer et al., 2014; Vasquez-Cardenas et al., 2015; 
Burdorf et al., 2017, 2018). The stationary phase can exist for extended periods 
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of time, as recently illustrated by a sediment enrichment culture from the Baltic 
Sea that showed a cable bacteria population in a stationary state for over 200 days 
(Hermans et al., 2020). The enrichment cultures from our study were likely also 
in the stationary phase, where about a quarter of the measured filaments showed 
no carbon assimilation (table 5.3). Note that the stationary phase is an operational 
definition that defines the culture and that this is not a fixed physiological state or 
response of the individual bacteria (Nyström, 2004). Bacteria are able to make an 
orderly transition from the exponential phase, where most bacteria are in a fast-
growing stage, into the stationary phase, where a large fraction of the population 
switches to a state of growth arrest. During the transition from growth to growth 
arrest, the cell cycle is not arrested randomly, since this could halt key metabolic 
processes, especially DNA replication, at stages where severe and irreparable 
damage could occur (Kolter, 1993; Bergkessel et al., 2016). Thus, although these 
non-growing (or slow growing) states are poorly understood, even in model 
organisms, it is required and regulated to ensure cell viability (Bergkessel et al., 
2016). The majority of the filaments retrieved from the transition and suboxic 
zone that were in a non-growing or slow-growing state were actively building 
polyphosphate chains, so they cannot be considered metabolically inactive and 
must have had a method for energy generation. More importantly, polyphosphate 
appears to have an essential role in the stationary phase of the cable bacteria 
life cycle. For model bacterium E.coli, polyphosphate is an important metabolic 
regulator that is involved in the induction of stationary-phase genes. Mutants 
lacking ppk and thus the ability to synthesize polyphosphates fail to survive a 
state of growth arrest and lack resistance to several stressors (e.g. heat, H2O2 
and osmotic stress) (Rao and Kornberg, 1996; Shiba et al., 1997; Ault-Riché et al., 
1998; Grillo-Puertas et al., 2016). It appears that cable bacteria entering a non-
growth phase also form polyphosphates, which appears to have an important 
and perhaps regulatory role.

Non- and slow-growing filaments in the stationary phase must have had a method 
to generate energy which was (partly) directed towards the growth of poly-P. If 
a filament was connected to oxygen, the energy could be generated using long-
distance electron transport which could then be coupled to the growth of poly-P 
granules. 

5.5 CONCLUSION AND OUTLOOK 

The ubiquitous 18O enrichment of poly-P in almost all filaments, both from 
the oxic and suboxic (and transition) zone, highlights the importance of this 
inorganic molecule for the metabolism of cable bacteria. The presence of 
cells with recently built polyphosphates in the oxic zone implies that filaments 
move in and out of the oxic zone in a regulated fashion where growth is halted 
before entering the oxic zone. Within the oxic zone, poly-P is most likely used 
as a chaperone to protect against oxidative stress and/or for motility. Within 
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the suboxic zone, polyphosphate is essential and might be involved in the 
metabolic regulation to enter a non-growing stage. To assess the exact role(s) of 
polyphosphates and their dependence on the growth stage of the cable bacteria 
or the responses to environmental regulators such as nutrient depletion or 
supplementation requires further research where a cable bacteria culture, the 
geochemical environment and the development of polyphosphates are closely 
monitored. To assess the regulatory role that polyphosphates might play into 
entering the stationary phase further genomic analysis is required. 

ACKNOWLEDGEMENTS

N.M.J.G. is the recipient of a Ph.D. scholarship for teachers from the Netherlands 
Organisation for Scientific Research (NWO) in the Netherlands (grant 023.005.049). 
R.H. received financial support from the Olaf Schuiling fund. F.J.R.M. was 
financially supported by the Research Foundation Flanders (FWO) via grant 
G043119N, and the Netherlands Organization for Scientific Research (VICI 
grant 016.VICI.170.072). J.J.M. was supported by the Ministry of Education via 
the Netherlands Earth System Science Centre. The NanoSIMS facility was partly 
supported by an NWO large infrastructure subsidy to J.J.M. (175.010.2009.011).

AUTHOR CONTRIBUTIONS

N.M.J.G, D.V.C, F.J.R.M,  J.M.M and L.P conceived the study. N.M.J.G, D.V.C and 
S.H.M set up the enrichment culture and prepared all samples for nanoSIMS 
analysis. M.V.K and L.P. performed the nanoSIMS analysis. N.M.J.G, M.V.K, R.H. 
and L.P  analysed the nanoSIMS data. N.M.J.G wrote the paper with contributions 
from all co-authors.

DATA AVAILABILITY

Datasets can be accessed via the online repository Zenodo. Doi: 10.5281/
zenodo.5154004

Dataset 1: document (.dac) with the 18O atom fraction for each region of interest defined 
as a poly-P granule. These values were used for Model 1 and to construct figure 5.5 A-C. 

Dataset 2: document (.dac) with the 18O atom fraction of each region of interest defined 
as a poly-P granule and the corresponding 13C atom fraction of the cytoplasm. These 
fractions are only determined for the nanoSIMS data where the 12C14N- ion count was 
measured correctly. These values were used for Model 2 and to construct figure 5.6 and



168

Chapter 5

APPENDIX - LINEAR MIXED MODELS

1. Linear mixed modelling

Two linear mixed models were built to assess the variation between the redox 
zones and the labelling period. The first models focuses on the 18O atom fraction 
within poly-P granules between the different redox zones and the labelling 
periods (model 1) whereas the second model focuses on the variation in the 13C 
atom fraction within cells between the redox zones and the labelling periods 
(model 2).

To assess the significance of the labelling period and the redox zonation, both on 
the 18O atom fraction within a polyphosphate granule and the 13C atom fraction 
within the cytoplasm, a linear mixed model was built using the R package nlme 
(Pinheiro, Bates, and R-core 2021). Here we outline the step-by-step selection 
process for both models, the resulting figures and the code whereas the biological 
significance of this data will be discussed in the main text. For both models, we 
start with the data exploration followed by the actual analysis of the data using a 
step-up approach (Zuur et al. 2009).

2. Model 1 - 18O atom fraction as a function of redox zonation and 
labelling

Before data exploration and analysis, each polyphosphate granules measured 
was assigned to a specific cell (855 levels) within a specific filament (196 levels), 
as well as a specific core (4 levels), zone (3 levels) and labelling period (2 levels). 
Because all the possible explanatory variables are nominal they were defined as 
factors.

2.1 Data exploration

2.1.1 Check for outliers
The first step is to check for outliers. To this end, a cleveland dotplot was produced. 
Such a plot is also useful to get an indication of the spread of the data. Because 
our data is nested (polyphosphate granules within cells within filaments within 
cores), and there are 855 unique cells from 196 unique filaments measured with 
a variable number of measurements per cell and/or filament, a cleveland dotplot 
is easier to interpret than a boxplot. Two cleveland dotplots were made where 
each row of dots is a filament (figure 2.1A) and where each group of dots reflect 
all the measurements within a core (figure 2.1B).
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Figure 2.1: Cleveland dot plots grouped (A) per filament and (B) per core

No outliers were observed, so none of the data points was removed before the 
statistical analysis. The dotplots show a different spread between the different 
cores which appears to correspond with the labelling period; the 24 h incubations 
(core 3 & core 4) seem to show a larger spread and hint towards heteroscedacity 
(unequal variances).

2.1.2 Homogeneity of variance
The next step in the data exploration is to assess whether or not the variance is 
homogeneous. This is best assessed with the use of boxplots. Boxplots were made 
were the 18O atom fraction was grouped per redox zone within each core. Since 
two of the cores are biological replicates, the cores were grouped according to 
their labelling period (figure 2.2).

Figure 2.2: Boxplots of the 18O atom fraction in (A) the 6 h labelling period and (B) the 24 h 
labelling period. Each data point represents the value calculated within a polyphosphate 
granule. White circles and horizontal lines show the mean and median 18O atom fractions, 
respectively. Note that there is no grouping into cells and/or filaments, this is a depiction 
of the raw data.
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In conclusion, variances are unequal which appears on the level of redox 
zonation (oxic, suboxic and transition) and labelling period (6 h and 24 h).

Figure 2.4: Histogram of (A) the 18O atom fraction and (B) the corresponding qqplot. Both 
figures show that the data display a non-normal distribution

The boxplots (Fig. 2.2) indicate that the variation is different between the three 
redox zones and the labelling periods. Boxplots of the fitted values versus the 
residuals (Fig. 2.3) values 

Figure 2.3: Boxplots of the fitted values versus the residuals grouped per (A) redox zone 
and (B) labelling period

2.1.3 Normal Distribution
The data shows a non-normal distribution but because we are building a linear 
mixed model, this is not a problem (Zuur et al. 2009).
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Figure 2.5: Histograms of the distributions split out per redox zones of each of the cores. 
The data displays a non-normal distribution

2.2 The linear mixed model

A linear mixed model includes both fixed and random components. To decide on 
the final model, including which components to include the step-up method as 
described by Zuur et al (2009) was used. First, a so-called beyond optimal model 
is built which includes as many fixed components and interactions as possible. 
By adapting this model the optimal random structure and the optimal variance 
structure will be determined. Once the optimal random structure and variance 
structure is determined, the importance of each of the fixed components and its 
interactions is determined. Models are compared using the Akaike Information 
criterium (AIC). The AIC measures the model fit and model complexity and 
quantifies the relative proximity to reality amongst different models. The lower 
the AIC, the better the fit of the model (Zuur et al. (2009)). The model selection 
for model 1, which is used to investigate the effect of the redox zonation and 
the labelling period on the polyphosphate metabolism, starts with the “beyond 
optimal model” that only includes included fixed effects, in this case redox 
zonation, labelling period and their interaction.
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2.2.1 The beyond optimal model
A generalized least squares model is used as a basis for model comparison. Both 
the redox zonation and the labelling period as well as the interaction between 
the two are included as fixed components.

2.2.2 The ideal random structure
First the random structure is introduced. With the introduction of a random 
structure, the model becomes a linear mixed model. The random structure 
allows for variation between filaments and variation between cells of the same 
filament. Thus, it includes between-filament variation and between-cell variation 
within each filament.

Because each measurement on a polyphosphate granule comes from a specific 
cell that belongs to a specific filament fragment that was retrieved from a specific 
core, two random structures were defined:

1. polyphosphate granules are grouped into cells (855 levels) which are grouped 
into filaments (196 levels)

2. polyphosphate granules are grouped into cells, which are grouped into 
filaments, which are then grouped into cores.

The mixed models with the random structure are compared to the model 
without the random structure to assess whether between-filament and between-
cell variation within a filament needs to be taken into account. This is done by 
comparing the Akaike Information Criteria (AIC) of the models.
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The AIC is lowest value for model B2 (-20511) and model B1 (-20511) when 
compared to model A0 (-18974). To assess if three-level nesting into cells 
and filaments (B1) or four-level nesting into cells, filaments and cores (B2) 
significantly improves the model, both model B1 and B2 were compared to the 
model without random components.

Nesting into cells and filaments (B1) significantly improves the model 
(L.ratio=1542, df=2, p<0.0001) as does four-level nesting into cells, filaments and 
cores (L.ratio=1544, df=3, p<0.0001). To assess if the four-level nesting of filament 
into cores is necessary, another comparison was done between the model with 
nesting into cells and filament and the models with nesting into cells, filaments 
and cores.

The model where cells are nested in filaments who in turn are nested in cores 
is not significantly better than the model where the random term constitutes 
the nesting into cells which are nested into filaments, even when corrected for 
testing on the boundary (L=2.11, df=1, p=0.073). Therefore, nesting into cores is 
excluded in the random part of the model.
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2.2.3 The ideal variance structure
The boxplots (figure 2.2) indicated that the variance was unequal between the 
different zones and between the different labelling periods. Therefore, three 
competing models were built where the variance was allowed to vary as a 
function of these fixed variables:

1. Variance is variable between the three redox zones
2. Variance is variable between the two labelling periods
3. Variance is variable between each combination of redox zonation and 

labelling periods, which would allowed for six different variances.

Again, the model comparison is done using the Akaike information coefficient 
(AIC).

The AIC is lowest for the model that uses one variance term per combination of 
redox zone and labelling period (-20839). To check if the model is significantly 
improved, the model without a variance structure is compared with the multiple 
variance model with the lowest AIC (C3). The log likelyhood value and the p-value 
are used to assess if the model is significantly improved.
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The mixed model without a variance structure (B1) is significantly improved 
when a multiple variance structure is introduced (L.ratio = 338, df = 5, p < 0.0001). 
The p-value needs to be corrected because we are “testing on the boundary,” but 
even then the difference between the two models is still significant.

2.2.4 The ideal fixed effect structure
Now that the best variance structure and the best random structure is found, 
we continue with model C3 to find the ideal fixed effects structure, i.e. find the 
optimal model in terms of the explanatory variables redox zonation and labelling 
period. Because we would like to compare likelihood ratio tests, we choose the 
“ML” method (Zuur et al. (2009)).

To assess which fixed structure is best, first the least significant term is removed. 
Then each term is subsequently dropped and all models are compared to the 
model with all fixed effects. The interaction term between zone and labelling 
(zone:labelling) has the least significance so this term is removed first. 
Subsequently, zone and label are removed as fixed components of the model.

The model where both the redox zonation, the labelling period and and 
interaction term between the components is included has the lowest AIC (-20930). 
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Testing showed that each of the terms is significant and thus no terms can be 
removed from the model. Therefore the final model is refitted with REML to 
check if the variances are equal and thus if the model is valid.

Figure 2.6:  Residuals of the final model as a function of redox zonation and labelling 
period

To assess if each term is significant, the model with all fixed terms included (D0) 
is compared to the model without the interaction term (D1), the model without 
the labelling period (D2), and the model without redox zonation (D3).
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Inspection of the residuals shows that the variances are now equal and the 
model is thus valid. Therefore, the best linear mixed model includes the fixed 
effect “zone” and “labelling period” as well as their interaction, has a random 
structure where poly-P granules are grouped into cells which are grouped into 
filaments and the variance is allowed to vary between each combination of zone 
and labelling period (i.e., a random variance structure).

This model is used to investigate the effect of the redox zonation and the labelling 
period on the 18O atom fraction of a polyphosphate as well as the variation within 
and between filaments.

Figure 2.7: Effect plot showing the modelled values of each combination of redox zonation 
and labelling period

The baseline for this model is the 6 h labelling period from the oxic zone. 
Releveling of the different combinations of redox zones and labelling periods 
was done to assess if the modeled differences between biologically relevant 
combinations (e.g., 6 h oxic vs. 6 h suboxic) are significant.
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2.3 The final model

The optimal model includes the fixed parameters redox zonation, labelling 
period and their interaction. Thus, the final model includes these three fixed 
terms, two random components where poly-P are nested into cells which are 
nested into filaments and a variable variance structure:
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This is a random intercept model where the average intercept is denoted by 
the term α . How the intercept varies as a function of the cell and filament is 
denoted in the term aj  and  aj|k, respectively, where the index j denotes the cell 
and the index k denotes the filament. Both  and  are normally distributed with 
N(0, dj2 ) and N(0, dj|k2 ) , respectively. The term єijk is the unexplained error and 
because a multiple variance structure was added this value is different for each 
combination of the explanatory variables zone and labelling period. Thus, єijk 
~ N(0, σm2), where m denotes the different values for the variances for each 
of the six combinations of redox zone and labelling period (e.g. oxic zone 6 h 
labelling). The output from model 1 gives values of the modelled 18O values for 
each combination of labelling period and zone.

The model output shows that the random effect aj, representing the between 
filament variation is N(0, 0.00097132), the random effect aj|k, representing the 
variation between cells of the same filament, is s N(0, 0.00028572). The random 
noise (єijk) is variable and dependent on the combination of redox zonation and 
labelling period. These values can be used to calculate the intraclass correlation 
at both the filament level (ICCfilament) and at the cell level (ICCcell). The formulae 
are as follows:

Because σ2 varies per zone and labelling period, the ICC is different for each 
combination of zone and labelling period.
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3. Model 2 - 13C atom fraction as a function of redox zonation and 
labelling

To assess the significance of the labelling period and the the redox zonation on 
the 13C atom fraction within the cell, a second linear mixed model was built using 
the R package nlme. The step-by-step selection process is similar to the selection 
process described for model 1.  A description of the model and a discussion of 
the biological relevance is described in the main text.

Before data exploration, each cell from which the 13C atom fraction was measured 
(704) was assigned to a specific filament (164), as well as a specific core (4 levels), 
zone (3 levels) and labelling period (2 levels). Because all the possible explanatory 
variables are nominal they were defined as factors.

3.1 Data exploration

3.1.1 Check for outliers
The first step is to check for outliers. To this end, another cleveland dotplot was 
produced. Because our data is nested (cells within filaments within cores), and 
there are 704 unique cells from 164 unique filaments measured with a variable 
number of measurements per filament, a Cleveland dotplot is easier to interpret 
than a boxplot. Two cleveland dotplots were made where each row of dots is a 
filament (figure 3.1A) and where each group of dots reflect all the measurements 
within a core (figure 3.1B).

Figure 3.1: Cleveland dot plots grouped (A) per filament and (B) per core

No outliers were observed, so no data points were removed before the analysis. 
The dotplots show a different spread between the different cores which appears to 
correspond with the labelling period; the 24 h incubations (core 3 & core 4) seem 
to show a larger spread and hint towards heteroscedacity (unequal variances).
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Figure 3.2: Boxplots of the 13C atom fraction in (A) the 6 h labelling period and (B) the 24 
h labelling period. Each data point represents the value calculated within a cell. White 
circles and horizontal lines show the mean and median 13C atom fractions, respectively. 
Note that there is no grouping into filaments, this is a depiction of the raw data.

The boxplots (Fig. 3.2) indicate that the variation is different and much more 
pronounced in the suboxic zone. Boxplots of the fitted values versus the residuals 
(Fig. 3.3) values confirm this observation

Figure 3.3: Boxplots of the fitted values versus the residuals grouped per (A) redox zone 
and (B) labelling period

3.1.2 Homogeneity of variance
The next step in the data exploration is to assess whether or not the variance is 
homogeneous. This is best assessed with the use of boxplots. Boxplots were made 
were the 13C atom fraction was grouped per redox zone within each core. Since 
two of the cores are biological replicates, the cores were grouped according to 
their labelling period (figure 3.2).

Thus, for the 13C atom fraction, variances are unequal which appears on the level 
of redox zonation (oxic, suboxic and transition) and labelling period (6 h and 24 
h).
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3.2.1 The ideal random structure
The next step in the model selection is to assess which random structure is best. 
We compare different model with a random structure with the model without 
a random structure to assess the best random structure for our data. Because 
the measurement within a cell belong to a specific filament fragment that was 
retrieved from a specific core, two random structures were defined:

1. Cells (704) are grouped into filaments (164 levels)
2. Cells are grouped into filaments, which are then grouped into cores.

The AIC is lowest value for model F1 and F2 (both -6721) when compared to 
model E0 (-5693). To assess if nesting into filaments (F1) or nesting into filaments 
and cores (F2) significantly improves the model, these model were compared to 
the model without random components and to one another.

3.2 The beyond optimal model
A generalized least squares model is used as a basis. Both the redox zonation, the 
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Three-way level nesting of cells into filaments and filaments into cores (F2) does 
not significantly improve the model when compared to a model where cells are 
nested into filaments (F1). Two-way level nesting of cells into filaments (F1) 
significantly improves the original model (E0, L.ratio=1030, df=1, p<0.0001). 
Thus, the model with the random component is used for further analysis.

3.2.2 The ideal variance structure
Because variances are unequal and appear to differ between the different zones 
and labelling periods. Therefore, three competing models were built where the 
variance was allowed to vary as a function of the fixed variables:

1. Variance is variable between the three redox zones
2. Variance is variable between the two labelleling periods
3. Variance is variable between each combination of redox zonation and 

labelling periods, which would allowed for six different variances.

The AIC is lowest for the model that uses one variance term per combination 
of redox zone and labelling period (-7549). To check if the model is significantly 
improved, the model without a variance structure is compared with this multiple 
variance model (G3). The log likelihood value and the p-value are used to assess 
if the model is significantly improved.
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The mixed model without a variance structure (F1) is significantly improved 
when a multiple variance structure is introduced (L.ratio = 838, df = 6, p < 0.0001). 
The p-value needs to be corrected because we are “testing on the boundary,” but 
even then the difference between the two models is still significant.

Now that the best variance structure and the best random structure is found, 
we continue with model G3 to find the ideal fixed effects structure, i.e. find the 
optimal model in terms of the explanatory variables redox zonation and labelling 
period. Because we would like to compare likelihood ratio tests, we choose the 
“ML” method.

3.2.3 The ideal fixed effect structure
To assess which fixed structure is best, first the least significant term is removed. 
Then each term is subsequently dropped and all models are compared to the 
model with all fixed effects.
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The AIC is lowest for the model that includes all fixed effects and their interactions 
(H0). To assess if this model is significantly better, it is compared to the model that 
exclude the interaction term (H1), the model that does not include the labelling 
period as a fixed term (H2) and the model that excludes the redox zonation as a 
fixed term.

Testing showed that each of the terms is significant and thus no terms can be 
removed from the model. Therefore the final model is refitted with REML to 
check if the variances are equal and thus if the model is valid.

Figure 3.4:  Residuals of the final model as a function of redox zonation and labelling 
period
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Figure 3.5:  Effect plot showing the modelled values for 13C of each combination 
of redox zonation and labelling period
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3.3 The final model
The optimal model includes the fixed parameters redox zonation, labelling 
period and their interaction. Thus, the final model includes these three fixed 
terms, one random components where cells are nested into filaments and a 
variable variance structure:
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This is a random intercept model where the average intercept is denoted by 
the term α. How the intercept varies as a function of the filament is denoted 
in the term aj, where the index j denotes the filament. The term aj is normally 
distributed with N(0, dj2). The term єij is the unexplained error and because a 
multiple variance structure was added this value is different for each combination 
of the explanatory variables zone and labelling period. Thus, єij~ N(0, σm2) where 
m denotes the different values for the variances for each of the six combinations 
of redox zone and labelling period (e.g. oxic zone 6 h labelling). The output from 
model 2 gives values of the modelled 13C values for each combination of labelling 
period and zone.

The model output shows that the random effect aj, representing the between 
filament variation is N(0, 0.0022632482).The random noise (єij) is variable and 
dependent on the combination of redox zonation and labelling period. These 
values can be used to calculate the intraclass correlation (ICCfilament). The formula 
is as follows:

Because σ2 varies per zone and labelling period, the ICC is different for each 
combination of zone and labelling period.
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APPENDIX - FIGURES

Figure A5.1: The 18O atom fraction (defined as 18O/(16O+18O)), the 13C atom fraction 
(defined as 13C14N/(12C14N+13C14N)) and the relative phosphorus content (defined as 31P/
(12C14N+13C14N)) of all measured Fields of view (FOV). For FOV where the 12C14N- ion count 
was not measured (see Methods), the 13C atom fraction could not be calculated and the 
relative phosphorus content was defined as 31P/plane/pixel. Scale bars are all 3 μm. Colour 
bars are between 0.002-0.006 for the 18O atom fraction, between 0.010-0.030 for the 13C 
atom fraction and between 0.02-0.04 for the relative phosphorus content when defined as 
31P/(12C14N+13C14N). The colourw bars for the relative phosphorus content when defined as 
31P/plane/pixel are variable. 

6 h incubation

oxic zone

core 1
18O/(16O+18O) 13C14N/(12C14N+13C14N) 31P/(12C14N+13C14N)
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core 2
18O/(16O+18O) 13C14N/(12C14N+13C14N) 31P/(12C14N+13C14N)
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transition zone
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31P/plane/pixel

18O/(16O+18O) 13C14N/(12C14N+13C14N) 31P/(12C14N+13C14N)

18O/(16O+18O)
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18O/(16O+18O) 13C14N/(12C14N+13C14N) 31P/(12C14N+13C14N)
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18O/(16O+18O) 13C14N/(12C14N+13C14N) 31P/(12C14N+13C14N)



  197

The role of polyphosphates

5

transition zone
core 1 31P/(plane*pixel)

core 2
18O/(16O+18O) 13C14N/(12C14N+13C14N) 31P/(12C14N+13C14N)

18O/(16O+18O)



198

Chapter 5

18O/(16O+18O)

suboxic zone
core 1

31P/(plane*pixel)

18O/(16O+18O) 13C14N/(12C14N+13C14N) 31P/(12C14N+13C14N)



  199

The role of polyphosphates

5

core 2
31P/(plane*pixel)
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A

D

31P 18O/(16O+18O) Esi

Figure A5.2: Representative NanoSIMS images of cable bacteria of (A-C) the thin 
morphotype and (D-F) the thick morphotype. Shown are the (A, D) 31P- ion counts, (B, E) 
18O atom fraction and (C, F) and secondary electrons. Scale bars are all 3 μm.

E

B C
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Figure A5.3: Boxplot of the 13C atom fractions in (A) the 6 h labelling period and the (B) 
24h labelling period. Data is shown separately for each replicate core. Each data point 
represents the value calculated within the cytoplasm of the cell. White circles and 
horizontal lines show the mean and median 13C atom fractions, respectively. Note that 
there is no grouping in filaments, this is a depiction of the raw data. (C) outcome of 
the modelled 13C atom fractions from the 6 h labelling period and (D) the 24 h labelling 
period. The outcome was calculated using the linear mixed model described in model 2. 
Black circles denotes the average values, the lines depict the lower and upper confidence 
limits (95%). P values indicate significant differences between the zones. The step-by-step 
built-up and outcomes of the linear mixed model can be found in the Appendix - linear 
mixed models and the 13C atom fraction for each cell used in this figure can be found in 
Dataset 2.

A B

C D
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6h 24h
oxic transition suboxic oxic transition

6h
transition < 0.0001 -

suboxic 0.0326 0.1140 -

24h

oxic 0.0016 0.3151 0.0027 -

transition 0.3151 0.0001 0.0772 0.0002 -

suboxic 0.0027 0.0772 < 0.0001 < 0.0001 0.2909

Table A5.1: Different p-values calculated by model 1 to test whether differences 
between zones and labelling periods are statistically significant. The green boxes depict 
combinations between zones and labelling periods between which the 18O atom fraction 
of the polyphosphates is statistically different that might have environmental significance 
as well. The blue boxes depict  combinations between zones and labelling periods 
between which the 18O atom fraction of the polyphosphates is not statistically different 
which might also be of environmental interest.

zone labelling fit se lower upper
oxic 6h 0.002676 0.00018 0.002322 0.003030

transition 6h 0.003816 0.00010 0.003617 0.004016

suboxic 6h 0.003366 0.00026 0.002847 0.003885

oxic 24h 0.003646 0.00024 0.003171 0.004122

transition 24h 0.005267 0.00036 0.004569 0.005965

suboxic 24h 0.005698 0.00020 0.005312 0.006083

Table A5.2: Outcome of Model 1 showing the fitted values, standard error, lower limit and 
upper limit for each combination of redox zonation and labelling period. These values 
were used to produce the graphs depicted in figure 6D-E.

6h 24h
oxic transition suboxic oxic transition

6h
transition 0.001 -

suboxic 0.0278 0.0364 -

24h

oxic 0.8296 0.4898 -

transition 0.4898 0.3348 0.1443 -

suboxic < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Table A5.3: Different p-values calculated by model 2 to test whether differences in the 
13C atom fraction between zones and labelling periods are statistically significant. The 
green boxes depict combinations between zones and labelling periods between which 
the 13C atom fraction of the polyphosphates is statistically different that might have 
environmental significance as well. The blue boxes depict  combinations between zones 
and labelling periods between which the 13C atom fraction of the polyphosphates is not 
statistically different which might also be of environmental interest.
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ABSTRACT
In marine and freshwater sediments, so-called cable bacteria are found that can 
become centimeters long. These bacteria are multi-cellular and they can consist 
of ten thousands of cells. The cells are connected to each other in a long chain 
that is called a filament. The remarkable thing is that cable bacteria have de-
veloped a very special method to generate energy for living. This involves the 
transport of electrons over the entire length of a filament, which is several cen-
timeters. This makes them the champions of electron transport in the microbi-
al world! Researchers are interested in these cable bacteria for several reasons. 
The first one is because they can transport electrons very efficiently, which could 
be useful for future technological applications. The second reason is that their 
very strange metabolism has not been seen before in any other living organism.  
The cells within a filament of cable bacteria work together in a very puzzling way 
. Only part of the cells generate enough energy to stay alive while the other cells 
perform a type of “community service” where they cannot generate energy.  

Keywords: bacteria, cable bacteria, metabolism, electron transport, redox 
reaction
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BACTERIA ARE EVERYWHERE

Bacteria are spread all over the Earth and have been found in the air, in soils, 
rivers, lakes, oceans, but also the inside of our own human body. These bacteria 
have a large impact on their environment and therefore we investigate them. In 
this study, we focused on cable bacteria, a very peculiar type of bacteria that was 
recently discovered in sediments at the bottom of the ocean or lakes. Sediments 
contain many different species of bacteria. On average, there are about 100 
million to a billion bacteria present in a gram of surface sediment (Parkes et 
al., 2014). Bacteria are usually single-celled, but not always though. The cable 
bacteria form such an exception, as they are multicellular.

BACTERIA IN SEDIMENTS “EAT” THE CHEMICALS IN THE 
SEDIMENT

Like every living creature, bacteria need energy to survive. Bacteria make use of 
chemical reactions to obtain this energy, and these chemicals can be thought of 
as the “food” for the bacteria. Bacteria that can harvest energy from a chemical 
reaction are called chemotrophs. These chemical reactions are necessary for an 
organism to live and are part of the metabolism. 

There are a lot of different types of chemotrophs and they can use a lot of 
different chemical reactions. Here, we will focus on so-called sulfide-oxidizing 
bacteria. These bacteria use the chemical reaction between hydrogen sulfide 
(H2S) and oxygen (O2) to generate energy for their metabolism. In simplified 
terms, one could say they “eat” hydrogen sulfide (H2S) and “breath” oxygen (O2). 
This releases sulfate (SO4

2-) and protons (H+) according to the following chemical 
reaction:

    H2S + 2 O2 →  SO4
2- + 2 H+         (reaction 1) 

CELLS GENERATE ENERGY FROM ELECTRON TRANSPORT

So how do sulfide-oxidizing bacteria get this chemical energy from the reaction? 
They do this by stripping energy-rich electrons from one molecule (H2S) and 
giving these electrons to another molecule (O2). Electrons are subatomic particles 
with a negative electrical charge (symbol: e-). During the transfer of electrons, 
energy is generated because the electrons go from a higher energy level to a 
lower energy level. The molecule giving away electrons (electron donor) and the 
molecule taking up the electrons (electron acceptor) are hereby transformed 
into new chemical species. The type of chemical reaction where electrons are 
transferred is called a redox reaction. 

By transporting electrons, each cell generates energy for itself. A flow of 
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electrons is essentially electricity so you could also say that all cells generate 
electricity. In living cells, this electricity is typically generated on a very small 
scale. Electrons are transported over distances of a few nanometers (1 nm = a 
billionth of a meter). This is the case for the most simple single-celled bacteria 
as well as each cell in a human body. In essence, each individual cell takes care 
of its own energy demand (Meysman, 2018; Fig 6.1). 

Biologists thought that the idea that each cell takes care of its own energy 
demand was true for all cells on Earth. However, in 2012, the cable bacteria with 
their strange metabolism were discovered. This revealed that thousands of cells 
can work together to generate energy (Pfeffer et al., 2012). 

THE METABOLISM OF CABLE BACTERIA

WWhen cable bacteria were discovered microbiologist all over the world became 
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Net reaction      H2S + 2 O2 → SO4
2- + 2 H+
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Figure 6.1: A sulfide-oxidizing bacterium takes high-energy electrons from the hydro-
gen sulfide, which is the electron donor. The electrons are transported along the cell for 
short distances of about 10 nanometers. Finally, the electrons are given to oxygen mol-
ecules, the electron acceptor. During the transfer of electrons, energy is released which 
the bacteria can use to live and grow. In this way, each cell can take care of its own energy 
demand.
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excited. Cable bacteria are different from most bacteria in three ways:

1. They are multicellular and can become very long

Bacteria are usually single-celled, but cable bacteria are multicellular and they 
can consist of thousands to ten thousands of cells. The cells are connected to 
each other in a long chain that is called a filament. A filament can grow up to a 
length of a few centimeters, which is enormous for bacteria, that are typically 
one thousanth of a centimeter long. The filament is very thin (between 0.001 mm 
or and 0.005 mm) so we still cannot see cable bacteria with the naked eye. With 
specialized microscopes it is easy enough to spot them (Fig 6.2A-C)

2. Cable bacteria transport electrons over really long distances 

When we look at cable bacteria under the microscope we can see that they look 
like a cable. When we zoom in further with an electron microscope, we see that 
each filament has several fibers in their body. These fibers run along the length 
of the filament and connect all the cells to each other (Meysman, 2018; Pfeffer et 
al., 2012; Fig 6.2C). These fibers are like an electric wire and they transport the 
electrons from the bottom to the top of the filament (Meysman et al., 2019). 

All living cells can transport electrons, but usually this electron transport takes 
place over very short distances (about 10 nanometer or 10 billionth of a meter). 
Cable bacteria can transport electrons more that 100 million times further than 
other bacteria. They can transport electrons over distances of a few centimeter 
(1 cm = 10.000.000 nm) (Pfeffer et al., 2012). As far as we know, no other microbe 
can transport electrons this far. This makes them the world champions of 

Figure 6.2: Three images of cable bacteria. (A) Filaments of cable in between the sediment 
layers. The top of the sediment has been lifted to reveal the cable bacteria. In the orange 
layer, oxygen is available. In the black sediment layer, the cable bacteria have access to 
hydrogen sulfide. Image courtesy of Dr. Nils Risgaard-Petersen (Aarhus University). (B) 
Image taken with a light microscope showing of a bundle of cable bacteria filaments. 
The scale bar is 10 micrometer. Image: Silvia Hildalgo-Martinez (University of Antwerp). 
(C) An image of 7 cells of a cable bacterium that shows the electron-conducting fibers. 
This image was taken with an electron microscope. The scale bar is 3 micrometer (1 
micrometer = 1 millionth of a meter).

A B C
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electron transport in the microbial world.

At the moment, scientist do not know what the electron-conducting fibers are 
made off. We do know that the electron transport is very fast and efficient, 
like in a copper wire. The fiber material could be useful for biotechnological 
applications in the future (Meysman et al., 2019). Maybe in the future, we can use 
cable bacteria to make new, environmentally friendly batteries. 

3. They have cells for “eating” and cells for “breathing”

Usually, each cell does both the “eating” and “breathing” where electrons are 
transported from the electron donor to the electron acceptor. In this way, 
each cell provides its own energy to live and grow. This means that for sulfide-
oxidizing bacteria, each individual cell takes electrons from H2S and gives them 
to O2, as seen in reaction 1 (Fig. 6.1). Cells from a cable bacteria divide the tasks.
Cells that have access to hydrogen sulfide deeper in the sediment are specialized 
in “eating” and strip the electrons from the hydrogen sulfide via the following 
reaction:

H2S + 4 H2O →  SO4
2- + 10 H+ + 8 e-                                                                           (reaction 2)

The cells in the top of the filament are specialized in “breathing”. These cells give 
the electrons to oxygen via the following chemical reaction

O2 + 4 e- + 4 H+ → 2 H2O                                                        (reaction 3)

The electrons that are stripped from the hydrogen sulfide (reaction 2) are 
“uploaded” onto the electron-conducting fibers and then transported to the top 
of the filament. The cells at the top of the filament give the electrons to oxygen 
molecules (reaction 3). 

Therefore, cells work together so the filament gets enough energy to live (Pfeffer 
et al., 2012; Fig 6.3). This sort of “electrical teamwork” between cells has never 
been observed, not even in other multicellular organisms. This division of 
labor gives cable bacteria a huge advantage because they can use the reaction 
between the energy-rich hydrogen sulfide and oxygen to generate energy, even 
if these molecules are in different locations (Pfeffer et al., 2012; Meysman, 2018). 
Therefore, cable bacteria are found all around the world and when they are 
present in the sediment, there are a lot of them.

If the filament has no access to oxygen or hydrogen sulfide, there is no electron 
transport and the cable bacteria cannot generate energy. So, the cells need each 
other and rely on each other for the generation of energy (Meysman, 2018). 
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Figure 6.3: Cable bacteria filaments position themselves in the sediment where ~90% of 
the cells in a filament have access to hydrogen sulfide and ~10 % of the cells have access 
to oxygen. The cells that have access to sulfide (H2S) strip electrons from this sulfide and 
this releases energy that these cells can use to live and grow. The electrons are given to the 
electron-conducting fibers and transported to cells that have access to oxygen (O2). The 
electrons are given to oxygen but this does not generate energy for these cells. Therefore, 
the cells that give electrons to oxygen cannot grow.  

HOW DO CELLS WITHIN MULTICELLULAR CABLE BACTERIA 
WORK TOGETHER?

Even though the different types of cells need each other, the teamwork between 
cells within a cable bacteria filament is not fair. The cells that take the electrons 
from hydrogen sulfide get energy from this reaction which allows them to grow 
(Geerlings et al., 2020). 

Surprisingly enough, researchers found that the cells that give the electrons to 
oxygen get no or very little energy from this reaction and cannot grow. If a cell 
cannot generate enough energy, it will eventually die. However, the reaction with 
oxygen is necessary to keep the rest of the filament alive. When cable bacteria 
are not connected to oxygen, they stop transporting electrons and none of the 
cells get energy. Because the reaction with oxygen benefits the filament but is 
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GLOSSARY

Sediments
Naturally occurring solid material deposited at the bottom of lakes and 
seas and that can be broken down via chemical and physical processes. 

Chemotrophs
Organisms that obtain the energy necessary for cellular processes from a 
chemical redox reaction which involves electron transfer from an electron 
donor to an electron acceptor. 

Metabolism
All the chemical processes that are necessary for an organism to stay alive. 
This includes the conversion of food to energy to run cellular processes. 

Redox reaction
A type of chemical reaction where electrons are transferred from an 
electron donor (reductant) to and electron acceptor (oxidant). Many 
reactions involved in the metabolism of a cell are redox reactions.

Electron microscope
A microscope that uses a beam of electrons as a source of illumination. An 
electron microscope can zoom in much further than a light microscope 
and therefore, smaller objects can be observed.

harmful to the cell itself, the cells in the oxic zone are providing a “community 
service” to the filament. They provide a service to the rest of the cells in the 
filament, but they get no advantage of this service because they cannot generate 
energy and grow (Geerlings et al., 2020) (Fig. 3). 

At the moment, it is unknown if they give electrons to oxygen until they die 
and are then replaced by new cells or if cells within a filament can switch roles. 
Just like the “electrical teamwork”, this strange “community service” within a 
filamentous, multicellular organism is a new discovery in biology (Geerlings et 
al., 2020).
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SAMENVATTING 
Energie voor leven

Alles wat leeft heeft energie, een koolstofbron en nutriënten nodig om het 
metabolisme op gang te houden en zo in leven te blijven. Het merendeel van 
de energie die nodig is voor het leven op Aarde wordt geleverd door de zon. 
Organismen die in staat zijn tot fotosynthese kunnen de lichtenergie van de 
zon omzetten in chemische energie. Deze organismen noemen we daarom 
fototroof en bekende voorbeelden van fototrofe organismen zijn planten en 
cyanobacteriën. 

Het licht van de zon is niet de enige bron van energie die gebruikt kan worden door 
organismen; zogeheten chemotrofen verkrijgen energie voor hun metabolisme 
door redox reacties die uit evenwicht zijn te katalyseren (versnellen). Bij een 
redox reactie worden er elektronen overgedragen van een elektrondonor (de 
reductor) naar een elektronacceptor (de oxidator). Als een elektron (symbool: 
e-) tijdens de overdracht van de reductor naar de oxidator van een hoger naar 
een lager energieniveau gaat komt er energie vrij die beschikbaar is voor 
het metabolisme van het chemotrofe organisme. De beschikbare energie is 
variabel en afhankelijk van zowel het potentiaalverschil tussen de oxidator en 
de reductor als de chemische samenstelling van de omgeving; er zijn dan ook 
veel verschillende soorten chemotrofen en deze kunnen veel verschillende 
soorten chemische reacties gebruiken om energie te verkrijgen. Als de reductor 
een organische stof is (bv. glucose, C6H12O6, of acetaat, CH3COOH) dan noemen 
we het organisme chemoorganotroof. Is de reductor een anorganisch molecuul 
of ion (bv. waterstofsulfide, H2S, of ijzer(II), Fe2+), dan spreken we van een 
chemolithotroof organisme. 

Een levende cel kan energie genereren door elektronen van de reductor naar de 
oxidator over te dragen. Deze elektronenoverdracht vindt stapsgewijs plaats via 
de elektronentransportketen; een reeks eiwitcomplexen in het celmembraan. 
De energie die vrijkomt via de elektronenoverdracht wordt gebruikt om 
protonen (H+) over het membraan heen te transporteren waardoor er een 
gradiënt van protonen ontstaat, waarin energie ligt opgeslagen. Deze wordt 
vervolgens gebruikt om adenosinetrifosfaat (ATP) te produceren, de universele 
energiedrager die in alle cellen aanwezig is. Door elektronentransport langs de 
elektronentransportketen is elke individuele cel in staat om energie voor zichzelf 
te creëren. 

Naast energie heeft elk organisme een koolstofbron nodig voor onderhoud en 
aanmaak van celmateriaal. De koolstofbron die gebruikt wordt bepaalt of een 
organisme wordt aangeduid als autotroof of heterotroof. Autotrofe organismen 
gebruiken een anorganische (abiotische) koolstofbron (bv. koolstofdioxide, CO2), 
terwijl heterotrofe organismen organische stoffen als koolstofbron gebruiken. 
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Een heterotroof organisme is dus afhankelijk van andere organismen; het 
gebruikt organische moleculen die door autotrofe organismen aangemaakt zijn.

In sedimenten kunnen de reacties die versneld worden door chemolithotrofe en 
chemoorganotrofe microben een belangrijke rol spelen in de biogeochemische 
cyclus van verschillende elementen (bv. koolstof, stikstof, zwavel en fosfor) 
en sommige microben kunnen zelfs een dominante invloed hebben op de 
geochemie van het sediment waarin ze leven. 

Microbiële reacties in mariene sedimenten

Biogeochemische processen in sediment zijn gelinkt aan processen in de 
bovenliggende waterkolom en de meerderheid van de microben in het sediment 
is afhankelijk van energie en nutriënten die geleverd worden vanuit de 
waterkolom, voornamelijk in de vorm van organische koolstof. Deze organische 
koolstof is geproduceerd door fotoautotrofen, zoals cyanobacteriën en algen. Van 
deze primair geproduceerde koolstof bereikt ongeveer 4-5% het sediment, de rest 
wordt afgebroken in de waterkolom. De meerderheid van de organische koolstof 
die het sediment bereikt wordt afgebroken door organoheterotrofe organismen, 
die deze koolstof dus gebruiken als elektrondonor én als voedingstoffen om 
celmateriaal uit op te bouwen. 

Voor de afbraak van organisch materiaal (een reductor) is een elektronacceptor 
(oxidator) nodig. Wanneer zuurstof (O2) wordt gebruikt als oxidator komt 
de meeste energie vrij. Zuurstof kan via diffusie vanuit de waterkolom in het 
sediment terecht komen. Omdat de reactie tussen zuurstof en het organisch 
materiaal zoveel energie oplevert voor chemoorganoheterotrofe microben, wordt 
dit zuurstof snel verbruikt. Hierdoor wordt het sediment anoxisch (zuurstofloos) 
vanaf een bepaalde diepte en kan het organisch materiaal alleen nog maar 
anaeroob (zonder zuurstof) worden afgebroken. De organotrofe microben die 
daar leven zullen hun energie dus moeten halen door het gebruik van alternatieve 
oxidatoren om het organisch materiaal af te breken. Hierdoor ontstaat er een 
opeenvolging van verschillende biogeochemische “zones” in het sediment die 
gekarakteriseerd worden door de dominante oxidator die verbruikt wordt. De 
volgorde van deze zones is het gevolg van de hoeveelheid (thermodynamische) 
energie die uit de oxidatie van het organisch materiaal verkregen kan worden. 
Anaerobe afbraak van organisch materiaal is opeenvolgend gebaseerd op het 
gebruik van nitraat (NO3

-), mangaan(IV)oxide (Mn4+), ijzer(III)(hydr)oxide (Fe3+) 
en sulfaat (SO4

2-) als elektronacceptor. 

De anaerobe oxidatie van organisch materiaal met behulp van nitraat, 
mangaan(IV)oxide en ijzer(III)(hydr)oxide speelt maar een kleine rol. In de 
meeste sedimenten is de concentratie nitraat laag en de hoeveelheid vast 
mangaan(IV)oxide beperkt. Reductie van ijzer(III)-ionen door de reactie met 
organisch materiaal is beperkt omdat de abiotische (chemische) reacties waarbij 
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ijzer(III)(hydr)oxide reageert te snel is en microben niet kunnen concurreren met 
deze abiotische oxidatie. Afbraak van organisch materiaal via sulfaat reductie 
speelt wel een grote rol omdat de concentratie sulfaationen in zeewater hoog is 
(~28 mM). De diversiteit van de zogeheten sulfaatreducerende bacteriën is dan 
ook groot en sulfaatreductie is verantwoordelijk voor een groot gedeelte van de 
afbraak van organisch materiaal. Wanneer organisch materiaal via sulfaatreductie 
wordt afgebroken ontstaan er grote hoeveelheden waterstofsulfide (H2S). Dit 
waterstofsulfide bevat nog steeds veel energie die oorspronkelijk opgesloten 
zat in het organisch materiaal. De grootste hoeveelheid (vrije) energie komt 
beschikbaar als het H2S kan reageren met zuurstof, waarbij waterstofsulfide 
elektronen overdraagt aan zuurstof: 

    H2S + 2 O2→ SO4
2- + 2 H+   (reactie 1) 

Vereenvoudigd zou men kunnen zeggen dat zwaveloxiderende microben H2S 
“eten” en O2 “ademen”. Deze reactie levert een hoop energie op (∆G0 = -794 kJ 
mol-1 H2S) die de zwavel-oxiderende microben kunnen gebruiken voor groei en 
celdeling. Omdat waterstofsulfide en zuurstof meestal niet altijd op dezelfde plek 
aanwezig zijn hebben de zwavel-oxiderende microben interessante evolutionaire 
strategieën ontwikkeld om toch gebruik te kunnen maken van deze reactie. 

Een van deze innovaties is elektronentransport over afstanden van enkele 
centimeters door kabelbacteriën waardoor ze in staat zijn om H2S en O2 met 
elkaar te laten reageren, ook al zijn deze opgeloste reductor en oxidator van 
elkaar gescheiden in de ruimte. Dit elektronentransport vindt plaats over 
afstanden van enkele centimeters. 

Elektronentransport over lange afstanden: een unieke adaptatie

Kabelbacteriën zijn centimeterlange micro-organismen bestaande uit duizenden 
opgestapelde cellen die samen een kabel – of filament – vormen. Over de gehele 
lengte van het filament, in de celwand, loopt een parallel netwerk van vezels 
die in staat zijn om elektronen te geleiden. Deze meercellige bacteriën gedragen 
zich enigszins als elektriciteitskabels, vandaar ook de naam “kabelbacteriën”. 

In het algemeen is elke cel verantwoordelijk voor zijn eigen energiebehoefte 
en biologen dachten dat dit zo was voor alle cellen op Aarde; zowel voor 
microben als voor multicellulaire eukaryoten zoals de mens. Het metabolisme 
van kabelbacteriën onderscheidt zich van andere alle organismen op twee 
fundamentele vlakken; (1) het elektronentransport vindt plaats over afstanden 
van enkele centimeters en (2) cellen moeten samenwerken en zijn van elkaar 
afhankelijk voor het katabolisme.  

Het transport van elektronen over de elektronentransportketen vindt normaliter 
plaatst over afstanden van enkele nanometers (1 nm = 1 ∙ 10-9 m of een miljardste 
van een meter). Dit valt echter allemaal in het niet bij de afstand waarop 
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kabelbacteriën elektronen transporteren. Kabelbacteriën kunnen elektronen 
100 miljoen keer verder transporteren en afstanden van enkele centimeters zijn 
niet buitengewoon (1 cm = 10.000.000 nm). 

Cellen in diepere lagen van het sediment oxideren het waterstofsulfide volgende 
de onderstaande halfreactie

H2S + 4 H2O  → SO4
2- + 10 H+ + 8 e-                                         (reactie 2)

De elektronen die vrijkomen worden door interne vezels binnen het filament 
getransporteerd naar de bovenste lagen van de zeebodem. Hier geven andere 
cellen de elektronen weer af aan zuurstof: 

O2 + 4 H+ + 4 e- → 2 H2O                                    (reactie 3)

Het elektronentransport is dus noodzakelijk voor het functioneren van een 
kabelbacterie omdat de halfreactie van de reductor op een andere locatie 
plaatsvindt dan de halfreactie van de oxidator. Cellen binnen een filament zijn 
afhankelijk van elkaar en moeten samenwerken om de energie op te wekken die 
nodig is voor groei en celdeling. Deze “elektrische taakverdeling tussen cellen is 
tot dusver uniek en geeft kabelbacteriën een enorm voordeel, aangezien er veel 
energie vrijkomt via de aerobe oxidatie van zwavelsulfide. 

De impact van kabelbacteriën op de geochemie van het sediment

De metabolische activiteit van kabelbacteriën kan grote invloed hebben op 
de geochemie van de sedimenten waarin ze leven. Er zijn drie geochemische 
kenmerken die gezien kunnen worden als een “geochemische vingerafdruk” die 
de activiteit van kabelbacteriën verraadt: 

(1) een suboxische zone waarin geen zuurstof en waterstofsulfide aanwezig 
is 

(2) een ‘elektrogeen’ pH profiel met een hoge pH in de zone waar zuurstof 
wordt gereduceerd en een lage pH in de suboxische zone 

(3) de aanwezigheid van een elektrisch veld waardoor het sediment gezien 
kan worden als een biobatterij. 

Deze “geochemische vingerafdruk” is een direct gevolg van het metabolisme van 
de kabelbacteriën. 

Tijdens de groeifase van de populatie wordt de suboxische zone steeds groter 
omdat de groei ervoor zorgt dat er steeds meer H2S wordt verbruikt. Uiteindelijk 
wordt het H2S dat gevormd wordt (bv. door sulfaat reductie) meteen verbruikt, 
waardoor er netto geen H2S meer aanwezig is. Dus, ondanks dat de concentratie 
H2S zo laag is dat deze niet detecteerbaar is, wordt H2S wel verbruikt door 
kabelbacteriën. De lengte van de suboxische zone kan variëren van een 
millimeter tot enkele centimeters. 
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Het “elektrogene” pH profiel komt door de ruimtelijke spreiding van de 
halfreacties. De cellen in de zuurstofrijke zone van het sediment reduceren het 
zuurstof volgens reactie 3. Hierbij worden ook H+-ionen (protonen) verbruikt 
waardoor de pH van het poriewater stijgt en basisch wordt. De cellen in de 
suboxische zone die waterstofsulfide oxideren zorgen voor de vorming van 
protonen (zie reactie 2) waardoor de pH van het poriewater daalt tot onder 
de 7 en zuur wordt. In natuurlijke systemen zijn pH waardes van 8.8 gemeten 
in de zuurstofrijke zones met bijbehorende waardes van 6.1 in de suboxische 
zone. Hieruit blijkt dat het metabolisme van een populatie kabelbacteriën 
een groot effect kan hebben op de pH van de omgeving en kabelbacteriën zijn 
daarom tot ‘ecosysteem engineers’ bestempeld. Het derde kenmerk,  waarbij 
het sediment gezien kan worden als een biobatterij, is het gevolg van het 
elektronentransport gefaciliteerd door kabelbacteriën. Doordat elektronen 
zich van de suboxische zone naar de zuurstofrijke zone verplaatsen vindt er 
een tegengestelde verplaatsing van ionen plaats om deze ladingsongelijkheid te 
compenseren. Positief geladen ionen verplaatsen zich van de suboxische zone 
naar de zuurstofrijke zone verplaatsen terwijl negatief geladen ionen zich in 
omgekeerde richting verplaatsen.

De activiteit van kabelbacteriën heeft een directe invloed op de de pH van het 
sediment. Deze pH heeft weer invloed op het oplossen en neerslaan van mineralen 
in het sediment. Door de verzuring van het poriewater in de suboxische zone 
zullen mineralen van ijzer(II)sulfiden (FeS) en calciumcarbonaten (CaCO3) 
oplossen volgens de onderstaande reacties:

FeS + 2H+ → Fe2+ + H2S                                         (reactie 4)

CaCO3 + H+ → Ca2+ + H2O + HCO3
-                                           (reactie 5)

Door het oplossen van deze mineralen komt er ijzer(II) (Fe2+) en calcium (Ca2+) 
vrij in het poriewater. Deze ionen migreren naar de zuurstofrijke zone waar ze 
reageren met het zuurstof en neerslaan als ijzerhydroxiden en calciumcarbonaat:

4Fe2+ + O2 + 8 OH- → 4 FeOOH + 2 H2O                           (reactie 6)

Ca2+ + CO3
2-→ CaCO3                                                                                 (reactie 7)

Hierdoor ligt er vaak een dikke korst van calciumcarbonaat en/of ijzerhydroxiden 
bovenop het sediment waarin een populatie van kabelbacteriën actief is of was.

Door het oplossen van de ijzer(II)sulfiden (reacite 4) komt er ook H2S vrij, dit 
wordt meteen gebruikt door de kabelbacteriën waardoor het niet gemeten 
kan worden. Er ontstaat dus een positief feedbackmechanisme waarbij de 
activiteit van kabelbacteriën ervoor zorgt dat er H2S beschikbaar komt waardoor 
de activiteit van kabelbacteriën groter wordt waardoor er weer meer H2S 
beschikbaar komt.
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De ecofysiologie van kabelbacteriën

Sinds de ontdekking van kabelbacteriën in 2012 heeft onderzoek aangetoond dat 
de aanwezigheid van kabelbacteriën wijdverspreid is. Ze worden voornamelijk 
gevonden in mariene sedimenten maar ze kunnen ook aanwezig zijn in 
zoetwater sedimenten in meren, rivieren en aquifers. Aangezien kabelbacteriën 
een grote impact hebben op de chemische samenstelling van hun omgeving is 
het van belang dat we weten hoe deze bacteriën werken. Dit proefschrift richt 
zich dan ook op de ecofysiologie van kabelbacteriën; hoe wordt de energie die 
opgewerkt wordt dankzij de “elektrische samenwerking” verdeeld tussen de 
cellen binnen een filament? Hoe werkt groei en celdeling in een filament waar de 
cellen afhankelijk van elkaar zijn? Zijn kabelbacteriën autotroof of heterotroof? 
En hoe beïnvloedt het metabolisme van de kabelbacterie de mineralogie van 
het sediment en hoe heeft deze veranderende omgeving weer invloed op het 
metabolisme van de kabelbacterie?

Om meer inzicht te verkrijgen in het de ecofysiologie van kabelbacteriën is er 
voornamelijk gebruikt gemaakt van verschillende analysetechnieken waarbij de 
bacteriën geobserveerd konden worden op de micrometer schaal. Er is gebruikt 
gemaakt van elektronenmicroscopie in combinatie met verschillende soorten 
spectroscopie waardoor het mogelijk is om tegelijkertijd een gedetailleerd beeld 
en informatie over de chemische samenstelling te verkrijgen.

Voor onderzoek naar het metabolisme van kabelbacteriën zijn populaties 
gelabeled met stabiele isotopen (13C, 15N en 18O) door voedingsstoffen met zware, 
stabiele isotopen (bv. 13CO2, 13C-propionaat of 15N-ammonium) toe te voegen aan 
een actieve populatie. De opname van deze stabiele isotopen kan vervolgens in 
individuele kabelbacteriën gemeten worden met behulp van secundaire ionen 
massaspectrometrie op nanoschaal (nanoSIMS). Deze techniek biedt zowel een 
hoge ruimtelijke resolutie (~50 nm) als een hoge massaresolutie zodat bepaald 
kan worden welke voedingsstof is opgenomen (bv. anorganische of organische 
koolstof) en welke cellen (of organellen) de gelabelde nutriënten hebben 
opgenomen. Zo kan gemeten worden hoe de cellen in het filament van een 
kabelbacterie samenwerken en hoe filamenten binnen een populatie van elkaar 
verschillen.

In hoofdstuk 1 wordt er ingegaan op de achtergrond en motivatie van dit 
proefschrift. 

Hoofdstuk 2 is een exploratieve studie gericht op de interactie tussen 
kabelbacteriën en de mineralogie van de directe omgeving. Dit is gedaan om 
te onderzoeken of kabelbacteriën een actieve en/of directe rol speelden bij het 
ontstaan van mineralen. Meer dan 500 beelden van 50 verschillende monsters 
zijn onderzocht met behulp van elektronenmicroscopie en verschillende 
spectroscopische technieken zijn toegepast om meer inzicht te krijgen in 
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de chemische samenstelling. Deze observaties laten zien dat twee soorten 
biomineralisatie om de filamenten heen te zien is; (1) een coating van klei-
mineralen en (2) een mineraalkorst van ijzer(III)hydroxiden die zich om de 
cellen in de zuurstofrijke zone kan vormen. Kabelbacteriën kunnen zich 
glijdend voortbewegen in het sediment, waarbij beweging wordt gefaciliteerd 
door een “extracellulaire polymere substantie” (EPS) die vergelijkbaar is 
met slijm. De kleimineralen die als een coating om het filament heen liggen 
waren waarschijnlijk al aanwezig in het sediment en hebben zich aan het EPS 
gehecht terwijl het filament zich voortbewoog in het sediment. Onze hypothese 
is dat de mineraalkorst van ijzerhydroxiden rechtstreeks aan de buitenkant 
van het celmembraan van de kabelbacterie gevormd wordt. Deze vorm van 
biomineralisatie is niet ongebruikelijk en is waarschijnlijk een onbedoeld effect 
van het metabolisme van de kabelbacterie. Er kunnen meer ijzer(III)hydroxiden 
neerslaan omdat er meer ijzer-ionen vrijkomen door de verzuring in de 
suboxische zone (zie reactie 5 en 6). Hoe langer een populatie van kabelbacteriën 
actief is, hoe dikker de mineraalkorst om de filamenten heen kan worden. Wat 
het effect van de mineraalkorst op het metabolisme is blijft onbekend maar het 
is mogelijk dat filamenten zo gehinderd wordt om elektronen af te geven aan 
zuurstofmoleculen

Daarnaast zijn er zogenoemde “naakte” filamenten geobserveerd die niet 
geassocieerd worden met een van de hierboven beschreven vormen van 
biomineralisatie. Deze filamenten kunnen wel polyfosfaten bevatten. 
Polyfosfaten zijn lange ketens van fosfaat-groepen (PO4) die onderling met 
elkaar verbonden zijn via zuurstofatomen waarbij de binding tussen zuurstof 
(O) en fosfor (P) dezelfde hoeveelheid energie bevat als de bindingen tussen O 
en P in ATP.  Polyfosfaten in kabelbacteriën worden geassocieerd met calcium- 
en magnesium-ionen, die aanwezig zijn om de negatieve lading van de poly-P 
keten te compenseren maar ook een fysiologische functie kunnen hebben. 
Polyfosfaten kunnen meerdere functies kunnen hebben in een bacterie maar 
met de resultaten die hier gepresenteerd worden kan deze functie niet bepaald 
worden. Daarom wordt de rol van deze polyfosfaten verder onderzocht in 
hoofdstuk 5. 

In hoofdstuk 3 worden resultaten gepresenteerd van experimenten waarbij 
populaties zijn geïnoculeerd met 13C-bicarbonaat of 13C-propionaat in 
combinatie met 15N-ammonium. Na een periode van 24 uur zijn filamenten uit 
de zuurstofrijke en suboxische zone gehaald en gemeten met nanoSIMS. De 
resultaten van dit onderzoek laten zien dat de energie die wordt opgewekt door 
de elektrische samenwerking ongelijk verdeeld wordt over de verschillende 
cellen binnen een kabel. Alleen de cellen die sulfide gebruiken hebben genoeg 
energie om voedingsstoffen op te nemen uit de omgeving en zo te groeien en 
vermenigvuldigen. De cellen die elektronen afgeven aan zuurstof kunnen 
hiermee geen energie genereren en kunnen dus niet groeien. Deze cellen offeren 
zichzelf dus op voor het algemeen belang van het organisme. Deze bijzondere 
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“elektrische corvee” is een nieuwe ontdekking binnen de biologie. 

Verrassend genoeg bleek dat alle cellen binnen het filament het vermogen om 
elektronen aan zuurstof te geven; wanneer de omgeving voor een cel in een kabel 
verandert van zuurstofarm naar zuurstofrijk kan deze onmiddellijk elektronen 
aan zuurstof gaan geven. De cellen kunnen dus van rol wisselen wanneer de 
chemische omgeving veranderd. Elke cel kan beide halfreacties uitvoeren en 
geen van de cellen is gespecialiseerd in de ene of de andere reactie.

In hoofdstuk 4 onderzoeken we de celcyclus van multicellulaire kabelbacteriën 
waarbij we gebruik maken van een combinatie van labelling met stabiele 
isotopen (13C en 15N) gevolgd door nanoSIMS, fluorescentie microscopie en 
genoomanalyse. Vanuit het perspectief van een enkele cel binnen een filament 
blijkt dat de celcyclus van kabelbacteriën vergelijkbaar is met die van de Gram-
negatieve modelbacterie Escherichia coli (E.coli). Wanneer we kijken naar het 
gehele filament zien we dat de celdeling binnen een filament synchroon is over 
lengtes van enkele millimeters. Dat wil zeggen dat alle cellen van een kabel die 
zich in de suboxische zone bevinden tegelijkertijd starten met groeien en delen. 
Dit is waarschijnlijk omdat groei en celdeling gereguleerd wordt door toegang 
tot zuurstof. Als een gedeelte van het filament toegang heeft tot zuurstof kunnen 
de elektronen die gegenereerd worden door de oxidatie van waterstofsulfide 
(reactie 2) afgegeven worden (reactie 3). Dat betekent dat alle cellen die zich in 
de suboxische zone bevinden tegelijkertijd energie genereren die gebruikt kan 
worden voor groei en celdeling. 

Hoofdstuk 5 gaat verder in op de rol die polyfosfaat (poly-P) kan spelen binnen 
het metabolisme van een kabelbacterie. Hierbij is er wederom een populatie 
gelabeled met stabiele isotopen, deze keer 13C-bicarbonaat en 18O-water (H2

18O), 
gevolgd door analyse met nanoSIMS. De 13C-bicarbonaat is een indicator voor 
metabolische activiteit en groei terwijl de zwaardere zuurstofisopen (18O) van het 
H2

18O onderdeel kunnen worden fosfaatgroepen (PO4) en zo onderdeel kunnen 
worden van poly-P in de cel. Hoewel de exacte rol van poly-P niet af te leiden is 
uit onze resultaten zien we dat er polyfosfaat activiteit is in bijna alle gemeten 
filamenten, ook als deze geen koolstof hebben opgenomen. Hieruit blijkt dat 
poly-P een belangrijke rol moet spelen in het metabolisme van de kabelbacterie. 
Waarschijnlijk heeft poly-P een functie om de cellen in de zuurstofrijke zone te 
beschermen tegen oxidatieve stress. 

Hoofdstuk 6 is een hoofdstuk speciaal geschreven voor de geïnteresseerde leek. 
De resultaten van hoofdstuk 3 zijn hier “vertaald” voor een algemeen publiek 
met een basale kennis van scheikunde en biologie.  
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