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Filamentous Desulfobulbaceae bacteria were recently discovered
as long-range transporters of electrons from sulfide to oxygen in
marine sediments. The long-range electron transfer through these
cable bacteria has created considerable interests, but it has also raised
many questions, such as what structural basis will be required to enable
micrometer-sized cells to build into centimeter-long continuous fila-
ments? Here we dissected cable bacteria cells in vitro by atomic force
microscopy and further explored the interior, which is normally hidden
behind the outer membrane. Using nanoscale topographical and
mechanical maps, different types of bacterial cell-cell junctions and
strings along the cable length were identified. More important, these
strings were found to be continuous along the bacterial cells passing
through the cell-cell junctions. This indicates that the strings serve an
important function in maintaining integrity of individual cable bacteria
cells as a united filament. Furthermore, ridges in the outer membrane
are found to envelop the individual strings at cell-cell junctions, and
they are proposed to strengthen the junctions. Finally, we propose a
model for the division and growth of the cable bacteria, which illustrate
the possible structural requirements for the formation of centimeter-
length filaments in the recently discovered cable bacteria.

cable bacteria | atomic force microscopy | dissection | interior structure

Sulfide oxidation is one of the major and most energy-
releasing processes in the cascade of aerobic and anaerobic
redox processes characterizing the decomposition of organic
material in marine sediments (1). Electrons from sulfide to oxygen
can be transported through the sediment, and native conductive
cable bacteria belonging to the Deltaproteobacteria family Desul-
fobulbaceae were recently identified as the transporters (2, 3). They
form centimeter-long, multicellular filaments, and as living con-
ductors, they inspire the future development of nanobiotechnology
and nanobionics (2). The rectangular or rod-shaped cable bacteria
are, unlike true filamentous bacteria with unconstricted cell mem-
branes (4), separated by septa. So far, two genera and six species
from marine and freshwater habitats have been settled, and giant
deep-sea forms and specimens from contaminated aquifers seem to
represent additional genera (5-7). The cell size varies considerably
between cultures, but the smoothly curved filaments all contain
characteristic ridge structures. These ridges are believed to contain
strings running longitudinally along the cable bacteria inside a
continuous periplasmic space (3). Not much is known about these
strings, and a number of intriguing questions about cable bacteria
have still not been answered. A key question concerns the structural
basis for the microsize bacteria, including how do they divide and
how can they form continuous centimeter filament with such sur-
prising stability (3)?

Clinical dissection has been instrumental in providing an un-
derstanding of the interior of plants, animals, and humans for thou-
sands of years, and nanodissection is supposed to be a straightforward
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approach for exploring the interior of cells and bacteria, which are
normally hidden by membranes. Femtosecond laser pulse is an op-
tically based tool to make sub-200-nm-sized cuts, but it is mainly
applied in clinical applications and requires precise control of the
peak energy of the pulse to avoid collateral damage (8). Focused ion
beam is another method applicable for slicing biological cells, and
(Cryo)-focused ion beam-based tomography has been developed to
reconstruct the 3D structure of single cells (9, 10). However, several
steps of focused ion beam are incompatible with the physiological
state, and ion damage as well as material redeposited from the beam
source might be involved.

Atomic force microscopy (AFM)-based nanodissection is a
third option for opening cell membranes. Unlike the optical-
based methods, the probe of the AFM is used as a nanoscalpel to
perform a purely mechanical dissection/manipulation of biological
samples without the risk for side damage or contamination from a
beam source (11-13). Furthermore, AFM allows an in situ nano-
scale visualization of the dissected structures right after the dissec-
tion. After 3 decades of development, AFM has become a widely
used tool for characterizing both intra- and extracellular struc-
tures with nanoscale resolution in microbiology (14). AFM-based
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nanodissection has furthermore been applied to investigate the
structure of cell-membrane proteins (15-17), chromosomes (18,
19), and viruses (20, 21). AFM is also a promising technique for
recognizing the functional structures inside bacterial cells (22,
23) and the self-assembly of submembrane layers (24, 25), which
are normally hidden by the cell envelope. AFM can also be used
as an advanced multiparametric visualization technique, in which
topographic variations are correlated to a corresponding me-
chanical response of the microorganism (26, 27). Using a func-
tionalized tip, the multiparametric AFM can probe binding
mechanisms of bacterial biofilms (28, 29) and localizes the active
receptor/vulnerable positions on cells (30) and bacteria (31).
Here, three kinds of junctions among individual cable bacteria
cells were identified based on various AFM topographies. We
in vitro dissected the cable bacteria cells individually via AFM-
based nanodissection. We further applied AFM-based dynamic
nanomechnical mapping (27, 31, 32) to explore the interior of
cable bacteria in situ, which is inaccessible to most quantitative
nanovisualization techniques. Strings underneath the outer
membrane (OM), along the long axis of bacterial cells, were
identified and found to be continuous throughout the cable
bacteria cells. An architecture consisting of OM ridges enclosing
single strings at the cell-cell junctions was found. These archi-
tectures, attached on the inside surface of OM, are rare in other
kinds of filamentous bacterial species. They are proposed to
strengthen the cell—cell junctions and increase their robustness.
Based on AFM data and supplementary data, we propose a model
to describe the possible division and growth cycle of cable bacteria.
It also illustrates the structure of the strings and OM and ex-
pounds their corresponding functions in filamentous maintenance,
division, and elongation. This is an important step in under-
standing the interior structural requirement to form bacterial ca-
bles, and it also provides an exciting opportunity for describing the
growth and division of a recently discovered type of bacteria.

Results

Three Distinct Kinds of Cell-Cell Junctions Were Identified by AFM
Topography. Marine sediment from the top 20-mm layer was
gently washed, whereby filamentous bacteria were separated out
and became apparent under the optical microscope. They were
further characterized by FISH with a specific 16S rRNA-
targeting probe and DAPI probe (Fig. 14). The individual bac-
terial cells can be identified, and the junction between each cell
is apparent (the dashed square in Fig. 14). However, because of
the resolution limitations of light microscopy, it is challenging to
obtain more structural details of the filamentous bacteria. AFM
was then used to investigate the finer structure of the bacterial
junctions, and excitingly, it was able to identify three distinctive
groups of cell-cell junctions based on the ratio (r) between the
bacterial cell body diameter and the junction diameter. Repre-
sentative AFM topography images are presented in Fig. 1 B-D.
It is obvious that r of J1 is much bigger than 1, whereas that of J2
is much smaller than 1, and that of J3 is roughly equal to 1. Com-
parison of line profiles clearly shows the difference in topographies
(Fig. 1 E-G), which could also be observed by scanning electron
microscopy (SEM; SI Appendix, Fig. S1). AFM and SEM both show
the existence of continuous ripples in the membrane; investigating
these further requires looking into the interior of the cells.

The Cell Junctions and Bodies Are Proposed to Have Different
Robustness. One J1 junction between two nearby bacterial cells
was deformed by the probe along the direction indicated by the
white arrow (Fig. 2 4 and B). It is obvious that the junction was
compressed along the pushing direction, but survived without
obvious wounds or break across the junction. This indicates that
the junction is capable of surviving under certain cross-section-
applied forces. It ensures that the bacterial filament is able to
elongate along the length over hundreds/thousands of cells.
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Fig. 1. The overview of bacterial cable and different junctions between two
bacteria cells. (A) Micrograph showing filamentous Desulfobulbaceae extracted
from a glass bead section and hybridized with a specific ELF654 FISH and DAPI
probe. The dashed square indicates the junctions. (Scale bars, 5 um.) (B-D) AFM
topography images of different kinds of junctions, depending on the ratio be-
tween the diameters of bacteria cell and junctions. (Scale bars, 300 nm.) (E-G)
The corresponding line profiles marked on B-D to show the different diameters
of the junctions compared with those of bacteria cells, respectively.

Then, the AFM probe was used to scratch holes in the bacteria
by applying different forces to OM (Fig. 2 C and D). The applied
forces were increased gradually from the top of Fig. 2D to the
bottom on the arrows’ positions. The comparison of the images
before and after manipulation (Fig. 2 C and D), as well as line
profiles (Fig. 2 G, H, and J), proves that there is a certain applied
force threshold of OM; unless the applied force is strong enough
(similar to the black arrows in Fig. 2 D and J), OM is able to
resist the mechanical scratch. It indicates the cable bacteria cells
might have strong skeleton structures underneath OM.

The Cell-Cell Junctions Mechanically Isolate Neighboring Bacterial
Cells. In Fig. 2 C and D, when the cell on one side of junction
B (JI) was broken, the cell on the other side still retained its
structure. A comparison of the line profiles shows that the height
and diameter of the bacterial cell is unchanged by the dissection
(Fig. 2G). This means that the cell contents on the two sides of a
junction are well separated. This matches sectional TEM data
(the white arrows in ST Appendix, Fig. S2), in which both an inner
membrane between cells and a continuous outer membrane at a
junction between two cells is visible. More important, we found
the junction has much higher applied force threshold compared
with the cell body, seeing as how the junction survived even
under the highest applied force (orange arrow on the y-y’ line in
Fig. 2D), without change in height and diameter (Fig. 2I). When
the applied force was further increased a whole bacterial fila-
ment could be nearly completely dissected along the length (Fig.
2 E, F, and K-M), but the junctions still kept their shape (Fig.
2L) These findings all seem to confirm that the cable bacteria
cells are well delineated and yet tightly connected in a continu-
ous filament structure, and the filament can resist considerable
negative mechanical distortions from the surroundings.

Nano-Dissection and Quantitative Nanomechanical Mapping Confirm

the Existence of Strings Under OM. The inner side of a piece of bacterial
OM, isolated by AFM-based nanodissection, was characterized by
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Fig. 2. Nanodissection to cable bacteria. (A and B) AFM topography images
recorded before and after pushing the junction by AFM-tips along the substrate.
The white arrows indicate the manipulated junctions, and the light gray ones
show the references between the two images. (C and D) AFM topography im-
ages recorded before and after dissecting holes with different applied force
perpendicular to the substrate. The arrows indicate the dissection positions, and
A-D indicate four cell—ell junctions. (E and F) AFM topography images recorded
before and after dissecting another segment of cable bacteria along the long
axis of the filament. (G-M) the corresponding line profiles marked on C-F to
show the results of nanodissection, which indicates the various strength on cells
and junctions. (J) The dark gray dashed line along the filamentous bacteria in D
and arrows correspond to the ones in the image. (Scale bars, 500 nm.)

dynamic nanomechnical mapping. The topography and corresponding
Young’s modulus map are shown in Fig. 34. From the line
profile along the dashed line aa’ (Fig. 3 A and B), specific
structures underneath the OM are apparent (highlighted by the

100 nm

arrows in Fig. 34 and column 2 on Fig. 3B). The structures are
named as strings and have a thickness of ~20-40 nm. From the
topographical point of view, the strings are higher than the OM and
the glass slide (indicated by column 3 and column 1, respectively).
The accuracy of the modulus values can be only considered under
certain assumptions. The Sneddon model is applied to calculate the
modulus (27), and in addition, the calculated modulus is slightly
overestimated because of the substrate effect. However, the relative
stiffness difference can be easily identified in Fig. 3C. From the
elastic modulus point of view, the strings are softer. A histogram of
the Young’s modulus distribution on the selected area in Fig. 34
presents the population of strings much clearer as softer than the
OM and glass slide (Fig. 3C). This kind of subcellular architecture is
found to be normal in the cable bacteria (SI Appendix, Fig. S3).

The Strings Display a Twisted Dimeric Structure. String S/ and S2
are examples of the dimeric structure of the strings seen at
higher magnification (Fig. 3D). Compared with S2, the left end
of S1 looks to have been distorted by the probe, and the two
substrings are separated from each other. Furthermore, the two
substrings may twist around each other, but without specific
period, as pointed out by the dashed arrows in Fig. 3D. Structural
variations are able to tune the readout of Yong’s modulus of the
same material (33), and it is possible that the twisting parts and
untwisting parts have different modulus. The color contrast of
Fig. 3D proves this proposal, and by fitting the height and
modulus distributions of Fig. 3D, the twisting phenomenon
becomes much more straightforward (Fig. 3 E and F). The
twisted parts are higher, but softer, than the untwisted parts of
the strings. SI Appendix, Fig. S3 shows sets of topography and
corresponding Young’s modulus maps of strings from different
bacteria. The images show that S7 and S2 are not rare examples,
and that the strings generally have a helical dimer structure.
TEM tomography data furthermore supports the nanodissection
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Fig. 3. Correlated topography and Young's modulus maps of the interior bacterial OM by dynamic quantitative nanomechnical mapping, after in situ nanodissection. (4)
AFM topography (Right) and Young's modulus (Left) map of inside of OM after nanodissection. The two arrows indicate one of the strings, which are hidden underneath
the OM in the normal state. (B) The two line profiles along aa’ in A extracted from topography (black) and Young'’s modulus (gray) maps, respectively. (C) Distribution of
elasticity in the selected areas on the Young’s modulus map of A showing the different elasticities between OM and strings. (D) Topography map and corresponding
Young's modulus map zoomed-in from the gray dashed square in A. They indicate two types of possible strings after nanodissection, with the arrows highlighting the
possible twisting events along the strings. (E) Height distribution of the topography map in D indicating the existence of twisted dimers along strings. (F) Distribution of the
Young's modulus map in D indicating the existence of twisted dimers along strings. (The scale bars in A and D indicate 500 nm length.)
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data (SI Appendix, Fig. S2 and Movie S1), as at a certain section
slice, the twisted outline of the string can be identified. The OM
has furthermore been proposed to shape into the ridges between
strings, creating a durable structure (3).

The Strings Are the Key Structure to Connect the Individual Bacterial
Cells Along the Continuous Filament. Two pieces of completely
opened OM by nanodissection were captured by dynamic
nanomechanical mapping (Fig. 44 and SI Appendix, Fig. S4).
The inner membrane and the encapsulated cytoplasma were
gone. Interestingly, not all the junctions have been opened. On
the basis of the diameters of the unopened junctions and the
outlines of the envelope linking to them, we observe that junc-
tions of the J1 kind (highlighted by dashed arrows in Fig. 44)
keep the shape, but J2 junctions are opened (highlighted by solid
white arrows in Fig. 44). However, because of the surface
characterization technique nature of AFM, standard topography
does not have strong specificity, and it is difficult to show the
interior structural information of the unopened J1 ones. Hence,
the deformation data obtained by dynamic nanomechanical
mapping were extracted to help understand the detailed struc-
ture of junctions. Fig. 4B shows a higher-resolution deformation
map zoomed from Fig. 44 and represents the deformation of the
various species produced by the same applied force, and it is
obvious that different species show specified contrasts and that
the gradient order of them is not the same as that in the to-
pography image. Two typical junctions in Fig. 4B were further
magnified to investigate the details of this. Fig. 4C shows a
junction considered to be J2 because it has been opened com-
pletely after the nanodissection. After drawing the height contour
lines on it, the detailed structures in such a junction are clarified. It
is straightforward to see that the strings (the dashed arrows in Fig.
4C) pass through the junction continuously from one bacterial cell
to the other one. Returning to Figs. 34 and 44, it is obvious that the
continuous strings connect several bacterial cells. This supports the
proposal that the strings can be a centimeter long, capable of linking
the individual cable bacteria cells along the filament.

The Strings at Cell-Cell Junction. Fig. 4C also shows particle-like
features at the inner-side of cell-cell junction that are arranged
in a necklace structure at J2, where the particle-like features and
strings sit next to each other at the junction. The corresponding
deformation map of Fig. 4C (Fig. 4D) also presents the contin-
uous strings passing through the junction. The contrast and
quantitative deformation distributions of Fig. 4D clearly show
strings and particle-like features apart from the bacterial OM.
This means that the ordered particle-like features and continu-
ous strings have different mechanical properties from the OM.
More important, according to the corresponding deformation
map of J1 (Fig. 4F), particle-like features embedded in the ag-
gregation can still be distinguished (the gray arrows in Fig. 4F).
Overlaying the deformation contour lines of Fig. 4F on top of
Fig. 4F validates that the continuous strings pass through the
junction and through the particles. This means that even though
the overall topography of J1 and J2 is different, they still share
the same inner structure. And comparing the deformation dis-
tributions deduced from J1 and J2, respectively (Fig. 4 G and H),
the same kind of structures can be found with similar de-
formation under the same range of applied force.

Discussion

By integrating the AFM data of the dissected bacteria and the
TEM 3D tomography of cable bacteria filament along the length
axis (Movie S1), we propose a model to represent the interior
structure of cable bacteria (Fig. 54). The different types of
junctions (J1, J2, and J3) also may refer to various stages of
bacterial cell division. Previous studies have shown that the cable
bacteria growth is too rapid to be apical, evidencing an expo-
nential growth with continuous division of all cells within the
filament (34). This makes the cable bacteria growth process
additionally noteworthy, as the strings must be continuously
elongated within the bacterial cable. Accumulation of FtsZ was
furthermore observed at cell-cell junctions (SI Appendix, Fig.
S5), which might indicate that an FtsZ ring is formed similar to
nonfilamentous bacterial division. String-like structures of FtsZ

--==-0M
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40
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Fig. 4. The details about the different junctions revealed by dynamic quantitative nanomechnical mapping after nanodissection. (A) AFM topography maps
of two pieces of inner side OM, isolated by nanodissection. The solid and dashed arrows indicate two kinds of junctions, respectively. (B) Deformation map of
the inner side OM, zoomed-in from A. (C and D) High-resolution topography and corresponding deformation maps of J2 junctions with contour lines, zoomed
from B. The long dashed arrows indicate the string passing through junction to connect two nearby bacterial cells along the length. The solid arrows highlight
the particle-like features aligned at the junction, perpendicular to the length of filamentous bacteria. (E and F) High-resolution topography map of J1
junction with deformation contour lines, and the corresponding deformation map, zoomed from B. The topography map was overlapped with the contour
line of the corresponding deformation map. The dashed arrow indicates the continuous string through the junction, and the gray arrows highlight the
particle-like features. Color scale for topography and deformation match that of A and B, respectively. (G and H) Deformation distributions of D and F,

respectively. (Scale bars in A and B, 2 um length; C—F, 500 nm length.)
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Fig. 5. Proposed model of cable bacteria interior structure. (A, Left) Z-stack
of representative TEM images of cable bacteria filament, extracted from the
TEM 3D tomography. (Right) Model of the exterior of the filament and the
bacterial components after peeling off the OM. (B) Cross-section TEM image
of bacteria; the various cross-sections of OM ridges have been classified into
different possible patterns. (C) Proposed general string twisting patterns
corresponding to the dimer string: Pattern i: two substrings in parallel ar-
rangement. Pattern ii: two substrings in a certain angle arrangement. Pat-
tern iii: two substrings in vertical arrangement.

have been observed with filamentous growth of Escherichia coli
(35), but the fluorescent images show that the cable bacteria
strings are unlikely to contain FtsZ protein. On the basis of our
results, we speculate how the three types of junction fit into the
cell division process: first, as the cell division starts, chromo-
somes are replicated and division proteins produced. This will
lead to an increase of cellular volume. Hence, the middle of the
dividing bacterial cell may start to swell, whereas a new junction
is formed. We propose J2 as junctions undergoing this step
where replication is beginning. With the division, two new bac-
terial cells will form. The filament elongates again and J2 shrinks
back to J1, which becomes the mature junction. According to this
model, J3 is a transitionary type of junction, in which a septum is
forming between the two cells. Both Fig. 44 and SI Appendix,
Fig. S4 show J1 and J2 appearing in an alternating manner; this
matches an exponential growth with uniform division of all cells
according to the proposed division model. In some cases, the
appearance of J2 was not frequent; this might be associated with
differing reproductive capacitates of cable bacteria, depending
on the environment of the filament.

The nanodissection data (Fig. 2) provide evidence that the
mature cell-cell junctions (J1) are sealed, and cable bacteria
cells, contrary to other multicellular filamentous bacteria, do not
form a joint outer sheath. The oblique section TEM images of
the cell-cell junction indicate that the OM shrinks at the normal
cell-cell junction (3); hence, very sharp gullies form between
each two OM ridges facing inward toward the filament. The
strings are located in the ridges, and they are guided through the
cell—cell junction by the ridge structure. These speculations also
explain the occurrence of particle-like features at the junction in
Fig. 4. Once the outer membrane was dissected, the AFM probe
was used to scan the inside surface of the OM in Fig. 4. The

Jiang et al.

geometry of the gully should be furthermore deformed by the
AFM probe, differentiating it from a piece of the OM.

It is well known that the bacterial cell membrane, or cell wall,
is responsible for determining the shape of the cell by over-
coming the difference in osmolality on the two sides. The ar-
chitectures on the cell envelope have been studied by AFM on
selected bacterial species (22, 23, 36-38). In the case of cable
bacteria, strings that attach on the inside of OM ridges seem to
have a key role in structuring the bacterium. They orient along
the long axis of the bacterial cell, contrary to normal structures
orienting along the short axis (37), and they are able to continue
over many cells. Using AFM dissection, we find that the strings
have a diameter of 10-30 nm, and that they possess a twisted
structure (SI Appendix, Fig. S3). The size of the strings is similar
to microtubules, which are known to exist in both mammalian
cells and some bacteria, where they maintain the structural
identity of the cell (39). Our mechanical tests (Fig. 2) show that
strings can strengthen the OM and junctions of cable bacteria;
the strings thus serve a similar function to microtubules. The
twisted dimer structure of the strings is important in improving
the robustness of cable bacteria. It is well known that amyloid
peptides quite often self-assemble into twisted amyloid fibrils
that contain different numbers of subfibrils (40). Amyloid fibrils
generally display outstanding mechanical properties, and the
twisted structure might be a part of this (41). Hence, we specu-
late that the twisted-dimer strings are an essential tool for cable
bacteria to resist stresses from the surroundings and maintain a
centimeter length. However, unlike amyloid fibrils, the twisted
dimer structures of the strings are not periodic. This explains the
finding that the cross-sections of the OM ridges show irregular
shapes in TEM images, as the shape of the cross-section depends
on its position along the nonperiodic twisted dimer structure.
(Fig. 5 B and C) Although the chemical nature of the strings has
not been identified, this work provides an important insight into
the functionalities of the strings to elongate along cable bac-
teria filament, linking individual cells together (Fig. 4 E and F)
and strengthening the cell-cell junctions. The dimer architec-
ture of the strings bonded to the OM may be important for the
strength and robustness of the cable, and could hint toward an
evolutionary origin.

In summary, the interior structure of the recently discovered
cable bacteria has been surveyed in vitro on single-cell level.
Three kinds of cell-cell junctions and strings underneath the OM
have been identified and understood via AFM-based nano-
dissection. These identified bacterial architectures, strings, are
supposed to be the structural base for the growth of cable bac-
teria filaments over centimeter distances. Furthermore, a possi-
ble division cycle of cable bacteria has been proposed. Both of
these findings are important for furthering our understanding of
this identified bacterial species and for culturing and mimicking
cable bacteria as bio-conductors in nanobiotechnology.

Methods

Bacterial Culture. The bacteria were obtained from sulfidic sediment sampled
in Aarhus Bay, Denmark. The sediment was sieved, transferred to glass core
liners, and incubated for 3-4 wk in aquaria with circulating air saturated sea
water, as described previously (42). The bacterial filaments were further
picked, cut, and immobilized on Polysine glass slides (Menzel-Glaser) in fil-
tered seawater. The whole process follows the protocol in ref. 3.

FISH Identification. Nucleic acids were extracted from sediment and glass
microspheres, and from single filaments collected by micromanipulation.
RNA was reverse-transcribed, and 165 rRNA ¢cDNA fragments were PCR-
amplified, cloned, and sequenced. Oligonucleotide probes for FISH were
designed specifically for the retrieved sequences and used for micro-
scopic identification and quantification of the filamentous Desulfo-
bulbaceae by FISH in fixed sediment samples. The whole process follows
the protocol in ref. 3.
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AFM-Based Nano-Dissection. The glass slides with immobilized cable bacteria were
loaded on a Dimension FastScan AFM (Bruker), and the dissection was controlled
by NanoMan software (Bruker) with FastScan B probe (k~1.8 N/m; Bruker). During
nanodissection of a bacterial filament, AFM was operated in contact mode. The
applied force by the probes was controlled by different z-piezo move distances.
In general, an applied z-piezo movement (z,,) of 400 nm was able to break OM
of bacterial filamentous. The applied lateral force should be much larger than
several hundreds of nano-Newton, even in micro-Newton range (43). All of the
experiments were performed in nuclease-free water (Ambion)

Quantitative Nanomechnical Mapping. The dissected cable bacteria on the
glass slide were characterized with Dimension FastScan (Bruker) in PeakForce
QNM mode. FastScan-C probe was used, and each probe was calibrated
according to the released notes from Bruker. Young’s modulus was fitted
using the Sneddon model. The experiment was performed in nuclease-free
water. All images were further processed and analyzed by SPIP and top-
oStich (Image Metrology ApS).

SEM. Subsamples retrieved from the glass bead layer in cores from glass bed
incubations were carefully deposited onto carbon tape. Samples were then
rinsed in milli-Q water and air-dried. SEM images were obtained on a
NanoSEM (FEI, Nova 600 NanoSEM) operated in low-vacuum (60 Pa) and low-
voltage (3 kV) mode to apply the charge contrast imaging data.

TEM. Single filaments were micromanipulated from sediment samples and
transferred to centrifuge tubes. The bacterial suspension was then centri-
fuged at 22 x g for 30 s. The pellet was then covered with a small droplet of
10% gelatin, gently mixed, and hereafter fixed in 2% glutaraldehyde. After
this step, the samples were embedded in resin. Ultrathin sections were cut
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on an Ultramikrotome Leica Ultracut UCT (Leica Mikrosysteme GmbH), using
a 45-g diamond knife (Diatome). Samples with thickness of 200 nm were
placed on a 200 mesh nickel grid and covered with carbon. Grids were then
loaded into a commercial transmission electron microscope (FEI Titan Krios),
which was operated at 300 kV. The specimen was tilted in ~2° increments
over a total angular range of +60° along the x and y axis, respectively. All
the images were kept by using automated data acquisition software. 3D
reconstructions from the above tilt series were performed with the
weighted back-projection method, and further analysis of tomograms was
performed using IMOD software (44).
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