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ABSTRACT: Helium ion microscopy (HIM) has been used to image
the development of mineralized twisted stalks produced by a
neutrophilic, microaerophilic Fe(Il)-oxidizing bacteria of the class
Zetaproteobacteria. HIM is a relatively new type of microscopy which
has several advantages over conventional scanning electron microscopy
(SEM) due to its higher spatial resolution and the fact that samples
can be imaged without coating (e.g., with Pt/Au). Here, we use HIM
to show the development of nanometer- and micrometer-sized twisted
stalk features consisting of organic material and Fe(III) minerals which
appear to be loosely bound to the bacterial cells. These appendages are
thought to be essential for eliminating Fe(III) waste produced during
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Fe(II) oxidation by sorbing Fe(III) and transporting it away from the cell. The results show the initial formation of long,
precipitate-free stalks. After just 2 days, these became encrusted with spiky lepidocrocite crystals, and by 1 month, the
characteristic twisted shape was almost indiscernible. These results demonstrate the high quality of images which can be obtained
with helium ion microscopy from organic and mineral structures produced by bacteria without the requirement to sputter coat
samples with conductive metals and can thus be considered to be more representive of how these structures would exist in the

environment.

B INTRODUCTION

Electron microscopy has long been used for studying biological
materials such as bacteria at high resolution." Transmission
electron microscopy (TEM) provides high-resolution informa-
tion on intracellular organelles but is restricted to very thin
samples (<10s nm). Scanning electron microscopy (SEM) is
more commonly used to study surface features of bacteria or
minerals. There are, however, challenges associated with SEM,
including limited resolution at high magnifications and the
requirement to coat nonconductive materials (e.g., biological
materials) with conductive metals such as platinum or gold.
The use of such coatings has been shown to induce localized
deposition of the metals in areas such as iron mineral structures
rather than organic surfaces.” This local deposition can lead to
artifacts, such as rough structures, which can be misinterpreted
as being from the material under investigation. Helium ion
microscopy (HIM) is a relatively new technique which can
overcome many disadvantages of SEM. In HIM, helium ions
(He") are focused into a smaller probe size with much smaller
interaction volume at the sample surface compared to electrons.
This leads HIM to have better material contrast and depth of
focus compared to SEM. Furthermore, HIMs are equipped with

but this can lead to poor resolution and high background
noise.” HIM can thus provide unparalleled resolution and
contrast compared to SEM. In fact, it is estimated that the
resolution of HIM is five times greater than that available with
field emission SEM, *with 2—35 secondary electrons emitted per
He ion.” One big disadvantage of HIM compared to SEM is the
often lack of analytical detectors such as energy dispersive X-ray
microscopy (EDX). Correlative microscopy enables the
combination of such analytical tools available on an SEM
with high resolution, high material contrast imaging available
with HIM.

Despite such promising applications of HIM, the use of the
technique for investigating biological samples is relatively sparse
in the literature due to the limited availability of such
instruments. The investigation of iron(Fe)-metabolizing
bacteria is one potentially important application of HIM due
to the presence of both organic structures and crystalline Fe
minerals. Different types of Fe(II)-oxidizing bacteria are known
to exist,’ including (i) phototrophic Fe(I)-oxidizers, (i)
nitrate-reducing Fe(II)-oxidizers,” and (iii) microaerophilic
Fe(1)-oxidizing bacteria; the latter live in environments with
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opposing oxygen and Fe(Il) gradients and often produce
enigmatic structures including sheaths or twisted stalks which
consist of Fe(II[) minerals complexed to organic polymers.””
There have been numerous studies which have applied either
TEM or SEM to investigate the minerals formed by these types
of bacteria; however, in almost all cases, the samples have been
sputter coated with conductive materials.""~"> A recent study
by Zeitvogel et al. applied HIM to investigate the nitrate-
reducing Fe(II)-oxidizer Acidovorax sp. BoFeN1."* Their results
indicated that the surface of bacteria coated with Pt appeared to
be shriveled with a rounded appearance, a feature not observed
by HIM. This was considered to be due to preferential
accumulation of Pt (used as sputter material) at exposed edges
and tips of the minerals due to charge effects. This effect is one
reason why applying techniques, such as HIM, can potentially
provide important information which cannot be obtained by
conventional SEM.

Here, we have used HIM, combined with correlative
elemental mapping using SEM-EDX to investigate the
mineralization of twisted stalks produced by microaerophilic
Fe(1)-oxidizing bacteria to demonstrate the potential applica-
tions of the technique for environmental sciences. In particular,
we focus on a strain isolated from a marine sediment
environment which belongs to the class Zetaproteobacteria."> ™"
Similar types of bacteria have been shown to excrete closely
bound fibrils which contain nanometer-sized Fe(III) (oxyhydr)-
oxide minerals, predominantly ferrihydrite.”'® Over time, these
fibrils become populated with lepidocrocite crystals which
appear to nucleate on the surface. We aimed to understand how
these lepidocrocite crystals develop over time on the fibrils
without the influence of surface coatings from sputter materials
and show how HIM could be applied in such studies.

B MATERIALS AND METHODS

Microaerophilic Fe(II)-oxidizing bacteria were cultured in Petri
dishes (diameter S cm) containing 9 mL of artificial seawater
medium and 0.4 g of zerovalent iron (Fe(0)) powder. Here, 1
mL of inoculum was added to each plate. Twelve plates were
prepared and stacked on top of each other in an anoxic jar
(Merck; Darmstadt, Germany) with a gas pack (Dickinson and
Co; NJ, USA). The gas pack removes o:?fgen to yield
microoxic conditions (6—10% of atmosphere).'” Samples were
taken at 6 h, 12 h, 24 h, 72 h, 96 h, 1 week, 2 weeks, and 4
weeks after inoculation corresponding to samples labeled 6h,
12h, 24h, 72h, 96h, 1w, 2w and 4w, respectively. The full
sample preparation and imaging pathway is outlined in Figure
S1. At each sampling point, the anoxic jar was opened, a single
Petri dish removed, and then the jar sealed again with a fresh
gas pack inserted. For sampling the Petri dish, under oxic
conditions, S0 uL of sample was extracted away from Fe(0),
which was held in place from the bottom using a magnet, and
added to 5 mL of ultrapure MQ H,O. The sample was then
passed through a filter (0.44 ym). No attempt to fix the bacteria
(e.g, with glutaraldehyde) was made. The filter was placed
directly onto an aluminum SEM stub which had a layer of
carbon tape underneath. Samples were not sputter coated.
Imaging was performed with a Zeiss Orion NanoFab HIM
(Carl Zeiss Microscopy, Peabody, MA)” in secondary electron
detection mode in conjunction with the flood gun used for
charge compensation. The Everhardt—Thornley detector was
biased at 300 V, and the electron flooding was done after the
scan of each line. To investigate elemental composition of the
stalks, in particular, to obtain distribution maps for iron, EDX
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was performed using a Zeiss Merlin VP compact field-emission
(FE) SEM (Carl Zeiss Microscopy GmbH, Oberkochen,
Germany) equipped with a Bruker Quantax FlatQUAD (Bruker
Nano GmbH, Berlin,.Germany) EDX detector. For that,
subsequent to HIM imaging, the samples had to be sputter-
coated with AuPd since complete charge compensation is not
possible in an SEM. In order to benefit from both the high
lateral resolution of the HIM and the analytical capabilities of
the SEM-EDX, EDX maps were acquired correlatively on the
same regions previously imaged by HIM. Images from HIM
and FE-SEM as well as elemental maps from EDX were
overlaid using Correlia, an Image]J plugin for multimodal image
registration developed at UFZ Leipzig.

B RESULTS AND DISCUSSION

Figure 1 shows, side by side, micrographs obtained via HIM
(uncoated) and FE-SEM (coated with AuPd). Although both

HIM

FE-SEM

Figure 1. Micrographs of twisted stalks produced by microaerophilic
Fe(II)-oxidizing bacteria. The figure shows a comparison between the
results obtained using HIM (A and B) and FE-SEM (Acc. V = 12 kV,
WD = 10 mm) (C and D). Scale bars are 1 gm. The arrow indicates a
microaerophilic Fe(II)-oxidizing bacterial cell.

techniques use secondary electron detection for imaging and
similar primary beam energies, the mechanisms of contrast
formation are different. Helium ions generate secondary
electrons of very low energies such that this type of microcopy
is highly surface sensitive. Therefore, when imaging with HIM,
edges are pronounced and slight charging of the sample
manifests in darker regions in the image. On the contrary,
secondary electrons generated by an electron beam exhibit
much higher energies and can escape the sample even if
generated several hundreds of nanometers below the surface
depending on energy of the primary electrons or nature of the
specimen. Furthermore, a strong material contrast stemming
from inner shell secondary electron generation is obtained
which makes heavier elements appear brighter than light
elements. This is illustrated in Figure 1A and B. Both
micrographs show comparatively similar results, with organic
fibrous structures consisting of several parallel fibrils with an
approximate thickness of 100 nm, loosely associated in a
ribbon-like structure. These fibrils are characteristic of micro-
aerophilic Fe(II)-oxidizing bacteria'” and appear to be mostly
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Figure 2. HIM micrographs of aged twisted stalks produced by microaerophilic Fe(II)-oxidizing bacteria. Samples were collected after (A,B) 24 h,

(C,D) 96 h, and (E,F) 4 weeks. All scale bars are 2 ym.

smooth, with some small protruding features which are likely
lepidocrocite crystals.” Large aggregates seen at the top of
Figure 1A and B appear to be mineral aggregates which are
potentially abiotic in origin. The difference in the surface
sensitivity of HIM compared to FE-SEM can be seen for in
Figure 1A which shows a well-defined object likely correspond-
ing to a single bacterium on top of a stalk (see white arrow),
while in Figure 1C, the same object appears to be semi-
transparent. At higher magnification (Figure 1B and D), the
HIM micrograph clearly shows finer features such as well-

defined lepidocrocite crystals which are only visible as faint
lines in FE-SEM. These lepidocrocite crystals typically form in a
secondary mineralization process after the initial development
of stalks.” Currently, however, it is unknown to what extent the
formation of the crystals is due to enzymatic Fe(II) oxidation or
abiotic oxidation of Fe(Il) by O,, in particular catalyzed by the
stalk and/or mineral surface (heterogeneous oxidation). These
results showed that HIM is able to yield more important
information about the surface of an organic structure in
comparison to FE-SEM, especially for uncoated samples. In
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Figure 3. Correlative microscopy with EDX mapping corresponding to the Fe L edge (orange) overlaid onto HIM micrographs (A) 48 h, (B) 1

week, and (C) 2 weeks.

fact, investigation of uncoated samples is almost completely
unachievable by SEM at such magnifications and in such
quality.

To study the formation of crystalline features on twisted
stalks produced by microaerophilic Fe(II)-oxidizers, a time
series experiment was performed on new incubations. Samples
were extracted at regular intervals and imaged using HIM
(Figure 2). HIM was used to observe surface features in greater
detail than achievable from FE-SEM. Images of samples
collected after 6 h were dominated by spherical bulbous
objects, which are presumably from the starting inoculum, or
minerals formed by abiotic oxidation (Figure S2). For sample
24h, the signature twisted stalk features commonly associated
with microaerophilic Fe(Il)-oxidizing bacteria were evident
(Figure 2A). The stalks consisted of several fibrils which were
closely associated with one another. Each fibril had a thickness
of ~100 nm (Figure 2B). The HIM micrograph also revealed
small precipitates on the fibers, while the background showed
the presence of clusters of Fe(Ill) minerals which were
presumably formed via abiotic oxidation. These results are in
close agreement with those presented in Figure 1. With a larger
field of view, it was possible to identify many twisted stalks
which formed a spider web type of formation (Figure S3).

In sample 96h (Figure 2C), the formation of spiky minerals
on the surface of the stalks were clearly evident, likely
corresponding to lepidocrocite. This was confirmed with *"Fe
Mossbauer spectroscopy which indicated the presence of
lepidocrocite and goethite in all samples (Figure S10, Table
S1). The basic shape of the twisted stalk is still observable,
although the needles completely surround the stalk (Figure
1D). As time increased, these spiky minerals became more
prominent, suggesting mineral growth over time (Figures S2—
$9). This is most easily observable for the 4 week old sample
(4w) (Figure 2E and F) in which large crystals appear to have
overgrown onto the twisted stalks fibers. In these images, it is
still possible to identify the general shape of the twisted stalk;
however, to an untrained observer, it could be easily overlooked
that this structure was produced via biological activity.

Correlative microscopy was used to overcome the absence of
analytical detectors on the HIM. Following the collection of
images by HIM for samples 48h, 1w, and 2w, regions of interest
(ROI) were mapped for each sample in relation to a reference
mark on the sample holder. Several images were collected with
progressively wider fields of view to make finding the ROI
easier. In the FE-SEM, the ROI for each sample was located,
and elemental mapping was performed. Using the Image]
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plugin Correlia, EDX elemental maps (in particular iron) were
overlaid onto the HIM micrographs (Figure 3).

The results of elemental mapping suggested that sample 48h
did not contain a high Fe content on the twisted stalks. In
comparison, the globular structures, which we ascribe to be
abiotic in origin, show a very high Fe signal. The 1w sample
clearly showed a very bright signal corresponding to Fe on the
twisted stalks, which persisted in sample 2w. These data suggest
that initially the twisted stalks are not closely associated with
iron, although a closer investigation of the HIM image for 48h
clearly indicates the presence of spiky minerals on the surface of
the stalks which likely correspond to lepidocrocite (Figure S4).
It seems likely that in our case the counting time from EDX,
which amounted to about 30 min and was limited by slow drift
of the sample, was insufficient to observe the Fe present in the
stalks with respect to the background material due to low Fe
content. Nevertheless, the use of correlative imaging offers an
opportunity to collect high resolution, high contrast micro-
graphs using HIM while still retaining the ability to obtain
analytical information.

We demonstrated here that helium ion microscopy is a
powerful tool for observing mineral structures produced by
bacteria. The high surface sensitivity and ability to image
without the requirement of any coating (e.g., with Pt, Au, etc.)
means that HIM can yield information without influence of
artifacts created during the coating process. Therefore, with
HIM, samples might actually appear as they are found in the
environment. Furthermore, the high resolution means that the
technique could provide greater information than normally
available using FE-SEM. By applying correlative microscopy, we
have shown that it is possible to combine the power of
analytical methods available via SEM to obtain important
information such as elemental distribution in such samples.

Our results show that twisted stalks produced by micro-
aerophilic Fe(Il)-oxidizers are initially produced without
surface precipitates, but iron minerals quickly bind to the
surface of the stalks. As time continues, these iron minerals
become more and more mineralized, probably as a result of
secondary, heterogeneous Fe(II) oxidation. The mechanisms
behind the formation of twisted stalks by microaerophilic
Fe(II)-oxidizing bacteria, and their function, remain points of
debate. In particular, this includes whether the formation of the
stalks is a simple response to Fe(II) toxicity? Or how much
Fe(1I) needs to be oxidized to produce enough electrons and
ATP to synthesize all organics needed for the stalks? The use of
HIM offers one potential approach to answering such open
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questions. While the high resolution capabilities of HIM has
been demonstrated, future applications of the instrument could
focus on its nanofabrication capabilities which could make cross
sectioning of twisted stalks possible to better understand the
structural properties of the fibrils before, and after, mineraliza-
tion by lepidocrocite surface crystals. Here, we have shown a
new approach to study the growth of microaerophilic Fe(II)-
oxidizing bacteria. Similar approaches could potentially be
applied to obtain high resolution information on uncoated
materials extracted from more complex environments such as in
soils, sediments, biofilms, or materials collected from hydro-
thermal vents. Ultimately, we hope the outcome of this study
will encourage environmental scientists to use HIM to support
or improve imaging capabilities of materials containing both
minerals and organics such as cell mineral aggregates which are
ubiquitous in the environment.
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