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Abstract
For decades, bacteria were thought of as “bags” of enzymes, lacking organelles and sig-
nificant subcellular structures. This stood in sharp contrast with eukaryotes, where intra-
cellular compartmentalization and the role of large-scale order had been known for a
long time. However, the emerging field of Bacterial Cell Biology has established that
bacteria are in fact highly organized, with most macromolecular components having
specific subcellular locations that can change depending on the cell's physiological
state (Barry & Gitai, 2011; Lenz & S@gaard-Andersen, 2011; Thanbichler & Shapiro,
2008). For example, we now know that many processes in bacteria are orchestrated
by cytoskeletal proteins, which polymerize into surprisingly diverse superstructures,
such as rings, sheets, and tread-milling rods (Pilhofer & Jensen, 2013). These super-
structures connect individual proteins, macromolecular assemblies, and even two
neighboring cells, to affect essential higher-order processes including cell division,
DNA segregation, and motility. Understanding these processes requires resolving
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the in vivo dynamics and ultrastructure at different functional stages of the cell,
at macromolecular resolution and in 3-dimensions (3D). Fluorescence light microscopy
(fLM) of tagged proteins is highly valuable for investigating protein localization and
dynamics, and the resolution power of transmission electron microscopy (TEM) is
required to elucidate the structure of macromolecular complexes in vivo and in vitro.
This chapter summarizes the most recent advances in LM and TEM approaches that
have revolutionized our knowledge and understanding of the microbial world.

Abbreviations

CLEM correlative light and electron microscopy
cryo-EM  cryo-electron microscopy
cryo-ET  cryo-electron tomography

EM electron microscopy

FIB focused ion beam

fIM fluorescence light microscopy

GFP green fluorescent protein

LM light microscopy

NA numerical aperture

PAFP photoactivatable fluorescent protein

PALM photoactivated localization light microscopy
PSF point spread function

SEM scanning electron microscopy

SIM structured illumination microscopy

SPA single particle analysis

stLM super resolution light microscopy

STED stimulated emission depletion microscopy
STORM  stochastic optical reconstruction microscopy
T3SS Type III secretion system

T6SS Type VI secretion system

TEM transmission electron microscopy

1. Introduction

The history of microscopy dates back to the 1590s with the creation of
the first compound light microscope by the father-son duo Hans and
Zacharias Jansen, who were Dutch eyeglass makers, and Hans Lippershey,
another eyeglass maker. Their two-lens microscope represents the first major
advancement in microscopy as it increased magnification compared to
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previous single lens instruments. Subsequent developments were gener-
ated by the inventor Robert Hooke, who was gifted a three-lens micro-
scope by his patron Robert Boyle (Lawson, 2016). Although the
magnifying power was greater than preceding instruments, this micro-
scope introduced chromatic and spherical aberrations. By adding a
diaphragm, Hook sharpened the light path and resolved these aberrations.
Though this advancement led to another obstacle (the sample was now too
dark to view), Hooke resolved it by adding a diffused light source com-
prised of an oil lamp positioned behind a flask of water. His initial micros-
copy findings on the fruiting bodies of molds, among other organisms, was
published in The Micrographia in 1665, thus paving the way for others to
keep improving and innovating microscopes. Pioneering work by his con-
temporary, Antonie van Leeuwenhoek, considered to be the “Father of
Microbiology,” drastically increased the magnification of a single-lens
microscope, thus allowing the first observation of microorganisms, now
classified as bacteria, fungi and protists.

As cell biology advanced, so did the desire for higher magnification
images. The development of the transmission electron microscope (TEM)
in 1931 was a major step in that direction. The use of accelerated electrons
as the illumination source enabled the investigation of denser objects and
improved magnification of cellular features by more than 10° times. The
beam path inside the TEM is maintained under a high vacuum to prevent
scattering of electrons; however, this poses a problem for imaging biological
samples since, under such conditions, their intracellular aqueous environ-
ment instantly evaporates. As a solution, in the 1950s, a chemical preserva-
tion method was developed, which relied on fixing, dehydrating,
sectioning and staining biological samples, thus making them amenable
to imaging with TEM (Dalton, 1952). While this major breakthrough
advanced our understanding of biology for decades, numerous manipula-
tions of the sample can cause significant alterations and loss of cellular ultra-
structure. Thus, the desire to image cells in their native states has driven the
improvement of sample preparation and imaging techniques ever since.
This book chapter highlights some of the major technical advances in light
and electron microscopy and provides examples of their applications to the
field of microbiology (Fig. 1).
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Fig. 1 Advanced imaging techniques. Light microscopy (LM) and electron microscopy
(EM) approaches used to study microbial structure and function. Recent advances in LM
include the development of super-resolution techniques that go beyond the diffraction
limit of light. Cryo-preservation of biological samples has advanced EM applications. 1
and 2 outline two experimental workflows to study thin and thick samples, respectively.
Created with BioRender.com
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2. Fluorescence light microscopy (fLM)
and super-resolution light microscopy (srLM)

Fluorescence as a biological phenomenon was first described in the
1800s. Fluorophores are molecules that absorb light of a specific wavelength,
increase their energy levels through excitation, and subsequently release
light of a longer wavelength when reverting to their lower energy states.
The emission of light renders a color that can be seen with specialized micro-
scopes, or even with the naked eye if in a large enough quantity. In 1962,
aequorin, the protein responsible for the natural blue bioluminescence of
the jellyfish Aequorea victoria, was identified (Shimomura, Johnson, &
Saiga, 1962) and a decade later, the Green Fluorescent Protein (GFP) was
isolated. The implementation of GFP and other fluorescent proteins as
genetically-encoded markers revolutionized cell and molecular biology
(Morise, Shimomura, Johnson, & Winant, 1974). The discovery and sem-
inal nature of fluorescent proteins was awarded the 2008 Nobel Prize in
Chemistry. Fluorescence light microscopy (fLM) aided numerous notable
breakthroughs, one of which was that microorganisms possess organized
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subcellular environments. Although the initial uses of the approach were
focused on subcellular localization of proteins in fixed cells, fLM has since
evolved to capture spatiotemporal dynamics and quantification in living cells
(Gahlmann & Moerner, 2014).

The use of fLM has shaped our understanding of biological systems, espe-
cially when studying eukaryotic cells (>10 pm), however, these approaches
had limited applications for microbiology where the objects of interest are
<1-3pm in diameter. This is because the resolving power of {LM is related
to the wavelength of light (A) used for imaging and the numerical aperture
(NA) of the imaging system. Since resolution is defined as A/(2 x NA),
resolution of fLM is theoretically limited to ~200nm in the lateral (x, y)
and~500nm in the axial (z) planes. According to the Rayleigh criterion,
in order for two distinct points to be considered resolved (or separate), the
intensity of the two signals must have a 20% or greater difference between
the maximum points of their intensity profiles. This means that objects that
are closer than ~200-300nm cannot be resolved by widefield (where the
entire sample is exposed to a light source) fLM. This criterion presents a
major problem in microbiology, since all of the internal structures of cells
and their protein molecules are close together and smaller than 200 nm.

Recent advances in fLM that have focused on improving the resolution
below the diffraction limit of light are referred to as super-resolution light
microscopy (stLM) approaches. The first most accessible and widely-adopted
technique for stLM is super-resolution confocal microscopy. Confocal imag-
ing removes out-of-focus light by focusing a small beam of light at one nar-
row depth level at a time, allowing for optical sectioning of the sample and an
improved signal-to-noise ratio. It utilizes traditional fluorophores and low
laser intensities, which facilitate imaging and reduce sample damage, respec-
tively. Furthermore, detector development has allowed for major gains in
the resolution of confocal microscopy. Detector arrays enhance the spatial
resolution to ~120nm in the lateral plane and 350nm in the axial plane.
New generation detectors are capable of spectral unmixing of up to 16 unique
and overlapping fluorescence spectra, allowing for the use of a wider variety
of fluorophores in multicolor imaging. Finally, low laser intensities and rapid
image acquisition times enable visualization of dynamic processes in living
cells. Thus, confocal microscopy is suited for imaging thicker samples,
making it a superior approach for microbiologists studying host-pathogen
interactions, tissue sections and biofilms. The principles and applications of
some of the other major stLM techniques are described below (Fig. 2).
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Fig. 2 Super-resolution light microscopy (srLM) techniques. The 3D diffraction pattern
of light emitted from a fluorophore is referred to as the Point Spread Function (PSF). The
PSF of widefield LM is much more diffuse compared to srLM approaches. Three main
techniques of srLM are shown in A, B, and C. Fluorophores are depicted as circles, exci-
tation light is represented as green, and depletion light is represented as red. See text
for more detail. Created with BioRender.com
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2.1 Single molecule localization microscopy (PALM/STORM)

Compared to confocal microscopy, more advanced stLM approaches
involve the localization of individual fluorophores, the discovery of which
was awarded the 2014 Nobel Prize in Chemistry. There are two major
single molecule localization microscopy techniques—photoactivated local-
ization light microscopy (PALM) (Betzig et al., 2006) and stochastic optical
reconstruction microscopy (STORM) (Rust, Bates, & Zhuang, 2006),
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both of which rely on the same basic principles (Fig. 2A). A small subset of
fluorophores in the sample is stochastically activated one at a time over along
imaging period by using low energy activation laser. This generates a
“blinking” event by each fluorophore, converting it from a bright to a dark
state. In order to increase the resolution of the image, the light emitted from
a fluorophore can be fit to a point spread function (PSF) using advanced
mathematical models (Small & Stahlheber, 2014). Alternative models can also
be applied, all of which can be computed using software such as Image]
(Kirshner, Aguet, Sage, & Unser, 2013). Though the only true way to pre-
cisely localize and resolve a fluorophore is to use a PSF (Mortensen,
Churchman, Spudich, & Flyvbjerg, 2010), often a Gaussian distribution is
used to approximate the shape of the PSF, ultimately providing a 20-nm lat-
eral and 50-nm axial resolution. A major distinction between the variety of
single molecule localization microscopy techniques is the fluorophore being
employed. For example, PALM utilizes genetically encoded photoactivatable
fluorescent proteins (PAFP) such as PA-GFP, fused to a protein of interest,
whereas STORM utilizes immunolabeling with antibodies fused to organic
fluorophores. Both techniques can be done using commercially-available
microscopes facilitating their applications in microbiology.

The first application of the single molecule localization microscopy was
originally developed on a home-built microscope as a 2D imaging technique,
and follow-up advances in image processing converted it into a 3D imaging
modality (Huang, Wang, Bates, & Zhuang, 2008). As most biological spec-
imens are thicker than the typical depth of focus (~800nm) (Huang, Wang,
et al., 2008), adjustments in data collection can be made. This is achieved
by collecting images at different focal planes of a cell that are then stacked
together to generate a 3D volume (Huang, Jones, Brandenburg, &
Zhuang, 2008). Due to the long imaging times required to acquire a sufficient
number of photons for imaging and difficulties in overlay precision, initial
studies were performed using single fluorophores in fixed samples (Betzig
etal., 2006; Hess, Girirajan, & Mason, 20006). Subsequent faster image acqui-
sition allowed tracking the movement of molecules within cells, a major
advantage for studying biological processes in vivo. The implementation of
a variety of fluorophores has further permitted co-localization and visualiza-
tion of the spatiotemporal dynamics of multiple proteins in living cells
(Abdelsayed, Boukhatem, & Olivier, 2022; Goémez-Garcia, Garbacik,
Otterstrom, Garcia-Parajo, & Lakadamyali, 2018). Lastly, the improvement
of lens technology is further increasing axial resolution and allowing for
chromatic aberration correction at different light wavelengths.
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Since the improved resolution of fLM is now able to distinguish between
different forms of subcellular organization, mechanistic and structural studies
are advancing our understanding of microbial systems. For instance,
two-color PALM has been used to track the dynamics of cell division pro-
teins in Escherichia coli and the archacon Haloferax volcanii (Buss et al., 2015;
Turkowyd et al., 2020). Organization of cytoskeletal elements in Caulobacter
crescentus has also been investigated with multi-color PALM (Gahlmann
et al., 2013). One prominent example of the importance of srLM involves
determining the molecular mechanism behind bacterial chromosome segre-
gation. Many bacteria, including C. crescentus, use partitioning (Par) systems
to segregate their DNA, however, the exact mechanism for how these Par
systems accomplish this is largely unknown. Difterent hypotheses exist, rang-
ing from filamentous structures pulling the chromosome to a diffusion of
the chromosome driven by a concentration gradient (Bouet, Ah-Seng,
Benmeradi, & Lane, 2007; Fogel & Waldor, 2006; Hu, Vecchiarelli,
Mizuuchi, Neuman, & Liu, 2017; Lim, Derman, & Pogliano, 2005; Lim
et al.,, 2014). With widefield fLM, the Par system components were not
resolved, making it difficult to support any of these hypotheses (Ptacin
et al., 2010). Using PALM, however, researchers were able to resolve a ret-
racting structure of ParA, an ATPase, also shown to form polymers in vitro.
The ParA structure was observed proximal to the centromere-binding pro-
tein ParB, suggesting that ParA polymers are interacting with ParB and
supporting a mechanism of filaments pulling the DNA (Ptacin et al., 2010).

2.2 Structured illumination microscopy (SIM)

Structured illumination microscopy (SIM) is another stLM approach that is
conceptually different from the single molecule tracking approaches
described above. SIM leverages the fluorescence of the sample through pat-
terned gratings to achieve sub-diffraction resolution and relies heavily on a
strong foundational understanding of physics and optics (Gustafsson, 2000;
Gustafsson et al., 2008; Rainer Heintzmann & Christoph G. Cremer, 1999).
Typically, an illumination pattern is applied to a sample labeled with up to
three conventional fluorophores (genetically encoded or synthetic labels),
resulting in regions of interference called Moiré fringes (Fig. 2B). Next,
translations are applied to the illumination pattern and a set of images is col-
lected at each rotation and translation. To determine the exact position of
the fluorophore in real space, first the Fourier Transtorm (FT) of the PSF
of the optical system is applied to the SIM frames and then reverse FT is used
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to computationally reconstructs a super-resolution image. The number of
grating rotations can be increased to improve the image quality. SIM is quite
computationally intensive and results in ~100-nm lateral resolution with no
substantial increase in axial resolution compared to widefield fLM. Utilizing
z-stacks in combination with SIM imaging (3D SIM) increases the axial res-
olution to 300nm (Kraus et al., 2017; Schermelleh et al., 2008). SIM is sen-
sitive to out-of-focus light, which makes it useful only for samples thinner than
~30 pm. Though longer acquisition times have precluded SIM from imaging
dynamic processes in live cells, newer imaging systems have faster acquisition
times making the approach suitable for capturing cellular dynamics.

Several advances in microbiology have been made by using SIM and 3D
SIM imaging. For example, researchers have been able to localize and
structurally characterize proteins involved in cell division in B. subtilis
(Eswaramoorthy et al., 2011). In order to trigger constriction, the protein
FtsZ forms the septal Z-ring at the midpoint of dividing cells. Another
player, DivIVA, is also essential during cell division, yet prior to the advent
of super-resolution techniques, its role remained unclear (Hammond,
White, & Eswara, 2019; Harry & Lewis, 2003). Imaging dividing
B. subtilis cells with SIM revealed that DivIVA forms two flanking rings
around the Z-ring. This observation led to the hypothesis that DivIVA
flanks, and likely prevents, FtsZ from laying down more rings directly adja-
cent to the already forming septum. This discovery not only presented the
higher order structure of DivIVA, but it also provided insight into possible
mechanisms guiding cellular division in rod-shaped bacteria.

2.3 Stimulated emission depletion microscopy (STED)

To achieve super-resolution, STED relies on the use of two laser pulses and
patterned illumination of the sample (Hell & Wichmann, 1994) (Fig. 2C).
The fluorophores in the sample are excited by the first laser pulse, while a
second laser pulse, typically in a torus shape, is used to deplete the emission
of fluorophores in all areas except the center of the beam. This depletion
spatially limits the region emitting fluorescence to the center of the field
of view and allows fluorophores in close proximity to be distinguished,
resulting in ~50nm resolution. In newer instruments, the STED laser is
circularly polarized to achieve super-resolution along the axial plane.
Improvements in detectors are increasing imaging speed and enabling visu-
alization of up to five fluorophores. The net result is that the dynamics of
several fluorophores can be visualized at 30-nm lateral and 100-nm axial
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resolution. Spectral deconvolution is also being adapted for use in STED
microscopy to separate emission from spectrally-overlapping fluorophores.
As with PALM/STORM and SIM, the resolution of STED worsens with
increasing sample thickness. While STED hardware has been complicated to
use in the past, the technology is maturing and newer instruments show
promise for future microbiology applications. For example, STED has been
used to monitor peptidoglycan synthesis in conjunction with new genera-
tion fluorescent D-amino acids in a variety of monoderm and diderm
bacteria (Soderstrom, Ruda, Widmalm, & Daley, 2020).

3. Cryo-electron microscopy (cryo-EM)

To determine the structure of cells and macromolecular complexes,
the high resolving power of TEM is indispensable. Cryo-EM is a technique
that applies TEM to cryogenically preserved biological samples (kept at
—170°C), and produces 3D reconstructions. In the 1980s, Dubochet and
colleagues discovered that if biological samples are frozen fast enough
(>10° °C/s), the surrounding water molecules form amorphous ice rather
than crystalline ice (Dubochet et al., 1988). The amorphous (also known
as vitreous) ice is compatible with TEM imaging since it appears as
“glass-like” and does not interfere with the visualization of cellular struc-
tures. In addition, cryo-preservation ensures simultaneous immobilization
of all macromolecular components in their native states. Since many protein
networks are sensitive to osmotic or temperature changes, cryo-preservation
minimizes artifacts and opens new doors to study biological samples at
unprecedented resolution. The significance of cryo-EM and its contribu-
tions to medicine were recognized in 2017 when Dubochet, Frank and
Henderson were awarded the Nobel Prize in Chemistry for pioneering
the technique.

There are two major cryo-EM modalities that are nowadays used rou-
tinely to study proteins and cellular structures (Fig. 3). The first, single particle
analysis (SPA), focuses on imaging macromolecular complexes in vitro, and the
second, cryo-electron tomography (cryo-ET), is focused on imaging intact
cells. Both techniques generate 3D structures in near-native states, leverage
cryo-preservation and rely on the same TEM instrument and software for
imaging. Thus, developments in imaging hardware and software impact
both modalities. More details about SPA and cryo-ET are discussed in the
sections below.
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are imaged in a single plane in the TEM, producing 2D projections. (2) Multiple 2D pro-
jections are taken and then grouped into classes based on the particle orientations.
(3) The classes are then aligned and reconstructed to form a 3D volume to an atomic res-
olution. Cryo-electron tomography: (1) The vitrified sample is rotated inside the electron
microscope while 2D projections are collected. (2) The 2D projections are then
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3.1 Single particle analysis (SPA)

SPA is a powerful method for protein structure determination that relies on
collecting thousands of micrographs of purified proteins or macromolecular
complexes. The sample is frozen on EM grids and, due to the large number
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and varied orientations of the particles, the collected 2D projection images
can be used to generate a 3D volume (Fig. 3A). SPA has many advantages in
comparison to X-ray crystallography, the historically used method for
atomic structure determination. For example, the access and accuracy of
X-ray crystallography is highly dependent on the ability of biological mole-
cules to form crystals that diftract to high resolution. Limited by the molecule
size and characteristics such as hydrophobicity and dynamic regions, the struc-
tures of many proteins, including membrane proteins, were thus not amenable
to the technique. SPA overcomes several of these limitations and has been par-
ticularly instrumental for the study of membrane proteins, protein complexes,
and macromolecular machines such as viruses, ribosomes, and proteasomes
(Doyle et al., 2022; Sun et al., 2020; Yuan et al., 2018).

Recent developments in data acquisition and processing have resulted in
major advances in the field where structures solved using SPA can now reach
atomic resolution (Nakane et al., 2020). During data processing, same struc-
tures are organized into 2D classes where views representing the same class
are averaged to increase the signal-to-noise ratio. Then, a 3D reconstruction
is calculated and depending on the resolution, amino acid side chains can be
identified. Furthermore, 3D refinement may reveal conformational and
compositional heterogeneity providing valuable insight into structural and
functional intermediates (Su et al., 2021). Structural prediction software,
such as Alphafold (Jumper et al., 2021) and RosettaFold (Baek et al.,
2021), are also aiding in structural determination as predicted structures
using these methods can be fit into low resolution SPA volumes to clarify
the positions of proteins within a complex.

SPA has led to major advances in microbiology, specifically in the field of
membrane-bound proteins (Fig. 4). For example, bacteria possess specialized
secretion systems that are membrane-associated nanomachines and aid in
transporting molecules in and out of cells. They promote pathogenesis by
secreting virulence factors (substrates) that are required for intracellular
survival and evading the bactericidal mechanisms of host cells. SPA has
become an invaluable approach to study the structure and function of the
types I-IV, VI, VII and IX systems and has led to major advances in under-
standing their mechanisms. One of the best studied examples is the Type 11
secretion system (T3SS, also called injectosome, Fig. 4A), which is used by
Gram-negative bacteria to secrete virulence factors across their inner and outer
membranes, as well as across the plasma membrane of the host. The T3SS hasa
characteristic needle component (the translocon) that was previously hypoth-
esized to transport the substrates. Using SPA, researchers were able to solve
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Fig. 4 Atomic models of membrane-bound macromolecular complexes in bacteria. (A)
The T3SS from Salmonella typhimurium, composed of the basal body and translocon,
secretes virulence factors across the bacterial inner membrane (IM), outer membrane
(OM), and host cell plasma membrane (PM). (B) Chemoreceptor arrays are trimers of
dimers spanning the IM and relaying signal from the periplasm into the cell via the
CheA (histidine kinase) and CheW (coupling protein). (C) The T6SS found in
Myxococcus xanthus is a membrane-associated intracellular contractile injection system.
It is composed of the sheath protein VipA, tube, and tip. Created with BioRender.com.

the complex to subnanometer resolution and identify the main proteins com-
prising the system and determine their stoichiometry. By tagging a putative
substrate, SPA studies were further able to visualize it “trapped” inside the
translocon of the T3SS, lending strong support for the mode of secretion
(Radics, Konigsmaier, & Marlovits, 2014). The T3SS-mediated secretion is
now described as trapping unfolded substrates and passing them through
the lumen of translocon. Structural studies further showed that the 15-A
lumen, as well as the outer membrane secretin component, limit the size of
substrates passing through the system (Hu et al., 2018).

3.2 Cryo-electron tomography (cryo-ET)

Similar to SPA, cryo-ET generates 3D reconstructions, however the tech-
nique has the unique capacity to resolve structures directly within cells. To
prepare the sample for data collection, a few microliters of a bacterial culture
are applied to an EM grid and rapidly frozen in order to preserve the intra-
cellular environment and prevent the formation of crystalline ice. Inside the
TEM, tilt series of each cell/target are collected by continuously rotating the
sample while taking 2D micrographs (Fig. 3B). 3D volumes, or tomograms,
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are then reconstructed using backprojection computational methods. By
providing macromolecular (~3nm) resolution, cryo-ET reveals the native
structure of complexes and their interactions with other cellular components.

Cryo-ET has been used to characterize numerous macromolecular
assemblies in bacteria, as well as study essential cellular processes. For exam-
ple, this approach was used to directly visualize the interaction of the T3SS
of Salmonella typhimurium with host cells. As described above, the T3SS is
used to secrete substrates into the host that lead to actin polymerization,
membrane ruffling and engulfment of the pathogenic bacteria (Coburn,
Sekirov, & Finlay, 2007). By using a combination of deletion mutants
and fusion proteins, all of the components of the export apparatus, as well
as the cytoplasmic platform that is essential for sorting the needle subunits
and substrates, were identified (Park et al., 2018). Visualizing host-pathogen
interactions directly further showed how the tip of the translocon binds to
the plasma membrane of eukaryotic cells and mediates signal transduction,
providing the most detailed view of a secretion system in its cellular context
to date. Application of cryo-ET to other systems will undoubtedly provide
similar structural and functional insights for other systems.

3.2.1 Subtomogram averaging

To improve the resolution of cryo-ET, identical structures within a cell (or
repeating structures among cells) can be computationally superimposed and
averaged. This approach, termed “subtomogram averaging,” capitalizes on
the advantages of cryo-ET, while applying the principles of SPA (Fig. 3B).
Here, each structure of interest is extracted from the raw tilt series to undergo
3D averaging and refinement (Bharat & Scheres, 2016; Scaramuzza &
Castano-Diez, 2021). As a result, similar to SPA, higher signal-to-noise ratio
improves the resolution to subnanometer and reduces missing data artifacts.
Subtomogram averaging has been particularly beneficial for structures that
are abundant in vivo and thus readily observable, such as chemoreceptor arrays,
flagellar motors, secretion systems, and surface layers (S-layers) (Chen et al.,
2011; Martinez et al., 2022; von Kugelgen et al., 2020). Although the reso-
lution of structures obtained by subtomogram averaging is not comparable to
that of SPA, a major advantage of this approach is the ability to localize mac-
romolecular assemblies in situ (Ferreira et al., 2019). For example, a novel
component of yet unknown function was recently discovered in association
with the inner membrane of the flagellar T3SS in several Gram-negative bac-
teria (Kaplan et al., 2022), thus identifying new areas for future research.
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Data collection for subtomogram averaging presents several challenges,
particularly pertaining to structures that are sensitive to the electron beam. In
cryo-ET, the highest resolution images are taken at the beginning of a tilt
series, prior to accumulation of electron damage, whereas images taken at
higher tilt angles are noisier due to the increased sample thickness and elec-
tron scattering (Hagen, Wan, & Briggs, 2017). To accelerate data acquisition
and in turn minimize overall exposure of the sample to the electron beam,
tilt increments can be increased, and the total tilt angles can be reduced.
Additionally, modified tilt schemes can improve the resolution by further
reducing electron damage at the lower tilts when the sample is thinnest
(Hagen et al., 2017). Major advances are to be made in software development
for subtomogram averaging. Currently, data processing relies on a variety of
unintegrated software tools, necessitating homemade workarounds due to
compatibility issues. Recently, machine learning based particle selection has
been developed in some software pipelines (Scaramuzza & Castaiio-Diez,
2021). Similar to SPA, the algorithm can be trained on a subset of particles
for subsequent automatic selection of targets in tomograms. More sophisti-
cated 3D heterogeneous refinement tools are also making their way into
subtomogram averaging. These tools allow for higher resolution structures
to be obtained through distinguishing different conformations of the same
complex (Himes & Zhang, 2018).

Atomic structures generated by higher resolution methods, such as X-ray
crystallography or SPA can be used in conjunction with subtomogram aver-
aging to generate a pseudoatomic model of macromolecular assemblies as
they appear in vivo. This approach has been successtully applied to study
the bacterial chemoreceptor arrays (Briegel et al., 2012; Muok et al.,
2020; Yang et al., 2019). Chemoreceptors are transmembrane complexes
that direct the movement of cells to and away from chemicals in the envi-
ronment. Subtomogram averaging revealed that receptors formed extended
hexagonal lattices composed of trimers of dimers. By fitting the crystal struc-
tures of individual receptors into the EM maps, a detailed network of inter-
actions among subunits was identified. The structural connections have
provided a model that can explain the cooperative behavior and signal trans-
duction during chemotaxis (Fig. 4B).

3.2.2 Correlative light and electron microscopy (CLEM)

Identifying objects within the crowded environment of the cell is limited by
our knowledge of complexes in vivo. The most powerful method to identify
objects of interest in cells for subsequent imaging with cryo-ET is CLEM.
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In this approach, proteins of interest are fused to fluorophores and coarsely
localized using fLM. The fLM images are then used to identify targets for
subsequent cryo-ET analysis of the same sample. CLEM approaches aid
in the identification of subcellular structures and further bridge the resolu-
tion gap between different imaging modalities.

Although powerful, CLEM approaches have limitations: fLM is best car-
ried out at room temperature using oil-immersion lenses with high numer-
ical aperture (NA ~1.4). Under these conditions, even slight cellular
movement can prevent subsequent correlation with cryo-ET. As a result,
only relatively static structures such as bacterial stalk cross-bands or eukary-
otic focal adhesions have been studied (Medalia & Geiger, 2010; Sartori
et al., 2007; Schlimpert et al., 2012). Alternatively, cells can be chemically
fixed before imaging, however, fixation can introduce artifacts and destroy
intracellular features such as cytoskeletal filaments (Lippincott-Schwartz &
Manley, 2009; Schnell, Dijk, Sjollema, & Giepmans, 2012; Whelan &
Bell, 2015). For best results, prior to fLM imaging, cells should be cryogen-
ically preserved. Since imaging needs to be carried out under liquid
nitrogen, the use of long-working distance air objectives (low NA of
~0.7) severely limit the resolution of cryo-fLM.

A major improvement in CLEM approaches is the implementation of
stLM under cryogenic conditions. For example, cryo-PALM was success-
tully applied to frozen Myxococcus xanthus cells to identify multiple and
new conformations of the Type VI secretion system (T6SS). The T6SS is
a membrane-associated intracellular contractile injection system that plays
a role in interbacterial competition and competence (Fig. 4C) (Cherrak,
Flaugnatti, Durand, Journet, & Cascales, 2019). By tagging the sheath pro-
tein VipA with a PA-GFP, extended and contracted conformations were
observed in tomograms, corresponding to loaded and fired states of the
system (Chang et al., 2014). Cryo-PALM is a powerful technique; however,
it requires the use of home-built instruments and photo-activatable
fluorophores that have prevented its routine application in microbiology.

Nowadays, commercially available cryo-stLM instruments provide a
good balance between ease of use, rapid data collection, and image quality.
Software plugins can automatically correlate images from different magnifi-
cations, facilitating downstream correlation with other imaging modalities.

3.2.3 Cryo-focused ion beam (Cryo-FIB) milling and lift-out

Due to the limiting penetrative power of electrons, samples thicker than
500 nm are not amenable for direct imaging with cryo-ET. Cryo-FIB mill-
ing is an approach that produces 100-300nm thin sections, (lamellae) that
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Fig. 5 Cryo-FIB milling and lift-out overview. Plunge freezing is used to vitrify samples,
such as viruses and bacteria that are less than 10 pm thick, directly onto EM grids. For
thicker samples, cryo-FIB milling is used to produce thin (~200nm) sections called
lamellae that can be imaged using cryo-ET. Gallium ions are used during FIB milling
to ablate excess material. An electron beam is also used to monitor the milling process
with scanning electron microscopy (SEM). Tissue samples can be frozen using
high-pressure and a section can be removed using the lift-out approach. The section
is then placed on an EM grid and further milled using cryo-FIB before imaging with
cryo-ET. Created with BioRender.com

can subsequently be imaged with cryo-ET (Fig. 5). The initial stages of sam-
ple preparation are similar to those for cryo-ET, allowing for seamless inte-
gration of the two methods into the same workflow. After plunge-freezing
on a cryo-EM grid, the sample is transferred to a cryo-FIB instrument for
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cryo-FIB milling. Here a beam of high energy gallium (Ga>*) ions is used to
ablate material and produce lamellae. Cryo-FIB instruments typically have
two beams, one for milling (Ga>*) and the other (electrons) for visualizing
the sample with scanning EM (SEM). SEM helps monitor the milling pro-
cess as it 1s occurring and can further generate volume data for 3D analysis
(Hsieh, Schmelzer, Kishchenko, Wagenknecht, & Marko, 2014; Mahamid
et al., 2015; Medeiros, Bock, & Pilhofer, 2018; Zachs et al., 2020).

Cryo-FIB milling has made it possible to visualize thick bacterial samples
to unprecedented detail. For instance, the cell division machinery during
endospore formation in B. subtilis was found to localize exclusively to
the mother cell side of the forming septum (Khanna, Lopez-Garrido,
Sugie, Pogliano, & Villa, 2021). This is in contrast to vegetative septa where
the cell division machinery localizes to both sides of the developing septum.
This approach is also an essential tool for researchers interested in the structural
biology of host-pathogen interactions. While the T3SS has been extensively
characterized using both SPA and cryo-ET, it is challenging to directly image
the structure of the secretion system during the infection process due to sample
thickness. Using cryo-FIB milling, cryo-ET, and SPA, the structure of the
injectosome of Yersinia enterocolitica was studied inside the phagosome of
infected human cells. The unprecedented images revealed that the T3SS
formed direct contact with the phagosomal membrane and provided insight
into the structural differences of the injectosome compared to other bacteria
(Berger et al., 2021). Such applications pave the way for future 3D studies of
infection-relevant protein complexes in host-pathogen interactions.

For samples thicker than 50 pm, such as biofilms and tissue, an in situ
lift-out method has been developed under cryogenic conditions (Schafter
et al., 2019). This approach is routinely used for manipulating materials at
room temperature, however, its implementation under cryogenic conditions
is now allowing us to apply it to biological systems. In the cryo-lift-out
method, the thick biological sample is first vitrified using high-pressure freez-
ing. Next, a small volume is extracted using a mechanical micromanipulator
kept at a temperature below —145°C to maintain the sample in a vitreous
state. The volume of interest is then transferred onto an EM grid for final
cryo-FIB thinning before being imaged with cryo-ET (Schaffer et al., 2019).

3.2.4 Super-resolution cryo-CLEM, cryo-FIB and cryo-ET
of bacterial cells

Depending on the biological question, the approaches described in this
chapter can be combined in numerous ways and applied to a variety of
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A) Super-resolution cryo-CLEM, cryo-FIB and cryo-ET workflow
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Fig. 6 Integrated super-resolution cryo-CLEM, cryo-FIB and cryo-ET to study the bacte-
rial cell envelope. (A) Correlative cryo-FIB milling and cryo-ET workflow. Deinococcus
radiodurans cells were plunge frozen on EM grids and srLM under cryogenic conditions
was used to identify targets for cryo-FIB milling. Cryo-FIB milling was monitored using
SEM. Tomograms of final lamellae were collected using cryo-ET. (B) Major steps during
target identification and correlation between cryo-srLM and cryo-FIB. Adapted from
Sexton, D. L., Burgold, S., Schertel, A, & Tocheva, E. I. (2022). Super-resolution confocal
cryo-CLEM with cryo-FIB milling for in situ imaging of Deinococcus radiodurans.
Current Research in Structural Biology, 4, 1-9.

systems. For example, a super-resolution cryo-CLEM and cryo-FIB-SEM
volume imaging approach was recently applied to structurally characterize
the cell envelope of dividing Deinococcus radiodurans bacterial cells (Fig. 6).
D. radiodurans is a radiation-resistant bacterium with unique structural and
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functional properties. The bacterium is known to have a unique cell enve-
lope with an outer membrane that lacks the typical lipopolysaccharide (LPS)
lipids, and has a surface S-layer composed of multiple protein complexes
(Farci et al., 2021). The extreme resistance of the D. radiodurans cells to
UV light and desiccation has been attributed to the cell envelope and in par-
ticular the S-layer (Farci, Slavov, Tramontano, & Piano, 2016). Due to its
size (>4 pm in diameter), direct imaging of D. radiodurans with cryo-ET has
not been feasible to date. By applying a combination of advanced imaging
approaches, the native in vivo structure of the cell envelope revealed the pres-
ence of a thick layer of peptidoglycan, a novel tethering system composed of
OmpM, and the organization of the S-layer in a hexagonal lattice (Kugelgen
et al., 2022; Sexton, Burgold, Schertel, & Tocheva, 2022). Furthermore,
cytoskeletal filaments, FtsA and FtsZ, were observed at the leading edges
of constricting septa and numerous, previously uncharacterized, macromo-
lecular complexes were found associated with the cytoplasmic side of the
inner membrane (Sexton et al., 2022).

4, Conclusion

Combining advanced imaging techniques with extensive biochemical
and molecular biology approaches will open new lines of investigation into
the physiology and evolution of bacteria. Imaging hardware, automation
software to guide image collection, and machine learning tools are pushing
imaging forward. Gains need to be made in the areas of automated feature
detection, axial resolution of super-resolution techniques, particularly under
cryogenic conditions, and improving data processing so that more could be
done with smaller datasets. Much needed advances include identifying mac-
romolecular complexes in cryo-ET without the labelling of proteins of
interests, and performing SPA on proteins that are less abundant in the cell,
without the need for extremely large datasets. Microscopy advancements
continue as we reach new levels of sight.
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