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Gram-negative bacteria have a highly evolved cell wall with two membranes composed

of complex arrays of integral and peripheral proteins, as well as phospholipids and

glycolipids. In order to sense changes in, respond to, and exploit their environmental

niches, bacteria rely on structures assembled into or onto the outer membrane. Protein

secretion across the cell wall is a key process in virulence and other fundamental

aspects of bacterial cell biology. The final stage of protein secretion in Gram-negative

bacteria, translocation across the outer membrane, is energetically challenging so

sophisticated nanomachines have evolved to meet this challenge. Advances in

fluorescence microscopy now allow for the direct visualization of the protein secretion

process, detailing the dynamics of (i) outer membrane biogenesis and the assembly of

protein secretion systems into the outer membrane, (ii) the spatial distribution of these

and other membrane proteins on the bacterial cell surface, and (iii) translocation of

effector proteins, toxins and enzymes by these protein secretion systems. Here we review

the frontier research imaging the process of secretion, particularly new studies that are

applying various modes of super-resolution microscopy.

Keywords: protein secretion, outer membrane, lipopolysaccharide, BAM complex

Fluorescence microscopy has proven to be a powerful tool for cell biologists, given the wide
array of fluorescent probes available (fluorescent fusion proteins, reactive tags, and fluorescent
antibodies) to specifically label and detect sub-cellular components in a cellular context. Together
with increasingly higher quality optics, sensitive detectors and coherent light sources, the resolution
capacity of fluorescence microscopy has now been extended to generate superior images with finer
details than ever before. Until these recent developments, microbiologists were unable to fully
capitalize on fluorescence microscopy, since the diffraction limit of light means only objects larger
than∼250 nm in lateral dimension and∼500 nm in axial dimension could be resolved: any objects
smaller than these limits are merely blurred spots (Patterson et al., 2010). Many of the structures
of interest in microbes are much smaller than this classical limit, with bacteria themselves only
1–10µm in length (Koch, 1996).

The advent of super-resolution microscopy extended the classical limit imposed by
conventional light microscopy (Hell, 2007, 2009; Huang et al., 2009, 2010). There are
two general classes of super-resolution microscopy. The first class of imaging modalities
utilizes spatially patterned fluorescence excitation beams to achieve the sub-diffraction
level of resolution. The most notable examples of this technique are stimulated emission
depletion (STED) microscopy (Hell and Wichmann, 1994; Klar and Hell, 1999), reversible
saturable optical fluorescence transitions (RESOLFT) microscopy (Hell and Wichmann, 1994;
Hofmann et al., 2005) and structured illumination microscopy (SIM) (Gustafsson, 2000, 2005).
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The second class circumvents the diffraction barrier through
actively controlling the fluorescence emitter (fluorescent
proteins, antibodies or tags) concentrations by stochastic
photo-activation or by stochastic photo-switching (Heilemann
et al., 2009; Lippincott-Schwartz and Patterson, 2009; Kamiyama
and Huang, 2012), thereby enabling spatio-temporal resolution
of emitter localizations. This class includes photoactivation
localization microscopy (PALM) (Betzig et al., 2006) and
stochastic optical reconstruction microscopy (STORM),
collectively known as single molecule localization microscopy
(SMLM) (Rust et al., 2006). These techniques are documented
to reach 10–25 nm of lateral resolution (Kamiyama and Huang,
2012), a scale that allows visualization of macromolecules in
small cellular systems (Figure 1).

In order to exploit their environmental niches, bacteria
undertake vital tasks such as sensing the external milieu, cell
to cell communication, nutrient uptake against concentration
gradients, cell-cell warfare and the secretion of macromolecules
into the environment. Gram-negative bacteria have a highly
evolved cell wall with two membranes composed of a complex
array of integral and peripheral proteins, as well as phospholipids
and glycolipids. The outer membrane is an asymmetric bilayer,
with an inner leaflet of phospholipids and an outer leaflet of
lipopolysaccharide (LPS). As discussed herein, we are beginning
to appreciate that this asymmetric lipid environment promotes
spatial heterogeneity of membrane constituents and impedes
the sort of lateral mobility that is common for the proteins
integrated in phospholipid bilayers. Super resolution microscopy
is being applied to dissect diverse aspects of bacterial cell biology,
including membrane protein structure and dynamics (Xie et al.,
2008). In this review, we highlight the advances that have
been made in understanding spatial-temporal characteristics of
bacterial surface proteins, particularly protein secretion systems,
that the recent advances in microscopy have allowed. To date,
model bacterial systems like Escherichia coli and Caulobacter
cresentus have been the subject for themajority of single molecule
localization studies (Gahlmann and Moerner, 2014).

FLUORESCENCE IMAGING OF OUTER
MEMBRANE STRUCTURE AND
BIOGENESIS

Most bacterial outer membrane proteins (OMPs) have a β-barrel
architecture (De Geyter et al., 2016; Plummer and Fleming,
2016; Noinaj et al., 2017; Slusky, 2017) and, of these, the
channels that allow for selective permeability of small molecules
across the outer membrane are referred to as porins (Hancock,
1987). Some of these porins display surface exposed extracellular
domains, often simply loops of polypeptide between adjacent β-
strands, which none the less provide the means to fluorescently
label them for mobility assessment studies on live cells (Gibbs
et al., 2004; Spector et al., 2010; Rassam et al., 2015). With the
aid of fluorescent recovery after photo-bleaching (FRAP) and
single particle tracking using total internal reflection fluorescence
microscopy (TIRFM), we are now beginning to understand time-
resolved spatial movements of these outer membrane proteins

FIGURE 1 | Methods for single molecule localization and tracking. (A) STORM

and (B) PALM super-resolution microscopy, collectively referred to as single

molecule localization microscopy methods (SMLM). These modalities utilize

stochastic photo-switching or photo-activation of a subset of fluorescence

emitters to achieve sub-diffraction resolution of 10–25 nm in lateral

dimensions. PALM is well known for live cell imaging and mapping

spatiotemporal trajectories of individual fluorescently labeled molecules

(Manley et al., 2008). STORM is documented for its use in determining the

localized positioning of fluorescently labeled molecules in both live and fixed

samples (Kamiyama and Huang, 2012). The mobility of fluorescent fusion

proteins in live cells can also be surveyed through (C) FRAP and (D) TIRF

microscopy techniques. In FRAP experiments, a relatively small area within the

cell is irreversibly photo-bleached by a high intensity laser beam, followed by

subsequent monitoring of the redistribution of non-bleached fluorescence

molecules into the photo-bleached region under low laser power. TIRFM relies

upon the generation of a rapidly decaying evanescent field at the interface of

sample and coverslip to sparsely excite fluorophores, providing a high signal to

background noise ratio in single particle tracking studies (Toomre and

Bewersdorf, 2010).

(Gibbs et al., 2004; Spector et al., 2010; Rothenberg et al., 2011;
Rassam et al., 2015).

LamB is a trimeric porin responsible for maltose uptake
in E. coli (Schirmer et al., 1995). LamB also serves as the
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receptor for certain bacteriophage (Chatterjee and Rothenberg,
2012), and has been extensively studied in terms of diffusion
dynamics. Using various labeling techniques and different
imaging modalities, LamB mobility has been described using
parametric measurements such as the short-time diffusion
coefficient. In essence, this quantifies the area a molecule
inhabits in a per second measurement. LamB displays a short-
time diffusion coefficient of 0.15 – 0.06µm2s−1, with each
molecule therefore being confined to a space of ∼20 nm at the
outer membrane (Oddershede et al., 2002; Gibbs et al., 2004;
Rothenberg et al., 2011). Similar results have come from study
of other porins. OmpF, for example, was reported to have short-
time diffusion coefficients of 0.006µm2s−1 (Spector et al., 2010).
Similarly, a short-time diffusion coefficient of 0.05µm2s−1 was
reported for the TonB-dependent receptor BtuB, which facilitates
cobalamin uptake (Spector et al., 2010). For both OmpF and
BtuB, recent work has suggested that their distribution and
relative immobility may be due to non-specific, protein-protein
interactions (Rassam et al., 2015). OmpA functions to lock the
outer membrane to the under-lying peptidoglycan layer, and
it had been expected that this feature alone would dictate the
relative immobility predicted for OmpA (Samsudin et al., 2016).
However, deletion of peptidoglycan binding domain of OmpA,
did not affect the diffusion coefficient measurements for the β-
barrel domain of OmpA (Verhoeven et al., 2013). These and
other studies have led to the understanding that, compared to
inner membrane proteins, OMPs generally display orders of
magnitude slower diffusion dynamics whether or not they are
tethered to other cellular structures (Oddershede et al., 2002;
Gibbs et al., 2004; Spector et al., 2010; Rothenberg et al., 2011;
Ritchie et al., 2013; Verhoeven et al., 2013; Rassam et al.,
2015).

In this emerging paradigm of membrane spatial rigidity, it
has become clear that the distribution of LPS is also greatly
constrained. By fluorescently labeling LPS via the α-mannose
moiety of its O-antigen, distinct helical ribbon-like geometric
arrangements were observed for LPS on live E.coli (Ghosh
and Young, 2005). Very low diffusion coefficients reported by
FRAP experiments showed that LPS molecules were practically
immobile by comparison with the (already very low) OMP
diffusion rates (Mühlradt et al., 1973; Schindler et al., 1980). The
current hypothesis is that LPS helical ribbons may represent a
geometric arrangement important for staging outer membrane
biogenesis. Given the high abundance yet constrained spatial
distribution of LPS, it is becoming clear that any model for
protein transport into or across the outer membrane will need
to take into account this spatial information.

Few studies have yet to directly address the spatio-temporal
aspects of the process of β-barrel assembly into the outer
membrane. In one, temporal labeling of LamB appearance on
the bacterial cell surface has been studied in elegant work,
using detailed computational analysis to reconstruct the first
spatio-temporal distribution of OMP biogenesis (Ursell et al.,
2012). Employing site specific protein labeling strategy using
Sfp phosphopantetheinyl transferase to covalently label emergent
loops of nascent LamBmolecules, the appearance andmobility of
LamB molecules was monitored through time-lapse fluorescence

microscopy. Inducible pulse-chase expression of LamB revealed
an initial emergence of fluorescent punctae which represents a
heterogeneous distribution of fluorescent spots per bacterium.
The heterogeneous localization of LamB was due to discrete
bursts of insertion of new material at discrete sites throughout
the outer membrane. This presumably relates to the number
and location of active β-barrel assembly machinery (BAM)
complexes, which serve to catalyse β-barrel protein assembly
into the outer membrane (De Geyter et al., 2016; Plummer and
Fleming, 2016; Noinaj et al., 2017). The numbers of these punctae
is similar to the number of sites estimated in an early EM-
based study that captured porin insertion sites in Salmonella
Typhimurium using ferritin-conjugatedOMP-specific antibodies
(Smit and Nikaido, 1978). Importantly, FRAP experiments
showed that any laterally measurable movement of the OMPs
across the bacterial cell surface was dependent on membrane
growth and was not diffusional (Ursell et al., 2012). Since LamB
also serves as receptor for several bacteriophage (Hancock and
Reeves, 1976), fluorescently labeled λ phage tails have also
been used to monitor the endogenous distribution of LamB—
without plasmid-borne over-expression—and these studies too
find it to be driven by cell growth and elongation (Gibbs et al.,
2004).

The process of outer membrane biogenesis also depends
on OMP turn-over through generational change in an E. coli
population. A recent study using covalently modified colicins to
fluorescently label two OMPs, BtuB and Cir, elegantly followed
this process through TIRFM (Rassam et al., 2015). BtuB and Cir
were observed to be clustered together in “OMP islands,” huge
rafts with an average size of ∼ 0.5µm (hundreds to thousands
of proteins molecules would be encompassed in this island, with
little or no interstitial lipid present). Unlike the LamB studies,
where new material was delivered at points all across the cell
surface, Rassam et al. suggested that the insertion of new BtuB
and Cir into these rafts was only observed in the mid-cell region
(Rassam et al., 2015). Irrespective of the site of new material
deposition, computer modeling studies (Wang et al., 2008; Ursell
et al., 2012; Rassam et al., 2015) have demonstrated that in
either scenario, pre-existent OMPs and LPS will always tend to
be forced toward poles, and that cell division will ultimately
yield an unequal partitioning of membrane materials to create
distinct subpopulations of cells, ones having mixed set of old
and new material and others with predominantly or exclusively
“young” OMPs. Within a bacterial population this then creates
a range of phenotypes in the outer membrane proteome, and a
range of adaptive advantages for individual bacteria to survive
and replicate in that environment. In various ways, other studies
have demonstrated how “older” elements of the other major
cell envelope constituents, LPS and peptidoglycan, are also
ultimately retained at cell poles (Kato et al., 1990, 2000; De
Pedro et al., 2003; Thiem et al., 2007; Thiem and Sourjik, 2008).
In silico models have predicted this type of protein clustering
and binary partitioning of membrane proteins. For example,
this temporal positioning has been observed to be important in
resolving protein aggregates associated with bacterial cell aging,
but is also important in positioning chemoreceptor arrays and
regulation of cell division (Janakiraman and Goldberg, 2004;
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FIGURE 2 | Architecture of the major protein secretion systems found in Gram-negative bacteria. Of the six major protein secretion systems, five span the inner and

outer membranes and the periplasm. These nanomachines are thereby trapped in the peptidoglycan layer. The T1SS, T3SS, T4SS, and T6SS collect substrate

proteins directly from the cytoplasm for secretion across both membranes, while the T2SS collects substrate proteins from the periplasm with their delivery there

being via the Sec translocon (shown) or Tat transport system (not shown). While informed artistic license was taken with the placement, orientation and shape of some

proteins/complexes, wherever possible relative structural information was used. The structural data used as a basis in the preparation of this figure are: PDB 1ek9,

5l22, 5mg3, 5d0o, 1mal, 5ksr, 5wq8, 3fpp, 4ksr, 5l22, 3fpp, 4kh3, 4mee; and EMD-2927, EMD-2667, EMD-2567, EMD-1875. The structure and function of these

various protein translocation systems are detailed elsewhere in this special volume.

Thiem et al., 2007; Lindner et al., 2008; Thiem and Sourjik,
2008).

FLUORESCENCE-BASED IMAGING OF
BACTERIAL SECRETION SYSTEMS

A frontier area of research in bacterial cell biology concerns
the assembly and distribution of protein secretion machines.
Bacteria have evolved numerous mechanisms to efficiently
secrete proteins into the environment and characterization of
several protein secretion systems is yielding exciting advances
in understanding their structure and function (Dalbey and
Kuhn, 2012; Costa et al., 2015). Because these systems are
detailed elsewhere in this special edition, we have focused
our review on studies where spatial distribution appears to be
important either to the biogenesis of the secretion system, or
to its function. As highlighted in Figure 2, the architecture of
these secretion nanomachines can differ from single component
systems, to relatively simple systems composed of only 3
subunits, to multicomponent systems containing over 20 protein
subunits and spanning all four compartments of the bacterial
cell (Dalbey and Kuhn, 2012; Campos et al., 2013; Galán
et al., 2014; Ho et al., 2014; Thomas et al., 2014; Trokter
et al., 2014; van Ulsen et al., 2014; Zoued et al., 2014; Basler,
2015; Costa et al., 2015; Fan et al., 2016; Notti and Stebbins,
2016).

TYPE 1 SECRETION SYSTEM (T1SS)

Effector proteins secreted through T1SS have been characterized
in a number of bacterial pathogens including in uropathogenic
E. coli, Bordetella pertussis and more recently through effector
protein RtxA in Legionella pneumophila (Brooks et al., 1980;
Shrivastava and Miller, 2009; Fuche et al., 2015). Using deletion
mutants and fluorescence protein fusion constructs of RtxA
(photoactivatable mCherry-RtxA), secretion was monitored
through the course of infection. Legionella were internalized by
host cells into the endoplasmic reticulum-like compartment, the
Legionella-containing vacuole, where bacterial replication takes
place inside the host. With the versatility of genetically-encoded,
reactive tags (Halo-tag and SNAP-tag), Barlag et al. imaged
subunits of T1SS in Salmonella enterica at a nanoscopic level
(Barlag et al., 2016). Diffusion coefficients reported for SiiF, the
inner membrane component the T1SS were 0.008µm2s−1 and
the secretion machine was confined into 3–4 localized punctae.
This very low diffusion coefficient for an inner membrane
protein is perhaps predictable, given that T1SS include a TolC-
type protein integrated into the outer membrane (Thomas
et al., 2014), and in consideration that by spanning the
periplasm the T1SS would be trapped within the peptidoglycan
meshwork. This peptidoglycan trap would likely apply equally
in constraining the movement of other protein secretion
systems too (Figure 2). Together, these studies illustrate the
resourcefulness of fluorescent fusion and enzyme tags and how
these can be utilized in super resolution imaging of the secretion
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machines and their substrates, without altering the functionality
of either.

TYPE 2 SECRETION SYSTEM (T2SS)

The T2SS has been identified in a number of bacterial pathogens,
and is particularly well known in Vibrio cholerae as the system
responsible for cholera toxin secretion (Sandkvist et al., 1997;
Connell et al., 1998; Lybarger et al., 2009; Sikora et al., 2011).
Elements required for the assembly of this T2SS are encoded
by the extracellular protein secretion (eps) genes (Overbye et al.,
1993; Sandkvist et al., 1997; Marsh and Taylor, 1998; Fullner and
Mekalanos, 1999) and the localization of fluorescently labeled
protein subunits in V. cholerae has revealed insight into the
assembly and spatial dynamics. Using chromosomal and plasmid
borne GFP fusions with the EpsM, EspG and EpsC subunits
of the T2SS the subcellular localization of each components
was assessed in Vibrio cholerae (Lybarger et al., 2009). When
chromosomally-expressed (to produce endogenous steady-state
levels of protein), GFP-EpsM formed distinct fluorescent foci that
were not concentrated at cell poles. Conversely, when plasmid-
borne over-expression of GFP-EpsM was instituted, the protein
displayed a polar localization.

This discernible effect on protein subcellular localization
under differential gene expression is a concern that needs careful
consideration. The impact of overexpression on physiologically-
relevant vs. non-physiological localizations is equally of concern
in studies on other protein secretion systems (and all subcellular
structures) too. Asmentioned previously, protein aggregates tend
to be deposited in polar locations (Janakiraman and Goldberg,
2004; Thiem et al., 2007; Lindner et al., 2008; Thiem and Sourjik,
2008).

Type 4 pili are a locomotional appendage that are ancestrally
and structurally related to the T2SS (Peabody et al., 2003). The
distribution of T4 pili has been followed using fluorescent protein
fusions. An mCherry fusion tag was attached to the BfpB subunit
in the Type 4 pili of enteropathogenic E. coli (Lieberman et al.,
2012). PALM was used to capture single molecule localization
events of BfpB-PAmCherry, providing evidence for a largely
non-polar distribution pattern in Type 4 pili biogenesis, as is
likely in T2SS biogenesis. Conversely, studies in Pseudomonas
aeruginosa suggest that Type 4 pili biogenesis occurs at sites of
cell division: that is, that the nanomachines are pre-installed at
what will become a cell pole (after cell division concludes) (Carter
et al., 2017). Taken together these exciting studies highlight the
complex spatio-temporal scenarios that exist in the cell biology
of bacteria, and caution against concluding that what is true in E.
coli is necessarily true in other bacterial species.

TYPE 3 SECRETION SYSTEM (T3SS)

The T3SS has been identified in several bacterial pathogens
including Yersinia enterocolitica, E. coli, Shigella flexneri, and
Salmonella Typhimurium. While electron microscopy and
electron tomography have provided exquisite detail in the
structure of these complicated nanomachines (Spreter et al.,
2009; Carleton et al., 2013; Radics et al., 2014; Hu et al.,

2015, 2017), a number of different fluorescence microscopy
imaging studies on live cells have provided in-depth analysis
on different stages of T3SS assembly and effector protein
secretion into host cells. Time-lapse fluorescence microscopy
has monitored the T3SS during S. Typhimurium infection of
epithelial cells (Schlumberger et al., 2005). A fluorescently-
labeled substrate of the T3SS, SipA, was monitored for its
emergence into the host cells, and its concomitant depletion
from the bacterial cytoplasm. At the event of infection, it was
estimated via fluorescence measurements that S. Typhimurium
was able to deliver 6 ± 3 × 103 molecules of SipA to the
host cell within 100–600 s, and the effector protein ejection
starts ∼16–25 s after docking on to the host. In terms of the
nanomachine itself, subunits of the T3SS in S. Typhimurium
have been visualized too (Diepold et al., 2010, 2015; Kudryashev
et al., 2015; Notti et al., 2015; Barlag et al., 2016). The
diffusion coefficient for SpaS, an inner membrane component
of the T3SS, was measured to be 0.055µm2s−1, which is a
similar scale to the diffusion coefficients measured for outer
membrane proteins LamB and OmpF. While not directly tested,
this level of immobility of the inner membrane elements of
the T3SS is consistent with them being constrained in their
diffusional movements by the outer membrane components of
the nanomachine and the peptidoglycan trap. The same would
be true of the T1SS (Barlag et al., 2016), where SiiF is found in
the inner membrane but would be constrained in its diffusional
movement by its spanning the peptidoglycan and attached to the
TolC-homolog SiiC in the outer membrane (Kiss et al., 2007).
In these studies, the localization of the T3SS was distributed
relatively evenly across the bacterial cell. It would be of great
interest to monitor the T3SS distribution in pathogens such
as enteropathogenic E. coli during the initial events of host
cell encounter, when only a single surface of the bacterium
engages the epithelial cell surface to initiate pathogen attachment
and effacement (Wong et al., 2011; Gaytán et al., 2016). Is
there a random engagement of only some T3SS with the host
cell? Or does the pathogen control the spatial arrangement of
T3SS to ensure maximal engagement on the “host side” of its
surface?

TYPE 4 SECRETION SYSTEM (T4SS)

The T4SS functions to transfer proteins and/or DNA in bacterial
conjugation encounters or during infection (Ding et al., 2003;
Trokter et al., 2014). The Dot/Icm machinery is the T4SS
in Legionella spp. and is responsible for hundreds of effector
proteins throughout the infection cycle (So et al., 2015). Epitope-
tagging one of these effectors, LncP, enabled fluorescence imaging
of infected macrophages and showed that the protein was
secreted from the bacterial cytoplasm by the T4SS and ultimately
translocated across a remarkable five membranes in order to be
assembled into the mitochondrial inner membrane of the host
cell (Dolezal et al., 2012). An equivalent T4SS is found in Coxiella
burnetii, and has been reported to be exclusively located at one
pole of the bacterium (Morgan et al., 2010). It has been suggested
that in these species, bacteria-host membrane contact might be
required to initiate secretion into the host cell cytoplasm (Voth
and Heinzen, 2007). That being the case, a unique localization of
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the T4SS nanomachines would promote the efficiency of effector
protein secretion.

The T4SS has been well characterized in the plant pathogen
Agrobacterium tumefaciens (Zupan et al., 2000), where it is
composed of 12 subunits (Das and Xie, 2000; Ward et al., 2002;
Jakubowski et al., 2003; Low et al., 2014; Trokter et al., 2014;
Chandran Darbari and Waksman, 2015; Costa et al., 2015) and
facilitates the delivery of tumor inducing pTi plasmid to plant
cells, causing overproduction of certain plant growth hormones
and leading to a resultant tumor (Dessaux et al., 1993). Initial
spatial location studies on the T4SS in A. tumefaciens suggested
that the VirD4 and VirB6 components were located at cell poles
(Kumar and Das, 2002; Judd et al., 2005). Using deconvolution
fluorescence microscopy and antibodies to specifically label the
T4SS in A. tumefaciens, multiple clustered regions were observed
along the cell periphery, i.e., not at the cell poles, in a majority
of bacterial cells (Aguilar et al., 2011). Based on these finding,
the authors proposed a lateral attachment model providing a
more effective means for contact between pathogen and host
during A. tumefaciens infection compared to a cell pole mediated
attachment.

TYPE 5 SECRETION SYSTEM (T5SS)

There are several sub-types of T5SS, including autotransporters,
inverse autotransporters, two-partner secretion systems and
others (Fan et al., 2016; Heinz et al., 2016). Fluorescence
microscopy studies on autotransporters derived from a variety
of bacteria, including AIDA-I from E. coli, IcsA and SepA
from Shigella flexneri, BrkA from Bordetella pertussis, and BimA
from Burkholderia thailandensis, were shown to be directly
localized to bacterial cell poles when translocated to the cell
surface (Charles et al., 2001; Jain et al., 2006; Lu et al.,
2015). Indeed, when IcsA, SepA, and BrkA were expressed
in E. coli systems, they still migrated to the poles, suggesting
that intrinsic features in the autotransporters programmes this
polar localization (Jain et al., 2006). Conversely, at least one
autotransporter, Ag43, was localized as covering the whole cell
surface without any concentration toward poles (Danese et al.,
2000; Kjærgaard et al., 2000). It is important to note that none
of these studies have addressed where the integration event took
place, nor any dynamics of movement of the autotransporters,
but rather visualized their steady-state positioning. In addition
to the effects of cell division or LPS leading to polar
localization, the location at which a protein is translocated
across the cytoplasmic membrane, through processes collectively
considered as “transertion” (Bakshi et al., 2014; Matsumoto et al.,
2015), may be important in determining how a protein achieves
polar localization.

TYPE 6 SECRETION SYSTEM (T6SS)

While being the most recently discovered of the major protein
secretion systems in Gram-negative bacteria, predictions suggest
the T6SS to be present in ∼25% of species (Basler et al.,
2012). Characterization studies show that the T6SS functions

in virulence for several pathogens including B. thailandensis,
Pseudomonas aeruginosa, Serratia marcescens and V. cholerae
(Mougous et al., 2006; Pukatzki et al., 2006, 2007; Schwarz
et al., 2014). Structural elucidation of the T6SS from V. cholerae
revealed startling similarities to bacteriophage tails. In general,
T6SSs are assembled to contain a contractible sheath, baseplate
and a membrane puncturing spike to mediate effector protein
secretion into host cells (Basler et al., 2012; Filloux, 2013).
Using a super-folder green fluorescent protein (sfGFP) fusion
to VipA, one of the two protein components that makeup
the contractile sheath, long straight tubular structures were
localized in the cytoplasm extending along the width or length
of the bacterium (Basler et al., 2012). Time-lapse fluorescence
microscopy revealed these sub-cellular structures were highly
dynamic in nature. They assemble at 20–30 s µm−1, rapidly
contracted to about 50% from their original length within ≤5
ms, and finally disassembled over a 30–60 s period (Basler et al.,
2012). Recent studies using a similar fluorescent protein fusion
tag approach captured the baseplate protein TssA joining the
sheath component’s polymerization in E. coli (Zoued et al., 2016).

T6SSs are often used in inter-species warfare, in order to
outcompete bacterial neighbors (Hood et al., 2010; MacIntyre
et al., 2010; Schwarz et al., 2010; Murdoch et al., 2011;
Zoued et al., 2014; Journet and Cascales, 2016). Time-
lapse fluorescence microscopy quantitatively demonstrated this
antibacterial activity through predator-prey cell dynamics on live
cells (Brunet et al., 2013). Co-culturing a pathogenic, “predator”
E. coli strain expressing TssB-sfGFP (TssB is alternatively known
as VipA) and a non-pathogenic, “prey” E. coli strain devoid
of T6SS expressing fluorescent protein mCherry, showed that
only upon contact with the prey was the contraction of the
sheath structure triggered in predator cells. Conversely, in S.
marcescens equivalent experimental strategies showed that the
bacteria does not wait to encounter prey (or enemy) cells,
but behaves aggressively and fires the T6SS irrespective of any
provocation by cell-cell contact (Gerc et al., 2015). These studies
again highlight the diverse behaviors that different bacterial
species have evolved to deploy against their neighbors and
enemies, and provide fascinating insight into the dynamics
of how T6SS effector proteins are secreted to target other
bacteria.

CONCLUSION

It is early in the application of super resolution microscopy
techniques to capture the cellular events in the biogenesis
and action of protein secretion systems in bacteria. Already,
studies have challenged our preconceptions on bacterial cell
envelope organization and protein dynamics. For example,
the outer membrane is not a fluid mosaic, but a turgid
structure that constrains membrane protein movement. Selective
deployment of a protein secretion system is thereby possible at
highly precise locations. High resolution imaging modalities will
be tremendously useful in answering long-standing questions
in bacterial cell biology, such as what mechanisms drive
the biogenesis of outer membrane vesicles (Turnbull et al.,
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2016), questions which until recently have largely been
experimentally intractable. A further example is the extent to
which transertion—the coupling of transcription, translation,
and translocation—provides a mechanism for highly localized
distributions of membrane proteins. This review has indicated
the uses for the growing number of versatile fluorescent probes,
which can be used in the distinct cellular environments, and how
they promise to extend fluorescence microscopy applications
even further. Examining host-pathogen interactions, detailing
the nanoscale organization of protein secretion systems and
studying the dynamic nature of sub-cellular compartments
in live bacteria is now possible through super resolution
microscopy. In the future, no doubt, these imaging techniques
will be applied to understand the cell biology of the grand
diversity of bacterial species, beyond characteristic model
bacteria.
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