Chapter 3
Super-Resolution Microscopy: SIM, STED
and Localization Microscopy

James Dodgson, Anatole Chessel, Susan Cox and Rafael E. Carazo Salas

3.1 Introduction

Before looking at the individual super-resolution techniques, it is necessary to brief-
ly introduce or revise a few key concepts that will facilitate understanding them.

The Microscope Is a Low-Pass Spatial Frequency Filter In very simple terms, a
microscope illuminates a sample, collects the light diffracted by the sample with a
lens and then builds an interference pattern that is viewed as an image on the back
focal plane. Not all the diffracted light is collected by the lens (Fig. 3.1a), and conse-
quently the highest spatial information is lost. A diffraction-limited image is there-
fore “fuzzy” or “blurred”. This is demonstrated in Fig. 3.1b, where the point spread
function (PSF) of a single point source of light (a single fluorescent bead 100 nm
in diameter) is shown. In “conventional” or “diffraction-limited” microscopy, the
PSF will be of a size that depends on the precise optics and on the wavelength of
light used. For fluorescence microscopy, this would not generally be smaller than
~200 nm in the lateral plane and ~500 nm in the axial plane. This is the resolution
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Fig. 3.1 Basic concepts. a The lens fails to collect all the diffracted light from a sample being
illuminated, and as a consequence high-resolution spatial information is lost. b The point spread
function of a 100-nm-diameter fluorescent glass bead is 250 nm laterally and 500 nm axially. ¢
Conventional imaging cannot allow many of the proximal glass beads to be distinguished, but
super-resolution imaging can. d The super-resolution imaging-limitation triangle (as formulated
by and with kind permission from Eric Betzig). e Graphical representation of the some of the
potential insights that super-resolution microscopy has to provide to fungal cell imaging. Scale
bar is 2 um

limit, and it restricts the potential of imaging to resolve (or distinguish between) two
points that are close together (Fig. 3.1c¢).

Super-Resolution Super-resolution breaks the diffraction limit, allowing the dif-
ferentiation of conventionally unresolvable objects (see Fig. 3.1c). This relatively
recent development is reviewed in the context of three main super-resolution tech-
niques currently available. When evaluating the relative merits of each technique,
we need to consider the limitations of spatial resolution (both lateral and axial),
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photodamage (a combination of photobleaching and phototoxicity) and acquisition
speed. Improvements in any one factor are usually to the detriment of the other
two, expressed in the form of “the super-resolution imaging-limitation triangle”
(Fig. 3.1d). These limitations are especially crucial in the realm of live-cell imaging.
Thus the first, and maybe most important, part of any super-resolution experiment
is to choose the most appropriate technique.

In the following sections, we give a primer of three super-resolution imaging
techniques as applied to mycological research. As the field of super-resolution mi-
croscopy is one that is wide and rapidly evolving, rather than doing a comprehen-
sive review, we stay within the confines of the more mainstream techniques that
have been commercialized and demonstrated to be useful for work in fungi.

The Value of Super-Resolution Imaging The value of these techniques to fungal
cell biology is demonstrated by the citation of specific examples in fungal live- and
fixed-cell imaging. Figure panel 3.1e provides a graphical summary of some of the
potential insights that super-resolution imaging can unlock, including the accurate
quantification of structures including their number and size (Miao et al. 2013; Puch-
ner et al. 2013), an accurate assessment of co-alignment and other spatial arrange-
ments between structures (Daboussi et al. 2012; Voelkel-Meiman et al. 2013) and
allowing the tracking of dynamic structures otherwise too densely packed to distin-
guish (Chessel et al. Unpublished). This is by no means a comprehensive list, and
many other applications are and will be possible for techniques that reveal the cell
in such high levels of detail.

3.2 Structured Illumination Microscopy

Structured illumination microscopy (SIM) imaging approximately doubles the reso-
lution both axially and laterally compared with conventional wide-field microscopy
(Gustafsson 2000). For a typical fluorophore, it can resolve features separated by
110-130 nm in the lateral plane and 250 nm in the axial plane. A strong attribute
is that 3D image acquisition is a routine and usually constitutive component of the
SIM imaging process. SIM is also relatively easy to use, can be used on multiple
standard fluorophores with no special sample preparation, and the newest platforms
can do all this using live cells. For imaging of structures whose physical size lies in
that range, SIM is possibly the most enticing super-resolution platform.

The principles underlying SIM are summarized very briefly in Fig. 3.2a. It in-
volves the acquisition of several images of the same sample using light modulated
by a periodic pattern of various orientations. The interference between the periodic
pattern and the structure of the sample creates a Moiré pattern. This interference
pattern contains downshifted high-frequency information. An algorithm is then
used to reconstruct a single super-resolved image. For a far more detailed outline
of the principles of structured illumination, the paper by Schermelleh (Schermelleh
et al. 2008) is recommended.
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Fig. 3.2 Structured illumination microscopy (SIM) microscopy. a Principles underlying SIM
microscopy. High spatial frequencies normally not assessable are collected by illuminating the
sample with interference patterns created through a gridding pattern. Individual images are cap-
tured as the gridding device is shifted and rotated. The images are then processed by a computer
algorithm to generate a super-resolved image. b Live-cell SIM versus conventional deconvolved
wide-field images with an OMX BLAZE microscope (applied precision). Imaging Teal-3mCherry
(Teal-3mCh, red) and Tea3-Green Fluorescent Protein (Tea3-GFP, green) polarity factors in the
cell end of the fission yeast. Side-on cell was taken by conventional microscopy. Both head-on
panels are maximum intensity projections of 2-pum-deep image z-stacks in the same cell (Chessel
et al. Unpublished). The polarity factor clusters are resolvable to around 120 nm in size. Scale bar
is 2 ym

A requirement of SIM is the acquisition of multiple “raw” images, which are
then consequently processed to generate a single super-resolved image or stack. For
this reason, acquiring a large number of “raw” images can limit SIM’s applicability
to live-cell microscopy mainly due to the effects of poor temporal resolution and
potentially high photodamage. Newer commercial platforms are now available with
very rapid image acquisition and are marketed for live-cell imaging. These still may
not be suitable for very dynamic structures, whilst the very short exposure times
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required may not offer sufficient sensitivity for weak signals. SIM in most systems
is a wide-field technique, and consequently acquiring good-quality images within
thick specimens, where the object plane is a distance away from the coverslip, may
be difficult (a limit of 10-um distance from the coverslip is typical in one commer-
cial system). Recently SIM has been combined with ultrathin planar illumination,
which improves imaging within thick specimens and reduces the effects of high
photodamage (Gao et al. 2012).

3.2.1 Applications in Mycological Imaging

Fixed Cell

SIM’s relative ease of applicability extends to its compatibility with standard fixa-
tion and labelling methods found in conventional yeast microscopy. Structures that
appear to be punctated by conventional microscopy can often be resolved into mul-
tiple different structures by super-resolution imaging. For example, 3D-SIM has
been used to more accurately describe and quantitate densely arranged structures
in yeast cells, such as linear actin cables stained with phalloidin in Saccharomyces
cerevisiae (budding yeast) cells (Miao et al. 2013) and punctate polarity factors
observed in Schizosaccharomyces pombe (fission yeast) cell ends labelled with a
standard secondary antibody (Dodgson et al. 2013). Multicolour super-resolution
microscopy can also allow a more exact determination of the nature of correla-
tion between proteins or cellular structures. Even structures that appear to closely
co-localize may no longer do so following a reduction in their PSFs by SIM. For
example in budding-yeast vesicle assembly Gga2p-RFP (Red Fluorescent Protein)
and B1-GFP, puncta overlap in conventional confocal imaging but are usually ad-
jacent and distinct with 3D-SIM imaging (Daboussi et al. 2012). Also in budding
yeast, more precise two-colour imaging has revealed at the organelle level that mi-
tochondria are not associated with the endoplasmic reticulum (Swayne et al. 2011).
Even between structures or proteins which still co-align with two-colour SIM, a
reduction in their PSF size can now allow precise mapping of their respective spa-
tial positions. For example, the protein SUMO was sufficiently resolved by 3D-SIM
that it could now be positioned centrally within the budding-yeast synaptonemal
complex (Voelkel-Meiman et al. 2013). Similarly, 3D-SIM was applied to precisely
map the spatial layout of components of the replication factory with respect to their
deoxyribonucleic acid (DNA) template (Saner et al. 2013).

Live Cell

Combining 2D-SIM with total internal reflection fluorescence (TIRF) microscopy
can improve the compatibility of SIM with live-cell imaging (Dobbie et al. 2011).
This has been used to image cortical proteins in live budding-yeast cells (Spira et al.
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2012). As previously mentioned, the newest commercial systems have faster acqui-
sition times and can realistically achieve live-cell 3D-SIM (lapses every ~1.2 s for
a 2-pm-thick stack are possible in a commercial system). Commonly used tags such
as GFP and mCherry are suitable, although they will be susceptible to photobleach-
ing during the raw image acquisition. Figure 3.2b from our own work demonstrates
live-cell 3D-SIM of labelled polarity factor clusters in a fission yeast cell end. The
same polarity factor clusters can also be viewed by time-lapse imaging at 1-s inter-
vals for around ten time points allowing the first direct tracking of these dynamic
structures (Chessel Unpublished). Live-cell 3D-SIM has also been applied to map
the proximity of mis-folded proteins to the budding-yeast vacuole membrane (Spo-
koini et al. 2012).

3.2.2 SIM Summary

SIM is arguably the least difficult super-resolution technique to apply, requiring
little if any extra sample preparation compared to conventional microscopy and
having, toward the same applicability in terms of 3D, multicolour and now live-cell
imaging. Whilst the improvement in resolution is somewhat less than other super-
resolution techniques, SIM is often advisable as a starting point before trying more
difficult techniques. The achievable resolution might be sufficient for your imaging
goals, and if the sample contains too much background to achieve good results, it
will quickly become apparent. The extended raw image acquisition should not af-
fect typical fixed-cell imaging (although anti-fade agents are advisable to reduce
the effects of photobleaching) but may prove a limitation for live-cell imaging if
the signal is weak, where increasing the illumination intensity leads to strong pho-
tobleaching and loss of signal. As a point of caution, it must be noted that struc-
tured illumination is susceptible to various artefacts resulting from factors including
photobleaching, inaccurate system calibration, poor matching of the immersion oil
refractive index to the sample leading to inaccurate or hard to interpret algorithmic
reconstruction (Schaefer et al. 2004).

3.3 Stimulated Emission Depletion Microscopy

Unlike SIM or localization microscopy (LM), which are usually wide-field micros-
copy techniques, stimulated emission depletion (STED) microscopy is based on a
confocal system (see Chap. 1). It might therefore be especially suited, with certain
adaptations, to imaging of mycological samples growing in thick cultures where
out of focus or scattered light would impair imaging quality (Gould et al. 2012).
In yeast, live-cell STED with fluorescent proteins is now possible with resolution
below 60 nm in the lateral plane (Stagge et al. 2013; Rankin et al. 2011).
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Fig. 3.3 Principles underlying stimulated emission depletion (STED) microscopy. a Highly sim-
plified Jablonski diagram illustrating the transitions in electronic state during normal fluorescence
and during stimulated emission. In normal fluorescence, a molecule is excited by light of shorter
wavelength and then emits light of longer wavelength whilst transitioning back to an unexcited
state. Stimulated emission of the excited molecular state by an additional depletion laser causes the
emitted light to be of sufficiently longer wavelength and shorter fluorescent lifetime so that it can
consequently be separated from normal fluorescence. b A doughnut-shaped depletion laser (in red)
effectively reduces the point spread function (PSF) of normal fluorescence (in green and marked
by a double arrow) below its diffraction limit since only the unstimulated light from the centre of
the doughnut is collected. The sample is scanned with this arrangement as for conventional scan-
ning confocal microscopy

STED is also different from SIM or LM in that generation of the super-resolved
image is not finalized by a mathematical reconstruction but rather depends on a
physical suppression of the effective PSF size (although deconvolution can be ap-
plied to improve image quality). This is summarized in Fig. 3.3 from an excellent
review by Muller et al. 2012 which is also recommended for a much more in-depth
description of the principles and methodology surrounding STED imaging. In brief,
a diffraction-limited excitation spot is projected onto the sample together with a
doughnut-shaped depletion beam that will restrict normal fluorescence to a central
area smaller than the diffraction limit (Miiller et al. 2012). Increasing the power
of the depletion beam will increase the area of fluorophore depletion and further
reduce the effective PSF. The depletion beam however also enhances photodam-
age and so is associated with signal loss that together can make STED imaging of
weak signals difficult. It is also important to note that in conventional STED there
is no impact on PSF in the axial plane, and consequently resolution is not improved
along the z-axis (Farahani et al. 2010), although further implementations have been
developed to partially rectify this (Laporte et al. 2013).
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Table 3.1 Generalized relative attributes of the super-resolution techniques

System Lateral Axial Platform 3D Speed Labels
Resolution | Resolution
SIM ~120nm ~250nm | Widefield |Routine oo Standard
fluorophores
Non- ooo Standard

STED ~60nm No Gain Confocal

Routine (Dependent on frame| ﬂuorophores
size)
LM ~20nm ~20nm Widefield | Non- . Photoswitchable
Routine fluorophores

3.3.1 Applications in Mycological Imaging

Fixed Cell

STED has been mainly applied to immunofluorescently labelled fixed samples, and
special fluorophores are usually required for STED. There are a range of commer-
cially available dyes suitable for STED conjugated to secondary antibodies and
with varied spectral properties (Table 3.1 of the review by Muller et al. 2012 rec-
ommends as a list of potential dyes). It should be noted that multicolour resolution
most commonly requires two dyes which can be both depleted with the same laser.

Live Cell

Exploration of STED as a live-cell imaging technique has frequently used yeast as
the imaging sample in proof-of-principle demonstrations. In the proof-of-principle
application of STED to live cells, the vacuole membrane of S. cerevisiae cells was
stained with the dye RH-414 (Klar et al. 2000). Staining with dyes as a method
of live-cell labelling is very limited in application, but with fluorescently labelled
proteins, there is much greater flexibility. For STED imaging in S. cerevisiae, this
has been achieved by genetically fusing selected proteins with tags that bind to
exogenous fluorescent labels (Stagge et al. 2013; Fitzpatrick et al. 2009) and by
making use of new laser combinations to image GFP (Rankin et al. 2011). Using
either method to image eisosomes at the cortex, lateral resolution below 60 nm was
possible (Stagge et al. 2013; Rankin et al. 2011).

3.3.2 Stimulated Emission Depletion Microscopy Summary

Although yeast cells have been used as an exemplar sample in the development of
STED, it is not yet widely used in mycology research for elucidating real biological
questions. STED has potentially higher resolution than SIM in the lateral plane and
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will not generate artefacts from mathematical reconstructions. Fluorophore avail-
ability and high photodamage might be more limiting than other techniques, and
as this is a confocal-based technique, the frame rate will scale with image size (or
higher laser intensities must be used). Three-dimensional imaging is possible only
with further techniques not yet commercially available (Wildanger et al. 2009). As
suggested, it is possible that (with adjustment of the objective correction to correct
for aberrations) STED will be most suitable for imaging of samples that exist in
thick cultures (Gould et al. 2012).

3.4 Localization Microscopy

LM includes a group of related techniques such as photoactivated localization mi-
croscopy (PALM), fluorescence photoactivation localization microscopy (fPALM,
see also Chap. 2), stochastic optical reconstruction microscopy (STORM) and
ground state depletion microscopy followed by individual molecule return (GS-
DIM) based on the same principles outlined in Fig. 3.4a (Rust et al. 2006; Hess
et al. 20006; Betzig et al. 2006, Folling et al. 2008). By analysing the PSF of a single
fluorophore, it is possible to determine its position with an accuracy dependent on
the number of collected photons and the level of background. In standard experi-
mental conditions, the PSF can then be substituted with a feature ten times smaller
than the size of the PSF itself, allowing resolution well below the diffraction limit
of the microscope.
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Fig. 3.4 Localization microscopy (LM). a Principles underlying LM. The point spread func-
tion (PSF) of a single fluorophore is diffraction limited in size but can be analysed to determine
its centre to within an area below the diffraction limit. If emission is temporally controlled so
that individual PSF’s are distinguishable from each other, then individual points can be collected
sequentially to generate a final super-resolved image. b Live-cell imaging of the polarity factor
Tea3-Green Fluorescent Protein (Tea3-GFP) in the cell ends of fission yeast by conventional imag-
ing and processed with 3B LM (our unpublished data). /nset area is double magnification showing
individual clusters resolvable to 60 nm in size. Raw images taken on an OMX microscope. Scale
bars 2 pm. STORM stochastic optical reconstruction microscopy
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In biological samples, the PSFs of neighbouring fluorophores will usually over-
lap extensively rendering them inseparable. In LM, PSF overlap is avoided by tem-
poral separation, with only a small fraction of all the fluorophores activated at any
single time point. Over multiple time points (which may total several thousands in
a typical LM experiment), a final super-resolved image is generated from the ac-
cumulated centroidal points. Activating only a subset of fluorophores in each time
point is the key to LM, and the exact methods vary between different techniques.
It is essential that both the PSF of the single fluorophore be detectable over the
background (with enough photons to give a good localization accuracy) and that it
be sufficiently distinct from other fluorophores excited at a given time point. A reso-
lution of around 20 nm is possible in biological samples. Three-dimensional and
multicolour imaging are possible, though not necessarily routine. Live-cell LM is
difficult for similar reasons as live-cell SIM, in that the large number of individual
image acquisitions required can lead to poor time resolution and to photodamage.

3.4.1 Applications in Mycological Imaging

Fixed Cell

In budding yeast, multicolour STORM imaging with photo-switchable dye pairs
was used to image “barcoded” messenger ribonucleic acid (mRNA) transcripts (Lu-
beck and Cai 2012). In conventional microscopy, only low copy transcripts can be
labelled because overlapping fluorophores cannot be differentiated. By contrast,
STORM only sparsely activates overlapping fluorophores allowing much higher
copy-number transcripts to be analysed.

LM with conventional fluorophores is now achievable with direct stochastic op-
tical reconstruction microscopy (dSTORM; van de Linde et al. 2011). This tech-
nique was used to measure the size of clusters of the polarity factor Teal at fission
yeast cell ends, labelled with a secondary antibody conjugated to the fluorophore
AF-647 (Dodgson et al. 2013). With consideration given to both localization un-
certainty and antibody size, the estimated resolution limit for those experiments of
42.5 nm was below the median Teal cluster size measured at around 75 nm, thus
providing boundaries for the size of these structures.

Live Cell

Live-cell LM is possible with photo-switchable dyes (described in Chap. 2) or with
photo-activatable proteins (Jones et al. 2011). In budding yeast, tagging of a PI3P
reporter with mEos2 and live-cell PALM imaging allowed the maturation pattern
of vesicles to be followed with multileveled detail (Puchner et al. 2013). With a
resolution of 20 nm, vesicles with an average diameter of 80 nm could be accurately
distinguished and measured in size. Furthermore, quantitative live-cell PALM was
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applied concurrently to molecule counting in the same vesicles. Molecules closely
packed together could be individually counted, as during PALM imaging they are
temporally separated. Such quantification required in vivo calibration methods that
correct for over-counting from blinking and undercounting from non-maturation
of the fluorophore. The number of molecules per vesicle was found to correlate
with vesicle size as expected, and its measure contributed to understanding vesicle
progression. A similar methodology was deployed to measure the number of CENP-
Al tagoed with mEos2 at the fission yeast centromere (Lando et al. 2012). In-
terestingly, relative deposition of CENP-A"! molecules was found to peak in the
later stages of the cell cycle. However, lack of agreement with other methods in the
absolute counting of CENP-A°"! led to caution from the authors regarding the ac-
curacy of their method for absolute measurements.

Three-dimensional LM is generally not routine, but by using a multifocal mi-
croscope in combination with PALM, Wisniewski et al. 2014 were able to image
Cse4-tdEos at the budding-yeast centromere within a depth of ~4 pm and an axial
resolution of ~50 nm. Using this approach, the Cse4 centromeric clusters were
found to alter their size and shape during the cell cycle from a spherical grouping of
~400 nm in G1 to an ellipse grouping ~350 and ~200 nm in diameter.

Another live-cell LM technique is Bayesian analysis of blinking and bleaching
(3B) LM (Cox et al. 2011), which is based on the natural blinking and bleach-
ing properties of some fluorophores (such as GFP). This method creates a hidden
Markov model of the dataset, including the blinking and bleaching properties of
the fluorophores. This allows information to be extracted from data where many
fluorophores are overlapping in each frame. The advantage of this approach is the
relative ease by which it can be applied to imaging on standard microscopes with
standard fluorophores. From our own 3B LM imaging, dynamic Tea3-GFP clusters
at the fission yeast cell end could be tracked at a spatial resolution of 60 nm and a
time resolution of 1.4 s (Fig. 3.4b).

In LM, because the final image is generated over multiple time points, there is a
requirement for the target cell to be held very still over a prolonged period. Live fis-
sion yeast cells were immobilized with a microfluidic device that held and sustained
the cells within a flow of media (Bell et al. 2014). Proof-of-principle PALM imag-
ing of the centromere with mEos2-Cnpl was then performed. The authors suggest
that this method provides a more “natural” environment than trapping cells within
gels for super-resolution imaging (Bell et al. 2014).

3.4.2 LM Summary

LM is the widest and fastest moving of the branches of super-resolution imaging. The
sheer number of different techniques is vast and can seem bewildering. In biological
samples, LM can achieve better resolution than SIM and STED, and 3D and multico-
lour imaging is becoming increasingly common. Live-cell PALM with protein tags
like mEos2 is a particularly exciting technique, potentially requiring little sample
preparation and extending to molecule counting as well as structure visualization.
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3.5 Summary

The resolution limit of the conventional microscope has been a major barrier to the
ability of biologists to accurately describe the detailed mechanisms of cells. The ad-
vent of super-resolution microscopy has and is increasingly pushing this boundary
back in what represents an imaging revolution. Previously indistinguishable struc-
tures can be identified, accurately measured and tracked and the spatial relation-
ships between protein pairs more closely described, and now even the quantification
of proteins within a structure is possible.

Beginning with the biological question of interest that might be answered by
super-resolution imaging, choose a technique that will most directly provide the
solution. This review has covered the relative attributes of SIM, STED and LM
imaging (generalized in Table 3.1), but in reality the relative performance and ap-
plicability of a technique are going to be highly experiment specific and may in-
volve considerations and compromises not featured in this review. SIM is the most
straightforward technique to apply, with 3D, multicolour and time-lapse imaging as
aroutine feature. SIM is not usually suitable for imaging in thick specimens and has
less resolution than STED and LM. STED is a confocal-based technique so could
be more suitable for imaging far away from the coverslip, and its potential lateral
resolution is better than SIM. 3D and multicolour STED imaging are not yet rou-
tine, and the frame rate in time-lapse imaging depends on the image size. LM imag-
ing has potentially the best resolution of all the techniques, but 3D and multicolour
imaging within thick specimens may be difficult. Be aware that super-resolution
fixed- and live-cell imaging represent two very different sized challenges with all
three techniques associated with a potential decrease in speed and photostability
that might render it difficult with live-cell imaging.

The uptake of super-resolution in the mycological field has arguably been slow,
with a similar paper in the bacterial field able to review from a far larger group of
experimental papers (Coltharp and Xiao 2012). Any lack of uptake is presumably
the result of unfamiliarity with new techniques and maybe more because super-reso-
lution platforms, although commercially available, are still fairly scarce, sometimes
expensive and certainly less available than conventional ones. Super-resolution mi-
croscopy is a new technology in the early adoption phase, so if as likely you are not
in an institution with the suitable instruments for your aims, then be prepared to be
proactive in searching for potential hosts and collaborations. It is advisable to estab-
lish contacts and gain advice from imaging experts within your own institution and
any visiting speakers with experience of super-resolution imaging. Be persistent in
approaching the relevant people or groups with access to the relevant systems, and
once an understanding is reached, then you will probably have to travel to the site
of the super-resolution platform. Your hosts or collaborators are also likely to be
experts in this field and a valuable source of advice.

For decades the diffraction limit has stood before the biological investigator as
a barrier to be aware of but not to be overcome. The dawn of the super-resolution
microscope has now broken this limit and represents an opportunity to describe
your biological system with new radical detail.
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