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Abstract

The investigation of spatial heterogeneity within the thylakoid membrane (TM) proteins has gained increasing attention
in photosynthetic research. The recent advances in live-cell imaging have allowed the identification of heterogeneous
organisation of photosystems in small cyanobacterial cells. These sub-micrometre TM regions, termed microdomains
in cyanobacteria, exhibit functional similarities with granal (Photosystem II dominant) and stromal (Photosystem I
dominant) regions observed in TM of higher plants. This study delves into microdomain heterogeneity using super-
resolution Airyscan-based microscopy enhancing resolution to approximately ~125 nm in x-y dimension. The new
data reveal membrane areas rich in Photosystem I within the inner TM rings. Moreover, we identified analogous
dynamics in the mobility of Photosystem II and phycobilisomes; countering earlier models that postulated differing
mobility of these complexes. These novel findings thus hold significance for our understanding of photosynthesis
regulation, particularly during state transitions.

Keywords: Airyscan; cyanobacteria; FRAP; microdomain; photosystem; protein mobility; super-resolution microscopy; thylakoid
membrane heterogeneity.

Introduction capture light energy, converting it into high ATP/ADP

and NADPH/NADP" ratios via light-driven electron and
Spatial heterogeneity in thylakoid proteins (Mullineaux proton transports. Key players in the process include
and Liu 2020) and lipids (Austin et al. 2006, Garab Photosystem I (PSI) and Photosystem II (PSII) complexes,
et al. 2017) is vital for efficient photosynthesis. Thylakoid which collaborate with light-harvesting proteins, like
membranes (TMs) house diverse protein complexes that phycobilisomes or TM-embedded proteins from the LHC
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family (Kirilovsky and Biichel 2019). These pigment—
protein complexes form supercomplexes, observable
in vitro through advanced techniques such as electron
and atomic force microscopy (Dekker and Boekema
2005, Zhang et al. 2021). Remarkably, similar protein
organization occurs in living cells, as thylakoid membrane
microdomains or nanodomains (Casella et al. 2017,
Straskova et al. 2019, Abram et al. 2022). The functional
role of these microdomains, primarily comprised of
pigment—protein complexes (PPCs), is emerging as
a new focal point in photosynthetic research, given the
predominant presence of pigmented proteins among TM
proteins (Jackson et al. 2023). Microscale heterogeneity
in thylakoids is evident in the granal/stromal architecture
of plant thylakoids (Mustardy and Garab 2003, Pribil
et al. 2014). This diversity was initially spotted using
electron microscopy [see the historical review in Austin
and Staehelin (2011)] and later linked to PSI and PSII
separation in plant chloroplasts (Andersson and Anderson
1980, Anderson 1981). Debate persisted over whether
this separation also existed in organisms without this
unique membrane architecture, such as red algae, diatoms,
dinoflagellates (Solymosi 2012) or cyanobacteria (Mare§
et al. 2019). The original idea was that only higher plants
and green algae showed PSI/PSII heterogeneity, while
cyanobacteria lacked it (Mullineaux 2005, Wilhelm
et al. 2020). However, later research revealed PSI/PSII
heterogeneity even in single-celled algae (Lepetit
et al. 2012, Flori et al. 2017), and in cyanobacteria
(Vermaas et al. 2008, Steinbach et al. 2015, Casella
et al. 2017, Straskova et al. 2019). Cyanobacteria
exhibited grana/stroma-like heterogeneity in the lateral
PSI/PSII localization without visible membrane stacking.
The heterogeneity was named photosynthetic micro-
domains (Straskova er al. 2019). It seems that the
heterogeneity in the distribution of photosystems plays
a pivotal role in the overall efficiency of photosynthesis
in all oxygenic phototrophs. It impacts various aspects
of photosynthesis [see e.g., Gu et al. (2022)], including
minimizing energy spillover between photosystems,
regulating ATP/NADPH ratios (Anderson ef al. 1995), and
affecting processes of photoprotection and protein repair
(Herbstova et al. 2012, Rast et al. 2019).

New live-cell imaging techniques [see e.g., the review
on cyanobacteria by Yokoo ef al. (2015)] can reveal how
changes in the distribution of proteins within cells relate to
their role in photosynthesis. Several in vivo microscopic
methods have already advanced our understanding of
cyanobacteria (Vermaas et al. 2008, Casella et al. 2017,
MacGregor-Chatwin et al. 2017, Straskova et al. 2019,
Canonico et al. 2021, Crepin et al. 2021, 2022; Huokko
et al. 2021, Kana et al. 2021). These methods, while
valuable, have a limitation — they generally provide lower
spatial resolution compared to more popular techniques
such as cryo-electron microscopy (Engel ef al. 2015, Rast
etal. 2019, Weiner et al. 2022) or atomic force microscopy
(Casella et al. 2017, MacGregor-Chatwin et al. 2017, Zhao
et al. 2022). Recent improvements in confocal microscopy
methods have boosted their sensitivity. They have enabled
the discovery of photosynthetic microdomains due to
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PSI/PSII heterogeneity in single-celled cyanobacteria
(Steinbach et al. 2015, Konert et al. 2019, Straskova
et al. 2019), identified a spotty localization of respiratory
complexes in cyanobacterial thylakoids [e.g., NDH — Liu
etal. (2012)], and heterogeneity in ATPase and cytochrome
bef, and other auxiliary TM proteins such as FtsH proteases,
Vipp protein or CurT protein (Heinz et al. 2016, Gutu
et al. 2018, Krynicka et al. 2023). Additionally, special
microscopic techniques have revealed heterogeneity
in fluorescence lifetimes that reflect the efficiency of
photosynthesis (Bhatti ef al. 2021, Verhoeven et al. 2023)
or different protein mobility (Casella er al. 2017, Kana
et al. 2021).

Despite the progress, there remain several unanswered
questions in photosynthetic research because of the
limited resolution of in vivo methods. In our current
study, we show details in the mosaic of TM microdomains
in native cyanobacteria cells thanks to the application of
the new technology, a hexagonally packed detector array
of Airyscan (Huff 2015). The increased resolution allowed
us to show a high abundance of PSI-rich membrane areas
inside the inner TM rings. Additionally, the time-lapse
super-resolution imaging has indicated that PBS and PSII
mobility does not seem to be significantly different in their
in vivo trafficking in contrast to some previous results
obtained by other less-native methods for the detection of
protein trafficking in TM.

Materials and methods

Cell culture: We used the glucose-tolerant (GT), a non-
motile variant of strain Synechocystis sp. PCC6803,
coming from the laboratory of Prof. Peter Nixon at
Imperial College London (Tichy et al. 2016). The used
GT sub-strain evolved from the motile sub-version
of the Symechocystis sp. strain originally allocated in
the Pasteur Culture Collection 6803 — Synechocystis sp.
PCC 6803 (Williams 1988). GT variant used in this study
represents the main model version of PCC 6803 used in
many laboratories as it represents the closest variant of
the originally motile Pasteur Culture Collection 6803
strain (Tichy et al. 2016). Its ability to grow on glucose
allows its heterotrophic cultivation that was not applied
in our study. In our case, we cultivate the GT strain
autotrophically and the variant with fluorescently tagged
PSI (Straskova et al. 2018, 2019), hereafter called
Synechocystis PSI-YFP, was used. Cells were cultivated
autotrophically, on an orbital shaker (T = 28°C) in BG11
medium at continuous light [35 pmol(photon) m= s was
provided by warm-white LEDs]. All experiments were
carried out with cells in the exponential growth phase
(OD730 = 0.2-0.3 measured with WPA S800 Diode Array
Spectrophotometer, Biochrom Ltd., England). The minimal
effect of YFP tagging at PSI on cell physiology, and
protein composition has been already proved (Straskova
et al. 2019, Canonico et al. 2021).

Standard and super-resolution laser scanning confocal
microscopy: Cells for confocal imaging were prepared
and images were acquired by a method slightly modified
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from our previous papers (Straskova et al. 2019, Konert
et al. 2019, Canonico et al. 2021). The experiments were
carried out with our Laser Scanning Confocal Microscope
(Zeiss LSM 880, Carl Zeiss Microscopy GmbH, Germany)
equipped with a Plan—Apochromatic 63x/1.4 Oil DIC M27
objective. The standard confocal and Airyscan images
were taken subsequently on the same cells, with the same
pixel size (0.053 um), the same laser excitation and very
similar detection ranges for YFP, Chl, and phycobilisome
emission.

The standard confocal microscopy setup was following:
(1) YFP fluorescence from PSI was excited by argon
laser 488 nm (laser power 0.7%), fluorescence emission
was captured by GaAsP-detector (gallium arsenide
phosphide) at wavelengths 526-588 nm (gain 900, MBS
488, pinhole set to 53 um); (2) Chl autofluorescence from
PSII was excited by argon laser 488 nm (laser power
0.7%), and signal was detected at 695—758 nm by PMT
(photomultiplier) detector (gain 900, MBS 488, pinhole
set to 53 um); (3) PBS were excited by helium—neon laser
at 594 nm (laser power 0.07%) and PBS fluorescence was
detected by GaAsP emission range 642—677 nm (gain 805,
pinhole 63 pum, MBS 488/594). Pixel dwell time was
33.0 ps for all the channels.

The super-resolution was acquired by the Airyscan
detector that represents a hexagonally packed grid of
32 GaAsP sub-detectors used for image deconvolution
(Huff 2015). We used the following setup: (/) YFP
fluorescence from PSI was excited by argon laser 488 nm
(laser power 1% from maximal laser power of 2.1 mW)
and fluorescence emission was detected at wavelengths
526-555 nm (gain 900, MBS 488/594, pinhole set to
161 pm); (2) Chl fluorescence from PSII was excited
by argon laser 488 nm (0.7% from maximal laser power
2.1 mW) and captured by LP filter 685 nm (gain 800, MBS
488/594, pinhole set to 161 um); (3) PBS fluorescence
was excited by helium—neon laser at 594 nm (0.07% from
maximal laser power 0.75 mW) and captured by BP filter
(655-685 nm, gain 800, MBS 488/594, pinhole set to
161 um). The pixel dwell time was 8.2 ps for all three

channels. The Airyscan images were processed by ZEN
Black software (Huff 2015).

Results and discussion

We successfully identified photosynthetic microdomains
within the native Synechocystis sp. PCC 6803 strain using
fluorescently tagged PSI-YFP Synechocystis PSI-YFP,
as depicted in the confocal images presented in Fig. 1.
Consistent with previous findings (Straskova et al.
2019), our analysis revealed two distinct main regions:
(1) the PSI-dominant area, marked by a green colour
(see e.g., green star in Fig. 14 and 1C); and (2) the PSII and
PBS-dominant region characterized by a lower PSI signal,
identified by a magenta colour (see e.g., magenta star in
Fig. 14 and 1D), resembling grana-like structures [see for
instance Straskova et al. (2019)]. These regions mirrored
the functional equivalent of partial spatial separation
observed in photosystems (PSI and PSII) in the thylakoid
membranes of higher plants, known as grana (dominated
by PSII) and stroma (dominated by PSI). Hence, in this
context, the green microdomain within cyanobacterial
thylakoids is referred to as ‘stroma-like’ thylakoids due
to its higher PSI content, while the magenta region is
designated as ‘grana-like’ thylakoids due to its higher PSII
content.

We stepped further in the spatial resolution and explored
these microdomains with an Airyscan detector (see
comparison in Fig. 2). The detector allows amplification
of spatial resolution of the standard detector up to about
120 nm in x-y axes and amplifies also the signal to noise
ratio [see for instance its description in Huff (2015)].
We consequently imaged the identical cells by standard
confocal detector and then the Airyscan detector.
The images showed the presence of two main micro-
domains during image acquisition by Airyscan detection;
there were both, grana (see magenta in Fig. 2) and stroma-
like (see green area in Fig. 2) membrane regions in
thylakoids. In addition, compared to the previous data with
the standard confocal detector, the Airyscan detector was

Fig. 1. Typical 3-channel visualization of photosynthetic microdomains in Synechocystis sp. PCC 6803 PSI-YFP cells acquired by
standard confocal method [see e.g., Straskova et al. (2019) for method description]. (4) RGB picture (red-green-blue) combined from
three detected channels of chlorophyll emission from PSII (red channel), YFP fluorescence from PSI (green channel), and phycobilisome
emission (blue channel). Panels (B), (C), and (D) then represent single channels pictures used for RGB picture. The magenta/green stars
represent an example of two main microdomains types: grana-like — magenta area with dominant PSII and PBS signal (less YFP-PSI
emission); stroma-like — green areas with dominant PSI and less PBS and PSII signal.
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able to visualize some specific TM areas (see orange and
yellow arrows in Fig. 24 and 2C). It includes some small
and thin ‘PSI-rich rings’ of TM regions (see orange arrow

Fig. 2. Direct comparison of the same Synechocystis sp. PCC
6803 PSI-YFP cells were imaged by the standard confocal
detector or by the Airyscan detector. Panels (4), (B), and (C)
represent selected cells from the whole set of images (see data
in Fig. 1S). The pictures represent RGB (red-green-blue) images
combined from three detected channels of chlorophyll emission
from PSII (Photosystem II) — red channel, YFP fluorescence from
PSI (Photosystem I) — green channel, and PBS (phycobilisomes)
emission — blue channel (see additive color bar scheme in panel
(). Magenta then represents a combination of PSII (red) and
PBS (blue) with minimal contribution of green (PSI). Scale bar
0.5 pm.

in Fig. 24) or partial separation of outer/inner membranes
layer with higher/lower signal of PSI-YFP (see orange in
Fig. 2C). This is in line with the previous suggestion that
PSI-rich areas more often dominate the inner membrane
layers and PBS + PSII signal was dominant rather in
the outer layers [see Vermaas et al. (2008)]. Even though
the separation of the inner/outer TM rings is on the border
of the spatial resolution of our instrument (Huff 2015) it
is higher than the previously used hyperspectral confocal
instrument (Vermaas et al. 2008). Therefore, we suggest
that PBS and PSII are indeed more dominant in the outer
layers of thylakoids.

The radial heterogeneity in the localization of the three
main pigment—protein complexes (PPCs) has been further
explored by detailed image analysis (Fig. 3). The analyses
allowed us to identify their co-localization across thylakoid
membrane layer in two typical cells (Fig. 3B8,C): The ‘cell
no. 1’ clearly showed higher fluorescence signal of YFP
from PSI in the inner membrane layers (see the shift in
the maximum of the green channel intensity in comparison
to blue and red in Fig. 3B); the remaining two proteins
(PSII — red channel; phycobilisomes — blue channel) were
more intensively co-localized at the outer membrane layers
(see the shift in their maximum in Fig. 3B). However,
this was not typical for all cells, for instance in ‘cell no. 2’
(Fig. 3C) the signal of PSI-YFP was more often
co-localised with PSII (red) then in ‘cell no. 1’ (Fig. 3B).
It shows that the higher abundance of PSI in the inner
layer is not present in all cells (see Fig. 1S, supplement),
because of the cell-to-cell heterogeneity, known for
the microbial population in general (Gasperotti et al
2020), and indeed, we typically detected so for the
Synechocystis PSI-YFP cells (Canonico et al. 2020).
However, we have almost never detected cells where
PSII and/or PBS were more abundant in the inner layers

Fig. 3. The typical radial co-localization of Photosystem I, Photosystem II, and phycobilisomes in Synechocystis sp. PCC 6803 with
PSI-YFP detected by the Airyscan detector. (4) The pictures represent RGB (red-green-blue) images combined from three detected
channels of chlorophyll emission from PSII (red channel), YFP fluorescence from PSI (green), and phycobilisome emission (blue) as
described in the Fig. 1. Panels (B) and (C) represent spatial profiles in the fluorescence intensities in the free channels across the cell
no. 1 (B) and cell no. 2 (C). The colours represent the fluorescence intensities of acquired channels, Photosystem II (red), YFP from

Photosystem I (green), and phycobilisomes (blue). Scale bar 1 pm.
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of thylakoids (see Fig. 1S). It shows that there is some
prerequisite why PSI complex is more often localised in
the inner membrane sheets of thylakoids. The functional
importance of the effect requires additional research with
specific mutants. However, we are prone to suggest that
the inner membrane layers rich in PSI represent areas
of thylakoids more suitable for membrane complex
assembly or protein synthesis (Mahbub et al. 2020) that,
however, contrast with other cyanobacterial species like
Synechococcus sp. PCC 7942 (Huokko ef al. 2021).

The application of Airyscan also made it possible to
study fluorescence kinetics inside single cells (Fig. 4)
and on subcellular compartments (Fig. 5). The measure-
ments were allowed by the significantly improved

signal-to-noise ratio of the acquired image (see Fig. 2).
The dynamic changes in Chl and phycobilisomes
autofluorescence during the time-lapse imaging were
analysed (see Fig. 4). The applied scanning laser (488 nm
for Chl emission from PSII; 632 nm for phycobilins
emission from PBS) acted as photo-activation source
of light that caused variable autofluorescence induction
typical for phototrophs. The analysed kinetic data from
single cells showed that continuous irradiation of single
cells resulted in the fluorescence increase in the case of
PBS (Fig. 4B) and a decrease in the Chl emission from
PSII (Fig. 4B) for blue light excitation. This is in line
with the bulk measurements with cell suspension where
PBS fluorescence in the PBS-containing cyanobacteria

Fig. 4. Photosynthetic fluorescence induction kinetics detected from the single cells of Synechocystis sp. PCC 6803 by the Airyscan
detector. The data were obtained by time-lapse imaging of cyanobacterial cells (time step of 632 ms) in their autofluorescence of PSII
(chlorophyll emission: excitation 488 nm, 14.7 uW per focal area, detection range — LP 685 nm) and PBS (phycobilisomes emission:
excitation 633 nm, 0.525 pW per focal area, detection range 650-685 nm). (4) Typical PBS images. (B) Kinetics of fluorescence
intensities of PBS and Photosystem II from the single cell during time-lapse imaging. Data represent averages of several cells (n = 18)
from two independent measurements. Scale bar 2 um.

Fig. 5. Time and spatial fluorescence fluctuation in the phycobilisomes signal inside of thylakoid membrane areas of Synechocystis
sp. PCC 6803. Phycobilisomes (PBS) fluorescence from thylakoids was detected every 0.60 seconds by the Airyscan detector (pixel
size ~ 33 x 33 nm, excitation: 633 nm, detection range: 650—-680 nm). (4) Approximate positions of the selected thylakoid membrane
areas — Area 1 and Area 2. The yellow arrows indicate the proposed directions of PBS trafficking in 2D approximation. (B) Calculated
fluorescence intensity of PBS fluorescence is visible as intensity fluctuations in the thylakoid membrane compartments (Area 1 and 2,
see Fig. 3S). Data represent averaged behaviour of fluorescence signal in the selected membrane areas of one cell. For the online version
of the movie, see the enclosed Movie 1S or the online link https://youtu.be/KTCIZSyA1E0?si=nR-WUvvCzV9zvi6Y.
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increases after orange irradiation (Kana et al. 2009,
2012) and the Chl fluorescence is quenched after blue
light irradiation. In the bulk measurements, the blue
light-induced decrease has been attributed to the OCP-
dependent quenching (Wilson ef al. 2006) that indicating
its importance also for the Chl fluorescence decrease on
the single-cell level (Fig. 4B). The slow fluorescence rise
was then attributed to state transitions (Kana et al. 2012).
To confirm that the interpretation is also valid for our
single cells' measurements, the microscopic experiments
with the selected mutants (AOCP and AApcD) need to be
done in future experiments.

The kinetic data on single-cell level have shown that
Chl and PBS fluorescence induction acquired by Airyscan
represents a useful method to study fluorescence changes
on a single-cell level similarly as it has been described
by Komarek ef al. (2010). We stepped even further and
analysed acquired time-lapsed images on the sub-cellular
level of microdomains (see sub-cellular TM compartments
visible in green/magenta in the Fig. 1, 2, and 3).
We analysed kinetic fluorescence changes in PBS (Fig. 5)
and Chl (i.e., PSII) fluorescence (Fig. 3S, supplement) in
the two neighbouring membrane compartments — Area 1
and Area 2. The data showed more complex behaviour of
these small areas. The comparison of their fluorescence
fluctuations indicated a functional correlation between
these two specific areas — the increase in Area 1 was often
(although not every time) accompanied by a decrease
in the PBS fluorescence inside the neighbouring Area 2
(Fig. 5). This is a typical sign of the spatial-temporal
correlation in the fluorescence signal, a sign of proteins
trafficking between these two areas. The spatial or temporal
correlation is often used as a method for detection of
the fast diffusion events inside of single native
cells — the method is called Fluorescence Correlations
Spectroscopy [see e.g., results for cyanobacteria (Kana ez al.
2021) or for chloroplasts (Iwai et al. 2013) for temporal
correlations or Raster Image Correlation Spectroscopy
method for spatial/temporal correlations (Malacrida et al.
2018)]. We have not run detailed numerical analyses,
however, even the rough calculations have already
indicated the presence of fluctuations in the PBS signal
between two areas (Fig. 5) — it is a sign/indication of
PBS trafficking on the TM surface. Similarly, the same
result was obtained for Chl emission from PSII (Fig. 3S).
The data need more detailed analyses and control
experiments with mutants to get numerical values of
diffusion with the 100-nm scale spatial resolution. However,
even the first analyses showed that the mobility measured
by a steady-state correlation method indicated a similar
diffusion rate of PBS and PSII (compare the fluctuation
pattern in Fig. 5 and Fig. 3S; the movement was also
visible in the movies, see Movies 1S and 2S, supplement).
This is in contrast to some older data rather based on
a non-steady state method for diffusion measurements —
Fluorescence Recovery After Photobleaching (FRAP),
for reviews see e.g., Kana (2013), Kirchhoff (2014),
Mullineaux (2008). The original results with cyanobacteria
claimed that PBS are mobile elements on the TM
surface in contrast to rather immobile PSII (Mullineaux
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et al. 1997). It seems that these conclusion needs to be
re-evaluated as FRAP is rather non-steady state method
that requires perturbation of the system by the short
bleach (Mueller et al. 2010, Lippincott-Schwartz et al.
2018). In the specific case of photosynthetic proteins
[for the most recent reviews see e.g., Kana (2013),
Kirchhoff (2014), Mullineaux (2008)] FRAP measurements
with PBS can become a complicated task in vivo [see e.g.,
Liu et al. (2008)] as PBS photo-physics during FRAP
bleaching is sensitive to some specific artefacts [see e.g.,
discussion in Muzzopappa and Kirilovsky (2020)]. For
instance, it is known that PBS excitation is connected
with reversible fluorescence blinking (Gwizdala er al.
2018) that can affect the interpretation of fluorescence
recovery during FRAP methods [see e.g., discussion on
GFP blinking in Mueller et al. (2012)]. Therefore, our new
experimental system applying time-lapse super-resolution
imaging (see Fig. 5, Fig. 2S, Movie 1S and 2S) represents
a promising in vivo method to solve whether there is
a significant difference in photosystems and PBS mobility
[see e.g., the first results by FRAP obtained almost 25
years ago — Mullineaux et al. (1997)]. Our first super-
resolution time-lapse imaging data show (especially the
enclosed movies Movie 1S and 2S, and Fig. 5, Fig. 3S)
that PBS and PSII mobility are not significantly different
as proposed previously based on FRAP (Mullineaux et al.
1997). To quantify rather small differences in PSII and
PBS mobility, a new methodology of image analysis
needs to be implemented for future experiments (Scipioni
et al. 2018) with mutants deficient in the regulation of
photosynthesis connected with PBS mobility [e.g., during
state transitions, see Joshua and Mullineaux (2004)].

In conclusion, the application of the Airyscan
detector for in vivo imaging of thylakoid membrane
proteins (especially PSI, PSII, and PBS) proved its high
applicability for the cyanobacterial system of TM.
Therefore, the method seems to be promising for super-
resolution imaging of larger TM system proteins in
plant/algal chloroplasts. The method can thus help to
solve several open questions; for example, whether the
PBS mobility is significantly higher in comparison to
PSII or how the TM protein mosaic operates in light of
rather limited diffusion of proteins in thylakoids that is 100—
1,000 times slower in comparison to the mitochondrion
[see e.g., the review of Kana (2013), Kirchhoff (2014),
Mullineaux (2008)]. Moreover, a forthcoming comparative
study that integrates super-resolution microscopy with
AFM/EM will offer a comprehensive understanding of
protein organization dynamics within TM in terms of
proteins stability and dynamics. Recent AFM/EM data
obtained from isolated thylakoids suggest the presence
of stable protein arrays of TM proteins [see, for instance,
MacGregor-Chatwin et al. (2017)]. However, this finding
seems to contradict the continuous protein trafficking
observed in vivo using super-resolution methods (see
supplementary Movies 1S and 28S; Iwai et al. 2014).
There is a big hope that application of the newly emerging
super-resolution methods such as the Airyscan (Fig. 2),
SpiRI (Single Pixel Reconstruction Imaging; Chenebault
et al. 2020), SIM (MacGregor-Chatwin et al. 2017, Iwai
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et al. 2018, Hepworth et al. 2021, Flannery et al. 2023),
SCLIM (Iwai et al. 2016) or expansion microscopy
(Wassie et al. 2019) could shed a light on all these
open questions. Our data showed the applicability of
one specific super-resolution method — Airyscan, for
the small phototrophic cells of cyanobacteria. Altogether,
all the new super-resolution methods mentioned above
represent an improvement in two directions: (/) they have
a sub-diffraction resolution in comparison to standard LS
confocal methods; (2) they can study dynamic protein
behaviours in living cells within the grana/stroma-
like membrane compartments (e.g., in microdomains/
nanodomains, Straskova et al. 2019). In this sense,
they overcome the major drawbacks of EM and AFM
methods — the necessity of TM isolation that does not allow
to study behaviours of dynamic proteins in thylakoids
(Iwai et al. 2014, MacGregor-Chatwin et al. 2017).
Moreover, the super-solution Airyscan method is suitable
for detecting proteins trafficking in thylakoid membrane
compartments as it is visible in our results.
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