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A B S T R A C T

Photosynthesis in cyanobacteria relies on light capture by photosystem I (PSI), photosystem II (PSII) and the 
phycobilisome (PBS). Although these complexes are generally considered to be intermixed within the thylakoid 
membrane, several studies have suggested the presence of PSI- or PSII/PBS-enriched microdomains that may 
depend on environmental conditions. Here we applied cryo-Expansion Microscopy (cryo-ExM) to dark-adapted 
Synechocystis sp. PCC 6803 cells and achieved nanoscale resolution of thylakoid compartments and associated 
protein complexes. Cells were cryofixed, rehydrated at room temperature and physically expanded in a swellable 
hydrogel. By expanding cells 5.5-fold, we resolved individual thylakoid compartments in intact cells using 
confocal microscopy. Furthermore, immunolabeling allowed simultaneous localization of PSI, PSII and PBS 
within the expanded thylakoid network. Overall PSI, PSII, and PBS signals showed similar spatial distributions. 
However, PBS was excluded from the neck region between dividing cells, while PSI and PSII were present. These 
results establish cryo-ExM as a powerful method for visualizing cyanobacterial thylakoid membranes and 
mapping the distribution of key photosynthetic complexes, thereby complementing existing approaches for 
dissecting the spatial organization of photosynthesis.

1. Introduction

The photosynthetic membrane of cyanobacteria contains Photo
system I (PSI), Photosystem II (PSII), cytochrome b6f, and ATP synthase 
as the major membrane-embedded protein complexes that drive 
photosynthesis [1]. Together, these complexes perform linear and cyclic 
electron transport to generate NADPH and ATP, which are subsequently 
used in CO₂ fixation via the Calvin–Benson cycle [2]. In contrast to 
higher plants, where the PSI/PSII ratio is typically below one, cyano
bacteria like Synechocystis sp. PCC 6803 (hereafter Synechocystis) and 
Synechococcus elongatus exhibit a higher PSI/PSII ratio ranging from two 
to five, reflecting a different balance in light harvesting and energy 
distribution [3–5]. Another fundamental difference is that, in cyano
bacteria, photosynthesis and respiration both occur in the thylakoid 
membrane system, whereas in plants these processes are spatially 
separated [2,6]. This shared localization requires a distinct organiza
tional structure of the membrane and energy-transfer network.

Instead of the membrane-embedded light-harvesting complexes of 
plants, cyanobacteria generally employ phycobilisomes (PBSs) as their 

main antenna system [7]. PBSs are large supramolecular complexes, up 
to ~70 nm in size, attached to the photosystems or to the thylakoid 
membrane. PBSs typically consist of a core of allophycocyanin, with rod- 
like extensions primarily containing phycocyanin and, in some species, 
additional pigments such as phycoerythrin or phycoerythrocyanin. PBS 
size and composition are dynamically regulated by light conditions, 
allowing flexible adjustment of energy transfer [7,8]. Importantly, 
excitation energy harvested by PBSs can be transferred to both PSI and 
PSII, depending on the physiological state of the cell, although the extent 
of PBS-PSI transfer remains under debate [9,10,32,33]. In addition, 
spillover of excitation energy between PSII and PSI has been suggested 
to occur in cyanobacteria [11,12].

In higher plants, spillover between PSII and PSI is minimized by the 
strict spatial separation of photosystems into distinct thylakoid regions: 
PSII is enriched in grana stacks, while PSI is located primarily in stroma 
lamellae [34,35]. This heterogeneity is critical for efficient regulation, 
as disruption of grana stacking leads to growth defects due to impaired 
light-energy tuning [13,36,37]. Cyanobacteria, by contrast, lack grana 
and do not display such strict partitioning of PSI and PSII, raising the 
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question of how they maintain photosynthetic efficiency without this 
structural separation [6,14,15].

An increasing number of studies suggest that cyanobacterial thyla
koid membranes may exhibit some degree of spatial heterogeneity 
through the formation of so-called “microdomains”, although the term is 
used to describe organizational features at different length scales. In 
some studies, microdomains refer to relatively large membrane regions 
(approximately 0.5–1.5 μm) enriched in either PSI or PSII, but without 
the strict lateral segregation observed in plant thylakoids [16]. In 
contrast, atomic force microscopy studies have described much smaller 
nanoscale domains, on the order of a few hundred nanometers, con
sisting of PSI clusters [4,38] or ordered arrays of PSII dimers [39]. Ev
idence for such domains has been reported based on in vivo and in vitro 
studies, using biochemical fractionation, atomic force microscopy 
(AFM), confocal microscopy, or super-resolution imaging [3,16–24]. 
However, several questions remain regarding the precise nature of these 
domains and the mechanisms underlying their formation. Firstly, it is 
still unclear whether microdomains form passively due to membrane 
dynamics or actively through regulatory processes. Secondly, the effect 
of isolation is unclear for the in vitro studies or techniques that require 
isolated membranes. Thirdly, PSI-enriched regions in S. elongatus have 
been observed in either central thylakoids or outer thylakoids, 
depending on the study [23,24]. Lastly, earlier studies with EM and 
confocal microscopy in Synechocystis did not find evidence for a het
erogeneous distribution of PSI and PSII, raising the question of how 
lower-resolution imaging techniques were able to distinguish those 
domains in other studies [19,40,41].

Here, we applied cryo-Expansion Microscopy (cryo-ExM) on dark- 
adapted Synechocystis sp. PCC 6803 (hereafter Synechocystis) to 
directly visualize its cellular structure and, in particular, the organiza
tion of the photosynthetic membrane. Cryo-ExM combines rapid cryo- 
fixation with physical expansion of biological specimens using a swel
lable hydrogel to achieve nanoscale visualization of cellular organiza
tion [25,26]. After vitrification and thawing and rehydration, samples 
are mildly crosslinked, and anchored to a polyacrylate gel. Subsequent 
denaturation with SDS at high temperature unfolds proteins and disrupts 
all noncovalent interactions. As a result, native supramolecular assem
blies, including membranes and protein complexes, are not preserved. 
Instead, spatial information is retained through gel-anchored, denatured 
polypeptide chains whose relative positions reflect the molecular orga
nization at the time of fixation. Upon isotropic gel swelling, expansion 
occurs between these anchored biomolecules rather than by stretching 
covalent bonds or intact membranes, as established in ultrastructure and 
iterative expansion microscopy approaches [42–45]. Cryo-ExM there
fore enables nanoscale mapping of protein distributions within cellular 
volumes. The method has been shown to preserve positional fidelity at 
the nm to few tens of nm scale and has been successfully applied to 
whole cells and organelles, including photosynthetic systems [25,26].

In this cryo-ExM study on dark-adapted Synechocystis cells, we 
labeled PsbA (PSII), PsaC (PSI), and C-phycocyanin (PBS) and resolved 
the thylakoid organization with an effective ~5.5-fold resolution 
improvement compared to conventional confocal microscopy. Overall 
PSI, PSII, and PBS signals showed mainly colocalization, consistent with 
a largely homogeneous distribution across thylakoid compartments in 
dark-adapted cells.

2. Material and methods

2.1. Cyanobacterial growth

Synechocystis sp. PCC 6803 and Synechococcus elongatus PCC 7942 
were grown in 100 mL of BG-11 medium at 30 ◦C under white light 
illumination at 30 μmol photons m− 2 s− 1 in 250 mL flasks shaken at 160 
rpm, containing a stirrer. The original cultures were grown on BG-11 
with 1.5% agar plates under the same conditions. Growth of Synecho
cystis sp. PCC 6803 cultures was monitored by measuring optical density 

at 750 nm throughout the cultivation period. Under the applied illu
mination conditions of 30 μmol photons m− 2 s− 1, a continuous linear 
increase in OD₇₅₀ over time was observed, including at low cell densities 
and up to the sampling point at approximately 320 h after inoculation. 
No exponential phase was detected under these conditions. This growth 
behavior is consistent with photon-limited growth, which is expected at 
low light intensities in phototrophic organisms [46].

2.2. Cryofixation

Cyanobacterial cultures were grown for 13 days after inoculation 
from a plate. To separate intact from dead cells, the cell suspension was 
washed twice by centrifuging at 800 ×g for 5 min and resuspended in 
phosphate-buffered saline. Then, a drop of the cell culture was placed on 
a 12 mm diameter coverslip that was coated with poly-L-lysine and 
allowed to sediment for at least 10 min in the dark. Next, we used the 
Vitrobot Mark IV System by Thermo Fisher to plunge-freeze the slides in 
liquid ethane according to the cryo-ExM protocol [25,26]. After 
plunging, the slides were transferred to acetone frozen in liquid nitrogen 
containing 0.1% paraformaldehyde (PFA) and 0.02% glutaraldehyde 
(GA) and left overnight on dry ice, where the acetone melted again. The 
next morning, the tubes were allowed to slowly come to room temper
ature by removing most of the dry ice and allowing the rest to evaporate. 
The samples were rehydrated by sequential incubation for 5 min in so
lutions of 100% ethanol, 95% ethanol (2×), 70% ethanol, 50% ethanol, 
Milli-Q water, and PBS. The samples were then anchored using a 1.4% 
PFA, 2.0% acrylamide solution in PBS and incubated for 3 h at 37 ◦C in a 
humid environment.

2.3. Expansion microscopy

Next, we applied ExM as before [27,28], with adaptations in the 
gelation chamber design and gel denaturation. In short, a gel composi
tion of 23% sodium acrylate, 8.9% acrylamide, 0.09% N,N′-methyl
enebisacrylamide in phosphate-buffered saline was made and stored for 
at least one night at − 20 ◦C. To this gel solution we added a 10% TEMED 
solution and a 10% APS solution to a final concentration of both of 0.1% 
to start polymerization. The slide with the fixed and anchored cells was 
carefully blotted dry without touching the cells. A 25 μL drop of gel 
solution was placed on a piece of Parafilm on ice and the slide containing 
the cells was placed on the drop with the cells facing the solution. 
Polymerization was allowed to occur for 5 min on ice after which the 
gels were moved to a humid chamber and polymerized further at 37 ◦C 
for 90 min.

The gels were removed from the slides with a scalpel and denatured 
at 95 ◦C for 90 min in a denaturation buffer (200 mM SDS, 200 mM NaCl 
and 50 mM Tris base, pH 9.0). The denatured gels were washed at least 
three times in ultrapure water and left overnight in water to reach full 
expansion and wash away remaining SDS. A piece of the central part of 
the gel was cut out and used for staining. A more detailed explanation of 
this method can be found in Klena's protocol article [25].

2.4. Antibody staining

An overview of the antibodies and fluorophores is given in Table 1. 
For the antibody staining, we used rabbit polyclonal antibodies targeted 
against PsbA at 1:200 concentration (Product no: AS05 084) and PsaC at 
1:200 (Product no: AS10 939) both purchased from Agrisera (Agrisera 
AB, Sweden). PsbA was reported to have little off-target binding to 
proteins, while one extra band was reported for anti-PsaC in Synecho
coccus, as reported on the manufacturer's website. Rabbit anti-C- 
Phycocyanin antibody was applied at 1:50 (AbBy Fluor® 594) and 
purchased from Antibody-online (No. ABIN2802262). This antibody 
was reported to have little off-target binding [47], as was reported for 
other anti-C-phycocyanin antibodies in Synechocystis (CpcA / Anti-C- 
phycocyanin alpha subunit antibody from PhytoAB, USA).
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Anti-PsbA and anti-AtpB (AS05 085, Agrisera AB, Sweden) were 
conjugated with NHS-ATTO594 or NHS-ATTO647 (ATTO-TEC GmbH, 
Art. Nr.: AD 594 or 647) by adding 0.2 μL of ATTO dye (dye stock: 10 
mg/mL in DMSO) to 15 μL of antibody. The reaction was allowed to 
proceed for 1 h, and excess dye was removed by using a desalting col
umn (Zeba spin 7 K MWCO Column). The column was washed 4 times 
with phosphate-buffered saline prior to loading the labeled protein so
lution. After loading, the column was centrifuged (1500 xg, 1 min) and 
the eluted fraction was stored in the freezer. The eluted fraction was 
typically larger than the initial 15 μL of protein, which was taken into 
account when determining the antibody dilution for staining.

Each antibody staining was diluted in a solution of 0.2% bovine 
serum albumin in phosphate-buffered saline. Once deposited on the gels, 
the gels were incubated at 37 ◦C for 3 h and washed three times with 
phosphate-buffered saline with 0.1% Tween for 10 min per wash.

Multiplexing was achieved by first staining with anti-PsaC for 3 h at 
37 ◦C followed by two washing steps with phosphate-buffered saline- 
Tween 0.1%. Then its secondary antibody (Goat anti-Rabbit IgG (H + L) 
Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 (AB_143165), 
ThermoFisher, or Nano-Secondary® anti-rabbit IgG, recombinant VHH, 
Alexa Fluor® 488 (CTK0102), ChromoTek GmbH & Proteintech Ger
many) was applied and left for 1.5 h at 37 ◦C. After that, anti-C- 
phycocyanin and anti-PsbA were used simultaneously to avoid extra 
washing steps with the 3 h incubation time and 37 ◦C, followed by 2 
washing steps with phosphate-buffered saline − 0.1% Tween.

2.5. All-protein staining

To create an all-protein staining of the sample, we applied ATTO 
dyes with an NHS-ester tag. The NHS-ester binds lysine and therefore 
creates a lysine or protein density staining of the sample [29]. 
Depending on the other fluorophores present, we used 20 μg/mL N- 
hydroxysuccinimide (NHS) ester-ATTO-488 (ATTO-TEC GmbH, Art. Nr.: 
AD 488), ester-ATTO-594 (ATTO-TEC GmbH, Art. Nr.: AD 594) and 
ester-ATTO-647 (ATTO-TEC GmbH, Art. Nr.: AD 647) in 0.1 M NaHCO3, 
pH 8.3 with 100 μL per gel in 8-well plate and then incubated for 1.5 h 
[29].

2.6. Image acquisition

Cut and stained gels were placed in an 8-well plate and left overnight 
to reduce drift of the gel during imaging. At low laser power, drift was 
usually negligible, but when higher laser powers were required, the drift 

became too large to be corrected for. In those instances, gels were placed 
in a poly-L-lysine-coated 8-well plate.

Samples were imaged using a Leica Stellaris confocal microscope 
equipped with an HC PL APO CS2 86×/1.20 water objective. This sys
tem automatically sets optimized parameters for all dyes and imaging 
modes. ATTO-488 and Alexa-488 were excited at 501 nm and emission 
was recorded from 506 to 579 nm, ATTO-594 and Alexa-594 were 
excited at 590 nm and emission recorded from 595 to 648 nm and ATTO- 
647 was excited at 646 nm and emission recorded from 660 to 830 nm. 
Counting mode was used for all channels and 4–8 line accumulations, 
depending on the intensity of the dyes. If ATTO-594 and ATTO-647 were 
used simultaneously, crosstalk was prevented by line sequential scan
ning. ATTO-488 and ATTO-647 were detected in one sequence and 
ATTO-594 in another. System optimized settings were used for the voxel 
size, which was typically around 83 × 83 × 356 nm in XYZ. 3D models 
were created from z-stacks in the Leica LAS X software.

2.7. Image analysis

Image analysis was performed in FIJI [30] and Python3.9.

2.7.1. Peak position
Images of expanded Synechocystis cells, stained with anti-PSI, PSII 

and Phycocyanin antibodies were selected. Slices with the highest in
tensity in z-stacks were selected by hand. They were analyzed in Py
thon3.9 with the package Scikit-Image [31] in a custom written script to 
determine the peak position of the three channels. A Gaussian blur and 
Otsu filter were applied and the X and Y position with the highest 
number of pixels above the threshold were selected. The intensity pro
files along those X and Y points of all channels were taken and smoothed 
with a Savitsky-Golay filter with a window size of 25 and a 4th order 
polynomial. Peaks that were at least 0.3 x max intensity, 20 pixels apart 
and a peak prominence larger than 1.0, were selected. If those peaks in 
all channels were less than 15 pixels apart, the difference was deter
mined between peak position and the mean peak position. The differ
ence in pixel position was calculated to pre-expanded dimensions by 
multiplying by the pixel size (83 nm) and divided by the expansion 
factor (5.5).

3. Results

To identify the localization of the key protein complexes in photo
synthesis in Synechocystis, we applied cryo-Expansion Microscopy (cryo- 
ExM). We first cryo-fixed the cells in liquid ethane and after rehydration 
of the sample, embedded it in a swellable hydrogel [25,26]. The samples 
were denatured, expanded, and stained with an all-protein NHS ester 
dye. Little to no background fluorescence was detected from either 
chlorophyll or phycobilin (Supplemental fig. 1). An expansion factor of 
5.5 was sufficient to resolve individual thylakoid compartments, each 
consisting of two membrane layers and the enclosed lumen (Fig. 1). In 
addition to the thylakoid membranes, the carboxysomes were clearly 
visible as bright spheres in the center of the cell. An intensity plot 
showed the repeat distance of thylakoid compartments to be roughly 91 
± 20 nm apart, but on occasion, we could distinguish compartments that 
were less than 60 nm apart in pre-expanded dimensions. The average 
separation distance is somewhat larger than the 78 nm reported before 
in Synechococcus elongatus [20] and considerably larger than the 62 nm 
reported for Synechocystis with neutron scattering [40]. However, with 
our expansion factor we are unable to distinguish thylakoid layers that 
are closer than 60 nm, which may lead to an overestimation of the 
average repeat distance.

We localized PSI, PSII and the PBS using antibodies against PsaC, 
PsbA and phycocyanin, respectively. Overlay of the all-protein NHS- 
ester staining with the antibody labeling demonstrated that all three 
antibodies specifically localized to the thylakoid membrane (Fig. 2). 
Other proteindense regions, like the carboxysomes [48], were hardly 

Table 1 
Overview of the antibodies and their associated fluorophores.

Antibody Host 
organism

Manufacturer Dilution Fluorophore

PsbA (AS05 084) Rabbit Agrisera AB 1:200 Secondary 
antibody or 
nanobody

PsaC (AS10 939) Rabbit Agrisera AB 1:200 ATTO 594 or 647 
(conjugation in 
lab)

AtpB (AS03 030) Chicken Agrisera AB 1:100 ATTO 647 
(conjugation in 
lab)

anti-C- 
Phycocyanin 
(No. 
ABIN2802262)

Rabbit Antibody- 
online

1:50 AbBy Fluor® 594 
(Conjugated by 
manufacturer)

Anti-rabbit 
secondary 
(AB_143165)

Goat ThermoFisher 1:100 Alexa Fluor™ 
488 (Conjugated 
by manufacturer)

Anti-rabbit 
secondary 
nanobody 
(CTK0102)

Alpaca ChromoTek 
GmbH & 
Proteintech

1:200 Alexa Fluor® 488 
(Conjugated by 
manufacturer)
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visible in the antibody channels. Negative control using only the sec
ondary antibody showed no signal (Supplemental Fig. 2). Moreover, we 
localized ATP synthase with an AtpB antibody and found it to localize to 
both the thylakoid membrane and plasma membrane (SI Fig. 3). Sur
prisingly, in some images, only staining of the plasma membrane was 
observed and hardly any thylakoid localization. However, the antibody 
also localized to regions outside the cell in a dotted manner, potentially 
indicating aggregation of the antibody.

Next, we localized PSI, PSII and PBS in the same sample. Merging of 
the micrographs indicated a large extent of overlap between the three 
antibody signals (Fig. 3 and Supplemental Fig. 4). Radial heterogeneity 

was assessed by drawing profiles over the entire cell, thereby capturing 
the thylakoid regions on either side of the cell (Fig. 4). Small differences 
in the ratios of PSI, PSII and PBS were detected. To check whether either 
of these protein complexes localized preferentially to the center or pe
riphery of the cell, we determined their peak position. Specifically, we 
determined the peak intensity of PSI, PSII, and PBS within individual 
cells (SI Fig. 5) and calculated the deviation of each complex from the 
mean peak position. This analysis revealed a small (20 nm on average, 
while the resolution is >60 nm), but significant difference between the 
peak positions of PSI and PBS, with PSI concentrated slightly more to
ward the cell center and PBS somewhat more to the periphery.

Fig. 1. A-C) Micrographs of expanded Synechocystis cell, stained with an all-protein staining. Scale bars represent 1 μm in pre-expanded dimension. White boxes 
indicate regions from which the profiles are plotted in D. Peak positions of the thylakoid membrane are indicated by asterisks and for A the differences between the 
peaks are indicated in nm, pre-expanded dimensions. E) Peak spacings from D and other images, plotted in a boxplot. 95th percentile and 5th percentile are indicated 
by whiskers, the box represents 25th to 75th percentile and the central line indicates the median.

Fig. 2. A-C) Representative micrographs of expanded Synechocystis cells, immunolabeled (green) and all-protein stained (red). Scale bars represent 1 μm in pre- 
expanded dimensions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Next, intensity profiles were extracted along selected thylakoid 
membrane regions and normalized to allow comparison of spatial dis
tribution patterns between PSI, PSII, and PBS signals (Fig. 4). Overall, 
the normalized intensity profiles showed broadly similar spatial trends 
for all three antibodies along the membrane, indicating a high degree of 
co-localization. In most regions, PSI and PSII profiles overlapped, while 
PBS, which exhibited the highest overall fluorescence intensity, fol
lowed a comparable general distribution but showed occasional local 
deviations in relative intensity along the thylakoid membrane.

Some apparent differences in signal ratios between channels were 
observed; however, these should be interpreted with caution. PSI dis
played the lowest signal intensity and consequently the lowest signal to 
noise ratio, which may contribute to increased variability in the 
normalized PSI profiles. Because normalization was performed inde
pendently for each channel to enable comparison of spatial patterns, 
relative differences in low intensity signals may be accentuated. Taken 
together, the data indicate a largely overlapping spatial organization of 
PSI, PSII, and PBS along the thylakoid membrane, while some variations 
in relative distribution may be present. It must be noted that these in
tensity profiles are the average of several thylakoid membrane layers 
combined, as our resolution did not allow for resolving individual layers.

In most images, we detected colocalization of PSI, PSII and PBS. 
However, exceptions were found during division (Fig. 5). Several cells 
had nearly completed binary fission but remained connected by a nar
row tube. The connecting region contained thylakoids with PSI and PSII, 
yet it showed a decreased intensity of the phycocyanin-PBS antibody. In 
the ‘neck’ between dividing cells, the thylakoid layers were closer 
together than elsewhere in the cell in the all-protein stained cells 

(Fig. 1C and 2A), potentially excluding the large PBS from these parts.
In conclusion, we detected a large degree of overlap between PSI, 

PSII or PBS in the thylakoid membrane of Synechocystis with cryo-ExM, 
except for some confined regions of cells at a stage of division.

4. Discussion

4.1. Exploration of Cryo-ExM methodology

Cryo-ExM proved highly effective for Synechocystis cells without 
requiring cell wall-degrading enzymes. With an expansion factor of 5.5, 
thylakoid layers became clearly resolved after NHS-all protein staining. 
Attempts with chemical fixation as performed in earlier ExM studies on 
photosynthetic membranes [27,28] occasionally yielded expanded cells, 
but cells sometimes lost their round shape, suggesting anisotropic 
expansion. Moreover, immunolabeling resulted in less intense fluores
cence. Results with Synechococcus elongatus PCC 7942 yielded some 
well-expanded cells, but all gels also contained some unexpanded cells 
or cells that lost their rigid rod-like shape (SI fig. 6). Moreover, PSI and 
PSII antibody staining were generally faint. The approach of cryo-ExM 
seems promising for more cyanobacterial species, but could require 
optimization of the fixation, expansion and staining protocols.

The antibodies used in this study, anti-PsaC, anti-PsbA, and anti- 
phycocyanin, all localized to thylakoid membranes in Synechocystis, 
and not to other protein-dense regions such as carboxysomes. Among 
them, anti-phycocyanin gave the strongest signal. Anti-AtpB (ATP syn
thase β subunit) localized to the plasma membrane and to a lesser extent 
to the thylakoid membrane (SI Fig. 3). The antibody used here 

Fig. 3. Micrographs of expanded, immunolabeled Synechocystis cells showing PSI (anti-PsaC, green), PSII (anti-PsbA, red), and PBS (anti-C-phycocyanin, blue). 
Merged images are shown in the bottom panels. Scale bars represent 1 μm in pre-expanded dimensions. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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Fig. 4. Micrographs of expanded and immunolabeled Synechocystis cells showing merged signals of PSI (green), PSII (red), and PBS (anti-C-phycocyanin, blue). 
Images correspond to those shown in Fig. 3. White boxes indicate regions used to extract intensity profiles. Profiles were normalized to the minimum and maximum 
intensity values, and distances are shown in pre-expanded dimensions. Scale bars represent 1 μm in pre-expanded dimensions. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Expanded, immunolabeled Synechocystis cells and corresponding intensity profiles for PSI (anti-PsaC, green), PSII (anti-PsbA, red), and PBS (anti-C-phyco
cyanin, blue). In the merged images (bottom panels), white boxes indicate regions from which intensity profiles were extracted (D-F). Panel D corresponds to image 
A, E to B, and F to C. Profiles were normalized to the minimum and maximum intensity values, and distances are shown in pre-expanded dimensions. The yellow box 
marks the connecting region between dividing cells, where reduced phycocyanin signal was observed. Scale bars represent 1 μm in pre-expanded dimensions. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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recognizes the beta subunit of F-ATP synthases that are present in the 
thylakoid membrane of plants and the thylakoid and plasma membrane 
of bacteria, which explains the localization to both domains. However, 
the antibody showed a patchy pattern both on thylakoid regions inside 
the cell and in regions outside the cell. Although this pattern might 
reflect microdomains of ATP synthase, as previously observed with eGFP 
labeling [3], it could also result from imperfect recognition or clustering 
of the antibody. To elucidate the localization of ATP-synthase in cya
nobacteria in more detail, different ATP synthase antibodies or a 
genetically encoded ATP synthase tag can be used.

Together, these findings highlight cryo-ExM as a promising tool for 
visualizing cyanobacterial cells and protein localization by immuno
labeling. The method may be applicable to other cyanobacteria, with or 
without protocol modification. For species with a more complex cell 
wall, incorporation of cell wall–digesting enzymes may be necessary. 
Beyond antibody labeling, cryo-ExM could be combined with genetically 
introduced epitopes (e.g. GFP tags recognized by anti-GFP antibodies). 
Such approaches open new possibilities for studying protein targeting 
pathways or the balance between photosynthesis and respiration, in 
cyanobacteria.

4.2. Image analysis considerations

Most microscopy studies identify microdomains by comparing fluo
rescence intensity ratios across channels [16,18,21,22]. While this 
approach can be effective in systems with stable labeling and uniform 
signal levels, it was not suitable for our workflow. Our extensive sample 
preparation (fixation, denaturation, gelation, and washing) can lead to 
partial epitope loss, and antibody labeling efficiency varied between 
samples. Consequently, applying a uniform threshold across images was 
not feasible, while per-image thresholding would have introduced bias. 
For this reason, threshold-dependent metrics such as the Manders co
efficient were not appropriate.

We also evaluated the Pearson correlation coefficient (PCC), which 
measures the covariance of pixel intensities between channels. Howev
er, PCC was not informative for our data. PSI, PSII, and PBS all localize 
to the same thylakoid membrane system, and the effective resolution 
after expansion does not allow individual thylakoid layers to be 
resolved. As a result, fluorescence signals from all channels largely 
overlap and exhibit similar spatial distributions, leading to uniformly 
high PCC values. Importantly, PCC reflects global intensity similarity 
rather than spatial organization and is insensitive to local differences in 
protein ratios. Therefore, high PCC values in this context primarily 
indicate that the proteins occupy the same general cellular region and 
cannot be used to assess the presence or absence of microdomains. In 
addition, PCC values can be influenced by differences in antibody signal 
intensity and by the use of a common cell mask, further limiting its 
interpretability.

We therefore created intensity plots over a whole cell, or along the 
thylakoid membrane to compare intensity of the three photosynthetic 
complexes (Fig. 4). To ease comparison, we normalized the profiles 
individually to their minimum and maximum intensity. The trend in 
intensity over the thylakoid membrane was similar for all three anti
bodies, but for some, the ratio between the intensities was variable. For 
example, the offset in Fig. 4 A-II is largely caused by normalization to an 
outlier in the PSI intensity, therefore shifting the rest of the profile down. 
The other characteristics of the PBS profile are well followed by the PSI 
profile. However, due to the low signal to noise level of the PSI antibody, 
we are cautious in interpreting the presence of microdomains. Large- 
scale absences of one photosynthetic complex seem to be absent in our 
data, but our data is insufficiently clear to draw conclusions on the 
presence of the smaller ‘nanodomains’ of PSI that have been proposed.

The intensity profiles of the antibodies over a cell did not indicate 
large deviations in PSI, PSII and PBS ratios, but provided information on 
their positioning. Smoothed intensity profiles across the center of Syn
echocystis cells (SI Fig. 5) revealed that PSI tended to peak slightly closer 

to the cell interior than PBS (phycocyanin). However, this shift was not 
consistent across individual cells and remained below the effective im
aging resolution (mean difference ~ 20 nm versus ~60 nm resolution), 
becoming statistically significant only due to the sample size (N = 54). 
Moreover, the apparent shift can be explained by differences in signal- 
to-noise ratios between channels: PSI labeling produced weaker fluo
rescence, allowing residual background to extend further into the cell 
interior, whereas the stronger PBS signal was more effectively confined 
by filtering. Future work should examine whether these profiles change 
under light conditions known to alter PSI–PSII distribution [18,20].

4.3. Absence of phycocyanin in cell division regions

The strongest evidence for regions with ratiometric alterations in the 
photosynthetic complexes were regions in which thylakoid layers were 
in close proximity. At connecting regions of dividing cells, PSI and PSII 
were present, but PBS (phycocyanin) was absent. Given the large size of 
PBS (~40 nm height), steric hindrance in confined thylakoid areas may 
exclude intact PBS complexes [7]. It is possible that PBSs are remodeled 
into smaller subunits that remain associated with PSI or PSII, which 
could be tested using antibodies against PBS core proteins.

4.4. In summary

Several studies using fractionation, AFM, and microscopy have re
ported a heterogeneous separation of PSI and PSII into microdomains 
[3,16–24]. In contrast to plants, this separation in cyanobacteria is not 
strict, but manifests itself as stable variations in ratios of photosystems. 
Some studies report relatively large membrane regions of approximately 
0.5 to 1.5 μm described as being enriched in either PSI or PSII-PBS 
complexes [16]. Here we explored the use of cryo-ExM to investigate 
the distribution of light-harvesting complexes in dark-adapted Syn
echosystis cells. PSI, PSII, and PBS signals showed a high degree of 
overlap throughout the thylakoid compartments. At the same time, re
gions displaying variations in the relative abundance of the three anti
body signals were observed. It remains unclear whether these 
differences reflect true spatial variation in protein distribution or are 
influenced by differences in labelling efficiency and resulting signal 
intensity. Further optimization of antibody staining and signal normal
ization strategies may help resolve this in future studies. Notably, PBS 
signals were consistently excluded from the connecting regions at the 
division site in dividing cells, indicating a localized redistribution of the 
light-harvesting antenna system during cell division.
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