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In the field of photosynthesis, only a limited number of approaches of super-resolution fluorescence microscopy
can be used, as the functional architecture of the thylakoid membrane in chloroplasts is probed through the
natural fluorescence of chlorophyll molecules. In this work, we have used a custom-built fluorescence micro-
scopy method called Single Pixel Reconstruction Imaging (SPiRI) that yields a 1.4 gain in lateral and axial
resolution relative to confocal fluorescence microscopy, to obtain 2D images and 3D-reconstucted volumes of
isolated chloroplasts, obtained from pea (Pisum sativum), spinach (Spinacia oleracea) and Arabidopsis thaliana. In
agreement with previous studies, SPiRI images exhibit larger thylakoid grana diameters when extracted from
plants under low-light regimes. The three-dimensional thylakoid architecture, revealing the complete network of
the thylakoid membrane in intact, non-chemically-fixed chloroplasts can be visualized from the volume re-
constructions obtained at high resolution. From such reconstructions, the stromal connections between each
granum can be determined and the fluorescence intensity in the stromal lamellae compared to those of neigh-

boring grana.

1. Introduction

In plants, the process of photosynthesis originates in the internal
membrane of the chloroplast organelle — the thylakoid membrane. It
ensures the proper spatial organization of its constituent proteins. They
include all the important players in the early steps of photosynthesis,
responsible for light absorption and the subsequent energy transfer
cascades as well as electron and proton transfer reactions: light-
harvesting complexes, reaction centers, cytochrome bgf, and ATP syn-
thase (ATPase). Electron microscopy (EM) has been successfully used to
reveal the internal organization of the thylakoid membrane. In the
membrane of higher plants, it led to the discovery of the mainly
photosystem II (PSII)-containing appressed regions, called grana, and
the connecting regions that mainly contain photosystem I (PSI) and
ATPase, called stromal lamellae [1]. The way these domains join
together to form a continuous membrane system has been the subject of

* Corresponding author.
E-mail address: Andrew.Gall@i2bc.paris-saclay.fr (A. Gall).

https://doi.org/10.1016/j.bbabio.2024.149493

studies for several decades, and EM-based studies have led to a variety of
3D models. One of the most popular models is the helical model, ac-
cording to which each granum is surrounded by multiple stroma
lamellae, wrapping around the grana as right-handed helices [2]. Later
EM serial sections and EM tomography studies seem to mostly confirm
this helical model [3-5], which was recently further improved by 3D
reconstructions [6]. It was shown that stroma thylakoids wind around
grana as right-handed helices at an angle of about 16° relative to grana
membranes, connecting to the grana thylakoids by staggered, fret-like
protrusions. In addition, previously unreported left-handed helical sur-
faces were revealed at the interface between lamellar sheets [6]. While
some stromal lamellae merge with the successive grana disks in short,
35-nm-wide, slit-like junctions, other junctions are up to 400-nm-wide,
so that they form a planar sheet with only one grana disk [4]. Due to the
tremendous technological progress, recent EM measurements no longer
require the high level of preparation and fixation of the chloroplasts to
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reveal their internal structural arrangement. Nonetheless, EM still does
not yield crucial information on the functional organization of the
photosynthetic systems under physiological, or near physiological con-
ditions. This information, however, can be accessed at least partially, by
3D fluorescence imaging of the chlorophyll pigments, taking advantage
of the fact that at room temperature most of the signal arises from PSII
[71.

Such 3D fluorescence images of chloroplasts may help answering
essential questions about the regulation of the energy flux during the
first steps of photosynthesis. Even minor changes in the plant environ-
ment - light, water, temperature or nutrients — result in a fine-tuning of
the set of reactions underlying the early steps of photosynthesis at
timescales that range from seconds to months. These regulations adjust
the amount of excitation energy collected by the light-harvesting pro-
teins surrounding the reaction centers, ensure the balance of excitation
energy between PSI and PSII, and also fine-tune the occurrence of cyclic
electron transfer between PSI and cytochrome bgf [8]. Short-term ad-
aptations arise from local changes in light-harvesting proteins, which
modify their ability to transfer excitation energy and eventually re-
organize their spatial arrangement within the membrane [9], while
long-term adaptations involve genetic regulations, which modify the
overall protein composition of the thylakoid membrane [10]. The entire
membrane organization of chloroplasts thus responds to environmental
variations. For instance, the size and shape of the grana changes depend
on the illumination conditions [11]. Several regulatory mechanisms are
well documented at a molecular level [12], yet we still lack key
knowledge of the response of the chloroplast membranes and especially
of the role the latter play in these regulatory processes. An interplay
must exist, however, between the different scales of the photosynthetic
membrane organization, but it still remains to be clarified. For instance,
the sensitivity of the granum structure to light environment has been
established using EM [13-15]. In addition, a decade ago it was reported
that the fast phase of the non-photochemical quenching process induces
a subtle reorganization of the topology of the PSII proteins [16]. In
general, unfortunately, our knowledge on these complex mechanisms
remains scarce.

Ideally, live-cell imaging conditions should be used to visualize
structures and processes in vivo or close to the native-state. Fluorescence
imaging is a method of choice to analyze the photosynthetic membrane,
without the need of specific staining or fluorescent-tagging procedures.
Classical confocal microscopy has been used, yet the resolution of this
method is limited by the Abbe limit to ca. 300 and 600 nm in lateral and
axial directions, respectively. More recent super-resolution fluorescence
imaging techniques overcome this diffraction limit and push the reso-
lution to the nanoscale range. Successful attempts for thylakoid mem-
brane imaging in vivo and in situ were provided using either super-
resolution confocal live-imaging microscopy (SCLIM) [17] or methods
derived from STED [18]. Recently, very detailed pictures of the photo-
synthetic membrane during some adaptation processes were obtained
using three-dimensional structured illumination microscopy (3D-SIM)
[19]. Although the resolution of such techniques is lower than that of
EM, the information obtained in vivo and in real-time on chloroplast
dynamics is highly complementary to the latter method. Indeed, it is
essential for the holistic understanding of the thylakoid network func-
tion in ever-changing and challenging environments. SIM analysis of
chloroplasts was particularly rich in new information. Nevertheless,
none of these fluorescence-based techniques were able to yield precise
3D reconstructions of the thylakoid membrane.

In this work, we apply a novel fluorescence imaging method, termed
single-pixel reconstruction imaging (SPiRI), to visualize the structure of
the thylakoid membrane in plant chloroplasts. SPiRI is a variant of
confocal microscopy, where the fluorescence is recorded by a detector
smaller than the image of a point fluorophore. The use of such a small
detector, provided its size is less than a third of the diffraction-limited
image of a point-emitter, pushes confocal microscopy to its resolution
limits, and yields a 1.4 gain in lateral and axial resolution, respectively,

BBA - Bioenergetics 1865 (2024) 149493

relative to classical confocal fluorescence microscopy depending on the
excitation and emission wavelengths. In the presently applied conditions
(i.e. exciting the sample with a 488 nm laser and recording the signal in
the 660-700 nm range), its theoretical lateral and axial resolutions are
140 nm and 365 nm, respectively (see Supplemental Material), which
leads to ~1.25 gain in lateral resolution. This approach easily yields 3D
visualization of cellular structures, and in particular of the thylakoid
structure in intact plant chloroplasts.

2. Methods
2.1. Plant growth

Spinach (Spinacia oleracea), pea (Pisum sativum) and Arabidopsis
(Arabidopsis thaliana) plants were grown in growth cabinets (CLF Plant
Climatics, Wertingen, Germany) under controlled light conditions, and
in a greenhouse (I2BC Greenhouse Facility, Gif-sur-Vette, France). In
growth cabinets under high-light (HL) conditions plants were submitted
to 600 pmol photons m~2s~! of white light illumination for 8 h per day.
For low-light (LL) conditions the light intensity was reduced to 120 pmol
photons m~2s~! (8 h per day). Light in the growth cabinets was provided
by Philips MASTER PL-L (Polar 55 W/840/4P 1CT) lamps.

2.2. Chloroplast preparation

Plant chloroplast isolation was performed at 4 °C temperature in the
dark essentially as described previously [20]. In summary, sliced dark-
adapted leaves (20-30 g) were homogenized in a blender for 5 s in
200 ml of a medium containing 300 mM sorbitol, 1 mM MgCl,, 1 mM
MnCly, 2 mM EDTA, 30 mM KCl, 0.5 mM KH,PO4 and 50 mM MES-KOH
(pH = 6.1). The obtained mixture was filtered through six layers of
cheesecloth and centrifuged at 2000g for 2 min. The pellet obtained after
centrifugation was resuspended in the same medium and centrifuged
again at 2000g for 2 min. The new pellet was resuspended in the same
medium poised at pH = 7.6, and centrifuged at 2500g for 3 min. The
final pellet, containing intact chloroplasts, was then resuspended in 1-2
ml of the same medium.

2.3. Microscopy

Microscopy was performed at room temperature on a custom-built
set-up, equivalent to a confocal microscope, but providing ~1.4
higher resolution in all three dimensions (see Supplemental Material).
Samples (5 pl) were sandwiched in between two round cover slips of 22
mm diameter, the bottom one being coated with Corning® Cell-Tak™ to
provide chloroplast attachment to the glass. The coverslip sandwiches
were then sealed with nail varnish to prevent drying and housed in a
custom-made sample holder. The sample holder was fixed to a nano-
positioning system (P-733.2CD, P-725.4CD, E-725.3CD; Physik Instru-
mente) coupled to an inverted Ti-U microscope (Nikon). As in laser-
scanning confocal microscopy, samples were scanned by a 488 nm LX
OBIS (Coherent) focused laser beam (100 nW at the sample) that was
collimated prior to focusing with a spatial filter assembly (KT310,
LA1986-A; Thorlabs). The 660-700 nm fluorescence emission signal was
recorded in backscattering geometry using a dichroic mirror (59022BS,
Chroma Technology)/emission filter doublet (FF01-679/41-25, Sem-
rock), essentially monitoring PSII emission. Nikon CFI PLAN APO
objective lenses (60x air, 100x oil) were used both to focus the beam
and to collect the emitted signal. The fluorescence emission signal was
recorded with an iXon Ultra 978 EMCCD camera (Andor) coupled to a
custom-made Optomask (Cairn Research Ltd). The dwell time at each
recorded pixel position was 30 ms.

2.4. Image treatment

Recorded images were constructed from the fluorescence intensity
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recorded at the central pixel of CCD camera. Deconvolution was carried
out with a plug-in implemented in Fiji by using the Richardson-Lucy
algorithm with total-variation regularization [21,22]. Each 2D plane
was deconvolved by using the regularization parameter set to 10° and 10
iterations were performed during the algorithm's run with experimen-
tally obtained PSF of (full-width-at-half-maximum) FWHMy.y, = 180:
180 nm. Volumetric 3D reconstruction from deconvolved 2D planes was
performed with Volume Viewer (Kai Uwe Barthel, Internationale Med-
ieninformatik) plug-in implemented in Fiji. Background from all the
images was removed by using custom-written R [23] scripts.

2.5. Grana diameter evaluation

Firstly, one granum was selected from the SPiRI image of the whole
chloroplast and fitted by a two-dimensional (2D) Gaussian function: z =
20 + A exp.[—0.5((x-xc)/w1) [2]-0.5((y-yc)/w2) [2]]. Secondly, the
grana diameter was determined as FWHM of the 2D Gaussian fit of the
obtained granum image (see Fig. S2). All the grana diameters were
evaluated from the intact chloroplasts isolated from plants grown under
the same conditions for HL and LL cases. Only upper young leaves of the
plants were used for chloroplast isolation, and imaging conditions were
identical: 100x oil objective, 488 nm laser excitation, 660-700 nm
emission range, 50 nm x&y scanning step sizes. Around 50 grana stacks
were evaluated from several chloroplasts for each of the plant growth
conditions.

3. Results and discussion
3.1. SPiRI 2D-imaging of chloroplasts

The representative fluorescence images of intact chloroplasts that
were extracted from pea (Pisum sativum), spinach (Spinacia oleracea),
and Arabidopsis thaliana, grown under low-light conditions (see
Methods), and visualized using our SPiRI microscope, are shown in
Fig. 1. In these images, very clear grana stacks—the bright round
structures—can be observed due to the high slicing power of our
approach, in contrast to super-resolution confocal live imaging micro-
scopy (SCLIM), which shows poor visualization of the grana and stromal
structures [17]. Altogether, these images are quite similar to recent
pictures obtained by SIM for spinach [24] and Arabidopsis [19] chloro-
plasts; the size and shape of the fluorescent spots corresponding to the
grana stacks differ slightly between species. In agreement with previous
studies, pea chloroplasts exhibit less clear grana and stromal structures
when compared to spinach and Arabidopsis chloroplasts [24,25].

A series of intact chloroplasts were prepared from plants (spinach
and Arabidopsis) grown under different light conditions. Defined low-
light (LL) and high-light (HL) environments were provided by growth
cabinets, and natural fluctuating light by the green house. For each
chloroplast, the microscope focus was adjusted on to a single plane,

Pea

Spinach
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where the most intense signal arises from the grana. This plane is usually
close to the center of the chloroplast, where several grana display clear
margins. Each grana section observed in this plane was fitted with a 2D
Gaussian function (see Methods), and the grana diameter was calculated
as an average of the FWHM of this Gaussian along the x and y di-
mensions. This process allows a numerical determination of the grana
diameter distribution depending on the growth conditions or the plant
species considered, that is shown in Fig. 2.

The calculated diameters of grana show a spread for all light con-
ditions used. The average diameter of grana in chloroplasts from spinach
grown under LL is 420 nm, and this value decreases for HL grown
spinach to 370 nm. In chloroplasts extracted from spinach grown under
fluctuating light conditions (greenhouse), the grana diameter was
similar to that observed using HL conditions. Using confocal laser
scanning microscopy (CLSM), the grana diameter in chloroplasts of
Arabidopsis grown under similar LL conditions (100 pmol photons
m2s71,9h per day), was first determined to be 370 nm'3, but this value
was later corrected by EM and biochemical data to around 440 nm'*, i.e.
the same value which we determine directly using SPiRI microscopy. In
chloroplasts extracted from spinach grown using an illumination of 200
pmol photons m~2s~! for 12 h per day, the average grana diameter of
390 nm was reported using SIM [24]. From our experiments, we esti-
mate that fivefold increase of the light intensity used for plant growth
(120 pmol photons m~2s~! for LL vs. 600 pmol photons m 25! for HL
conditions) results in a grana diameter decrease from 420 nm to 370 nm
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Fig. 2. Spinach and Arabidopsis grana diameter dependence on the plant
growth conditions. The numerical value next to the data points is the average
grana diameter for each of the conditions. LL — low-light, HL — high-light, GH
- greenhouse.

Arabidopsis th.

Fig. 1. Thylakoid organization in chloroplasts of pea, spinach and Arabidopsis from low-light-grown plants. Pea chloroplasts were scanned with 80 nm x&y steps,
using a 60x objective. Spinach and Arabidopsis chloroplasts were scanned with 60 nm x&y steps, using a 100x objective; all the samples were excited at 488 nm.

Scale bar in all images is 500 nm.
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— of about 14 % (see Fig. 2). The values obtained using SIM [24] match
our measurements of grana diameter quite well, as for around 1.7 times
higher light intensity (200 pmol photons m~2s~! for SIM experiments vs.
120 pmol photons m~2s~! for our experiments) we expect 5 % smaller
diameters of around 400 nm. Considering that our LL illumination lasted
for a 4 h-shorter period of time, which could induce a bit larger granum,
the values of our grana diameters are in a good agreement with the ones
reported previously.

3.2. 3D reconstruction of the Arabidopsis thylakoid membrane

The microscopy method used in this work can be described as clas-
sical confocal microscopy, where the signal is measured using an infi-
nitely small pinhole (see Supplemental Material). Accordingly, it
possesses the flexibility of confocal microscopy, and, in particular, al-
lows easy volumetric reconstruction of the chloroplast, which is ob-
tained from fluorescence recorded on successive planes. Fig. 3A
illustrates the fluorescence signal obtained at different planes separated
by 300 nm (a distance corresponding to about the axial resolution of the
method) of an intact chloroplast extracted from LL-grown Arabidopsis.
This ensemble of 2D planes, extending over nearly two micrometers,
spans most of the chloroplast. The corresponding reconstructed volu-
metric image of the chloroplast is shown if Fig. 3B.

The obtained volumetric reconstruction of the thylakoid network can
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be analyzed from any direction.

Fig. 3C illustrates a lateral view of the chloroplast, which can be
generated from the reconstructed volume. Slicing the 3D chloroplast
image from the side, grana appear as elongated cylinders (around
700-800 nm in length and around 370-510 nm in width), preferentially
oriented parallel to the optical axis of the microscope. The stacked areas,
however, are irregular, sometimes merging with each other and not
always being parallel one to another as typically depicted, or modelled,
from the EM data [4]. Up to now, the only models available for the 3D
visualization of thylakoid architecture in native chloroplasts have been
obtained by CLSM for plants [25,26] and by SCLIM for moss [17]. In
these 3D visualizations we cannot distinguish clear grana and stroma
domains for pea, bean [25,26] and Physcomitrella patens [17], although
they were observable in 2D images. This is likely due to the limited axial
resolution of the confocal microscopy methods used to produce the
volumes of the thylakoid network.

Using SPiRI, the stromal connections between each granum can be
determined. For example, in Fig. 3C, the stromal connection between
two successive grana (yellow dotted lines) are underlined by a pink
dotted line. By following these lines in consecutive images, the ensemble
of the continuous network between grana and stromal lamellae is
observed. We estimate that a bit more than half of the stromal lamellae
are connected to the grana at an angle of about 155 & 11° and the rest at
an angle of about 135 =+ 5° (see also Fig. 4). This result is consistent with

B i_ rotation by 60°

60°

Max

Min

Grana stack

L.X _~ shift along x by 140 nm
4

=== Stroma thylakoids

Fig. 3. A: Fluorescence signal obtained at different planes separated by 300 nm from an intact chloroplast extracted from Arabidopsis grown under low-light
conditions. Horizontal scale bar at the bottom right corner is 500 nm. B: Views of the reconstructed volume (from the recorded 7 planes in A) obtained by the
successive rotation of 60°. C: Cross-sections of the reconstructed volume from the side view sliced every 140 nm in the x direction. In C, the continuous network of
grana and stroma lamellae can be observed by following the yellow (grana) and pink (stroma lamellae) lines in the sequential images. In B and C, the fluorescence
intensity is color-coded varying from light green (low fluorescence intensity) to dark green (high fluorescence intensity). The chloroplast was scanned with 70 nm
x&y, and 300 nm z steps with an 100x objective. The sample was excited at 488 nm and emission collected in the 660-700 nm range. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The 3D reconstruction (false colors) of the thylakoid network in an Arabidopsis chloroplast. The red color represents the most intense fluorescence signal, and
teal low intensities. The colored arrows correspond to the same spot of the grana connections in adjacent images. The chloroplast was scanned with 70 nm x&y, and
300 nm z steps with an 100x objective in the 660-700 nm emission range. The sample was excited at 488 nm. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

the helical structure model, however, from volumetric reconstruction of
these fluorescence images, it is hard to say if stroma lamellae wind
around the grana. On the other hand, we can clearly observe stroma
lamellae as extensions connecting one granum with another.

The 3D reconstructions can also follow the fluorescence intensity in
the stromal lamellae. As this can be clearly observed in the volumetric
reconstruction, the fluorescence intensity associated to these regions can
be determined. As absolute fluorescence measurements may depend on
the depth of the fluorescing site location in the chloroplast, we chose to
compare the stromal fluorescence intensity to that of the proximal
grana. We found that the fluorescence intensity of stroma lamellae is
always significantly lower than the intensity of the proximal grana. This
can be observed in Fig. 4, where the chloroplast volume is built with the
contrasting colors for high and low fluorescence intensity to better
visualize the three-dimensional thylakoid architecture, revealing the
network of the thylakoid membrane in intact, non-chemically-fixed
chloroplasts. In this 3D thylakoid network, stromal connections are
shown by arrows, the most intense emission being represented in red
and least intense by teal. We estimate that the fluorescence intensity in
stroma lamellae is between 60 and 75 % lower than that of their

connected grana. This can be visualized using different fluorescence
intensity thresholds, as shown in Fig. 5. The fluorescence intensity in
SpiRI images of successive planes from an Arabidopsis chloroplast are
presented by three thresholds, where the 0-25 % of the lowest values of
the signal (white) represents background and corresponds to the rest of
the chloroplast volume, which is not assigned to the grana or stroma
lamellae in the particular imaged plane. The 25-43 % range of the signal
(teal) represents well the connections between grana, which are shown
as 43-100 % of the highest signal values (red). Such visualizations of the
intensity distribution is in a good agreement with the fluorescence im-
ages, where we observe the connecting stromal lamellae between the
neighboring grana.

These experiments confirmed that the fluorescence intensity of
stromal lamellae is quite heterogeneous, as it was possible to reconstruct
the whole network only when a threshold ranging from 25 to 43 % of the
grana intensity was used. Considering that our detection filter has a
660-700 nm range, where the detected fluorescence arises from
photosystem II, this indicates the presence of sizeable (although vari-
able) amounts of these proteins in the stromal lamellae. Furthermore,
the fluorescence of each stromal lamellae seems constant along the
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Fig. 5. Fluorescence intensity recorded from successive planes (every 300 nm)
of an Arabidopsis chloroplast. False color images show where thylakoid mem-
brane domains with a threshold of 25-43 % of the grana intensity are used to
visualize the stromal lamellae. Grana are shown in red and stroma lamellae in
teal. The chloroplast was scanned with 70 nm x&y, and 300 nm z steps with an
100x objective in the 660-700 nm emission range while exciting at 488 nm.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

lamellae axis, suggesting a probable homogeneity of the concentration
of these proteins within the stroma lamellae.

4. Conclusions

In this present work, we have shown that the relatively simple laser-
scanning microscopy method, SPiRI, is able to obtain a better resolution
than the theoretical resolution of confocal fluorescence microscopy. Due
to the resolution gain, and to the possibility of easy volumetric recon-
struction from sequential plane scanning, it yields original information
on the structure of the thylakoid membrane in intact, non- chemically-
fixed, chloroplasts. It thus represents a promising technique to explore
at the mesoscopic scale the overall volumes of grana/stroma lamellae
and their evolution during plant adaptation to their environment.
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