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1 | INTRODUCTION

Plants respond to drought stress differently, depending on their
habitat, the length and severity of the water unavailability as well as
the plant species and development stage (Osakabe et al., 2014; Basu
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Abstract

Investigating the effects of drought stress and subsequent recovery on the structure
and function of chloroplasts is essential to understanding how plants adapt to environ-
mental stressors. We investigated Ctenanthe setosa (Roscoe) Eichler, an ornamental
plant that can tolerate prolonged drought periods (40 and 49 days of water with-
drawal). Conventional biochemical, biophysical, physiological and (ultra)structural
methods combined for the first time in a higher plant with in vivo small-angle neutron
scattering (SANS) were used to characterize the alterations induced by drought stress
and subsequent recovery. Upon drought stress, no significant changes occurred in the
chloroplast ultrastructure, chlorophyll content, 77K fluorescence emission spectra and
maximal quantum efficiency of PSII (Qy dark), but the actual quantum efficiency of PSII
(Qy light) decreased, the amounts of PSI-LHCII complexes and PSIl monomers
declined, and that of PSIl supercomplexes increased. Thickness of the leaf and of the
adaxial hypodermis, chloroplast length and granum repeat distance (RD) values
decreased upon drought stress, as shown by light microscopy and SANS, respectively.
Because of the very slight (nm-range) changes in RD values, the large biological vari-
ability (significant differences in RD values among the leaves and studied leaf regions)
and the invasive sampling required for this method, transmission electron microscopy
(TEM) hardly showed significant differences. On the other side, in situ SANS analyses
provided a unique insight in vivo into the fast structural recovery of the granum struc-
ture of drought-stressed leaves, which happened already 18 h after re-watering, while

functional and biochemical recovery took place on a longer time scale.

et al., 2016). Since their radiation onto land during evolution, different
plant species have developed various tolerance mechanisms towards
water deficit in their environments. Drought tolerance occurs at all
levels of organization, starting from the anatomical and morphological
levels to physiological, cellular, biochemical, and molecular levels.
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Recently, the significance of the environment-dependent control of thyla-
koid macrostructure also came into prominence (Kirchhoff, 2019;
Johnson & Wientjes, 2020; Rantala et al, 2020; Li et al, 2020; Gu
et al., 2022). Lower plants and a few angiosperm species evolved desicca-
tion tolerance mechanisms and can thus survive vegetative desiccation of
their tissues (Toldi et al., 2009). Most other flowering plants either rely on
the survival of their desiccation-tolerant seeds or try to minimize water
loss of their vegetative tissues by either various xeromorphic anatomical
features or by increased water storage by succulence. However, drought
stress negatively affects the productivity and yield of most crops, often
even leading to plant death (Kebbas et al., 2015), and thus represents a
global challenge for agriculture and sustainable food production. There-
fore, an improved understanding of the plants’ drought response mecha-
nisms would be useful for producing resilient crop varieties.

In this work, we chose the evergreen perennial plant Ctenanthe
setosa (Roscoe) Eichler, commonly known as ‘never never plant’ or
‘prayer plant’. Although native to Brazil, it is also present in certain parts
of Central America, such as the rainforest habitats of Costa Rica. The
genus of this monocotyledonous flowering plant belongs to the Maranta-
ceae family. It is grown as an ornamental crop and houseplant for its
attractive dark green foliage. The plant is spreading horizontally from its
rhizome under ideal growth conditions. According to studies (Saglam
et al., 2008) the plant can survive up to 60 days without water, which
makes it a suitable model plant for studying extreme drought tolerance
and subsequent recovery mechanism during long periods of water-
withholding followed by re-watering. At the anatomical level, leaf rolling
occurs in C. setosa, which reduces leaf surface area and transpiration, and
thus represents an effective drought avoidance mechanism in plants
growing in dry areas and helps to protect the leaves from photodamage
(Terzi & Kadioglu, 2006; Kutlu et al., 2009). Light microscopic investiga-
tions of the leaves revealed the presence of large hypodermal cells
(Kutlu et al., 2009), which is an anatomical trait related to leaf water stor-
age and, thus, succulence in this species.

At the physiological level, drought stress generally has a strong
inhibitory effect on photosynthetic activity due to various reasons,
including decreased leaf surface area, increased leaf temperature,
impaired photosynthetic machinery, and premature leaf senescence
(Farooq et al., 2009; Bhargava & Sawant, 2013). Stomatal closure in
response to drought stress can be effective in water withholding but
also results in a decrease in the photosynthetic rate as was reported in
bean (Phaseolus vulgaris) (Zlatev & Lidon, 2012) or Jatropha curcas
(Sapeta et al., 2013). Stomatal guard cell size was shown to decrease in
certain phases of drought stress-induced leaf rolling in C. setosa, and
the stomata appeared closed (Kutlu et al., 2009). According to Giardi
et al. (1996) long-term drought stress decreased the photochemical
efficiency of photosystem Il (PSII) in pea (Pisum sativum), also evidenced
by a lower quantum yield of PSII (®PSIl) and larger non-photochemical
quenching (NPQ) values in C. setosa, whilst other studies showed no
significant variations in ®PSIl with increased NPQ until 35 days of
drought treatment but a decline later (56 days) (Nar et al., 2009). Inhibi-
tion of photosynthesis during drought stress also causes oxidative stress
due to the generation of reactive oxygen species (ROS), which affects
plant growth and crop vyield. In C. setosa, drought tolerance is closely
associated with the antioxidant enzyme system (Terzi & Kadioglu, 2006),

and an increased amount of superoxide dismutase (SOD), peroxidase,
and glutathione reductase (GR) scavenge ROS produced in the symplast
and apoplast during drought (Saruhan et al., 2010; Terzi et al., 2013).

The drought-induced dehydration constitutes direct osmotic stress
affecting cellular processes. Plants often alter their metabolism in various
ways to cope with dehydration stress, including the increased production
of osmoregulatory compounds. To withstand osmotic stress, C. setosa
synthesizes and accumulates phenols, fructose, glucose, inositol, and
sucrose predominantly in the cytoplasm and other plant organelles,
thereby maintaining turgor pressure and cell water homeostasis during
the drought period (Nuccio et al., 1999; Saglam et al., 2014).

Cellular responses to drought stress in C. setosa also include modifica-
tion of the cell cycle and cell division, changes in the lipids and fatty acids
(Ayaz et al., 2001), endomembrane system and vacuolization of cells, and
alterations in cell wall architecture (Terzi et al., 2013). However, to the best
of our knowledge, no ultrastructural data are available about C. setosa, and
about how, for instance, drought stress and subsequent recovery affect its
chloroplast ultrastructure. Overall, literature data about how drought stress
affects plastid ultrastructure in other species is also controversial. Some
studies report the somewhat counterintuitive swelling of the intrathylakoi-
dal space called lumen in chloroplasts of drought-stressed plants (Zhang
et al, 2015; Bai et al., 2016; Shao et al, 2016), while others do not
observe similar alterations in plastid structure (Chen et al., 2018).

In this paper, we investigated the chloroplast ultrastructure of
C. setosa in parallel to its photosynthetic characteristics after long-term
drought stress and during rehydration-induced recovery. As sample
preparation of drought-stressed samples for TEM involves a first step
of fixation in a water-based solution, which may alter the drought-
stressed status and may result in fixation artefacts, it is crucial to vali-
date the ultrastructural data obtained by conventional transmission
electron microscopy (TEM) with non-invasive, in vivo measurements
such as small-angle neutron scattering (SANS) (Unnep et al., 2014a;
Unnep et al., 2020; Ounoki et al., 2021). The latter method has been
proven to provide insight into spatially averaged dynamic changes and
reorganization of chloroplast inner membranes of various organisms
(Nagy & Garab, 2021). On the other side, with very few exceptions
(e.g., Ounoki et al., 2021), most of the SANS studies on flowering plants
have been performed on excised and often D,O infiltrated leaves or
leaf segments, thus not in fully intact plants under physiologically and
environmentally relevant, entirely natural conditions. Ounoki et al.
(2021) studied intact rooted spearmint plants grown in hydroponic cul-
ture, not in soil. Therefore, in this study, we also wanted to explore the
potential of SANS to monitor granum structural changes during drought

stress and subsequent structural recovery in vivo in potted plants.

2 | MATERIALS AND METHODS

2.1 | Plant material and treatments

Adult Ctenanthe setosa (Roscoe) Eichler ‘Grey Star’ plants were pur-
chased and delivered from California Tropicals LLC (Irvine, CA, USA)
during summer (for the SANS measurements performed in the USA),
or were obtained from the ELTE Botanical Garden, Budapest,
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Hungary throughout the year (for all other measurements). The plants
were then acclimatized to the lab environment for a week under the
following conditions: natural light of 100-150 pmol photons s™*m~2
photon flux density, 12:12h photoperiod, while the humidity varied
from 25 to 30%. The room temperature ranged between 22°C and
26°C. The plants were continuously grown under well-watered condi-
tions (Control, ‘Ctrl’ in the Figures) or were subjected to drought stress
for a period of 40-49 days followed by re-watering for 21-28 days.
Leaves were sampled from the drought-stressed plants (‘Dry’) and after
their re-watering, i.e, during recovery for 1 day (‘R-1d’), 7 days (‘R-7d’),
21 days (‘R-21d’) and 28 days (‘R-28d’). Fully developed leaves of con-
tinuously well-watered adult plants of the same clone and plant size as
those used for drought stress were also measured as control. Control
leaves collected from control plants simultaneously with the ‘Dry’
leaves of drought-stressed plants (i.e, 40-49 days after the beginning of
the experiment) will be referred to as control leaves (‘Ctrl’), while con-
trol leaves collected 28 days later (i.e., at the same time as ‘R-28d’
recovered leaves) are designated as ‘Ctrl-R’ leaves.

In the case of SANS experiments, plants were acclimated to ambient
light and temperature conditions in the vicinity of the Oak Ridge National
Laboratory (ORNL) in September 2021. Each pot contained one plant.
Each plant was assigned a number, and each measured leaf was marked
in a non-invasive way - using a paper labelling ring - around their peti-
ole, allowing the tracking of the same leaves at different time-points of
the measurement. Fully developed, large leaves were chosen for the
measurements. Because of their strong dark green color and potentially
different plastid structure, we avoided the visible leaf veins and only

measured and sampled the interveinal regions.

2.2 | Determination of leaf relative water content
The relative water content (RWC) was determined gravimetrically by
weighing leaf discs before (fresh weight) and after maintaining the leaf
discs in the dark on wet filter paper under water-saturated conditions
for 16 h (saturated weight), followed by oven drying at 80°C to a con-
stant mass (dry weight), using the equation: RWC (%) = 100*(fresh
weight - dry weight)/ (saturated weight - dry weight). For all treat-
ments, 4-9 independent repetitions were measured.

Similarly, the soil water content (SWC) was calculated as
SWC=100*(fresh weight - dry weight)/ (saturated weight - dry
weight). In this case, fresh weight was determined by measuring soil
weight on each day of the drought treatment. For the dry weight
measurement, soil was air-dried until a constant weight was achieved.

Saturated weight was measured when soil was fully water-saturated.

2.3 | Determination of pigment contents

Pigments were extracted from leaf discs or thylakoids with buffered
[5 mM N-(Tri(hydroxymethyl)methyl) glycine (Tricine)-KOH pH 7.8]
80% (v/v) acetone at low light. The extracts were centrifuged at 4°C

with 10,000xg for 5 min, and absorption spectra (400-800 nm) were

(;

measured spectrophotometrically by a UV-VIS spectrophotometer (UV-
1601, Shimadzu). Carotenoid and chlorophyll (Chl) contents were calcu-
lated according to Lichtenthaler (1987) and Porra et al. (1989), respec-

tively. For all treatments, 4-6 independent repetitions were measured.

24 | 77K fluorescence emission spectra

Stripes from the interveinal region (max. 2x 10 mm) were carefully col-
lected, then put into glass tubes and immersed in liquid nitrogen (77K).
As the studied C. setosa cultivar has anthocyanin-colored purplish abax-
ial leaf surface, spectra were always recorded from the green adaxial
leaf surface. A Fluoromax-3 spectrofluorometer (Horiba Jobin Yvon)
was used to record 77K fluorescence emission spectra with 440 nm
excitation, 2 and 5 nm excitation and emission slits, respectively. An
average of 3 spectra were recorded in all cases. Emission signals were
corrected for wavelength-dependent sensitivity of the detection, base-
line correction and 3- or 5-point linear smoothing were done using
SPSERV V3.14 software (copyright: C. Bagyinka, Institute of Biophysics,
HUN-REN Biological Research Centre, Szeged, Hungary). Normally, 5-7
independent repetitions were measured for all treatments. Spectra
were normalized to their maxima and then averaged. The relative fluo-
rescence emission maximum values of the major 77K fluorescence

bands of the different samples were compared statistically.

2.5 | Thylakoid isolation and 2D Blue Native/
SDS PAGE

homogenized in 50 mM  4-(2-hydroxyethyl)-
1-piperazineethanesulphonic acid (HEPES)-KOH (pH 7.0), 330 mM
sorbitol, 2 mM ethylenediaminetetraacetic acid (EDTA), 2 mM MgCl,,
0.1% (w/v) bovine serum albumin (BSA), 0.1% (w/v) Na-ascorbate at
4°C for 2 x 3 s by Waring blender. The homogenate was filtered

Leaves were

through four layers of gauze and two layers of Miracloth™
(Calbiochem-Novabiochem). Chloroplasts were immediately pelleted
by centrifugation (1,500xg, 5 min, 4°C). The pellet was resuspended
in a washing buffer (50 mM HEPES-KOH pH 7.0, 330 mM sorbitol,
2 mM MgCl,). Osmotic shock and removal of coupling factor 1 (CF,)
was carried out as described previously (Séti et al., 2023).

Blue Native (BN) and SDS PAGE were done using Mini-Protean
apparatus (BioRad) and evaluated according to (Sarvari
et al., 2022). Shortly, thylakoids (500 pg Chl mI~2) were solubilized
using 1% (w/v) n-dodecyl-$-D-maltoside (8-DM) plus 1% (w/v) digi-
tonin. Solubilization of thylakoids was higher than 90% in all cases.
Complexes were separated in 4.3-12% BN gel gradient. Polypep-
tide patterns of complexes were obtained by applying cut BN lanes
on the top of 10-18% SDS PAGE gradient containing 8.7% (w/v)
glycerol. The gels scanned using an Epson Perfection V750 PRO
scanner were densitometrically analyzed using the Phoretix image
analysis software (Phoretix International). The isolation of thyla-
koids was repeated 2-3 times, and 4-6 technical repetitions by 2D
BN/SDS PAGE were carried out with all isolated samples.
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2.6 | Measurement of chlorophyll a fluorescence Ultrathin sections mounted on copper grids were contrasted with

induction uranyl acetate and lead citrate before being analyzed by a JEOL JEM

Fast chlorophyll fluorescence induction was measured with a portable
instrument (FluorPen FP 100, Photon Systems Instruments) both in
light-adapted and 20-min dark-adapted states, by applying saturating
light (2050 umol photons s~* m™2). Values recorded after the applica-
tion of 1 s saturating light will be referred to as Qy light and Qy dark
data corresponding to F\//Fy/ and F\/Fy, values, respectively. Fy, cor-
responds to maximal fluorescence intensity after saturating light, Fy is
ground fluorescence (Fsq,s, fluorescence intensity at 50 ps), and Fy
refers to maximal variable fluorescence, calculated as Fy; — Fy in dark-
adapted samples (Qy dark). The same parameters in light-adapted
samples are designated with primes (e.g., F\/ etc.).

After the application of 2 s of saturating light, the rapid fluores-
cence transient, referred to as the OJIP with the following parameters,
was determined according to (Strasser et al., 2000). Parameters
related to OJIP transients were recorded as described below in
line with the instrument manual. F, corresponds to fluorescence
intensity at J-step (at 2 ms), while F, is the fluorescence intensity at
I-step (at 30 ms). The relative variable fluorescence at 2 ms is calcu-
lated as V, = (F,—Fp)/(Fy—Fo), the relative variable fluorescence at
30 ms is V, = (F|—Fp)/(Fm—Fo), and Phi_Pav = Phi_Py(Spm/tem), where
Phi_Po = 1 - (Fo/F,,), Sm is defined as Sy, = Area/(F,,—Fo), where the
area is the one between the fluorescence curve and Fy, (background
subtracted), and tg,, is the time needed to reach Fy, (in ms).

Altogether, 20-188 biological replicates were measured from
9 Ctrl’, 14 ‘Dry’ and 2-8 recovered plants in 2-8 independent experi-
ments. Different adaxial leaf regions (base, middle region, and tip
region) were measured for each leaf. We observed large biological
variability in the data obtained in the leaf tip regions; therefore, our
data represent the mean and standard deviation values of the mea-

surements obtained for the leaf base and middle regions only.

2.7 | Light microscopy (LM) and transmission
electron microscopy (TEM)

1x1 mm middle region interveinal leaf blade sections of light-acclimated
plants were fixed in 2.5% (v/v) glutaraldehyde for at least 3 h, then post-
fixed in 1% OsO,4 (w/v) for 2 h, both buffered with 70 mM Na,HPO,4-
KH,PO, (pH 7.2). After each fixation step, the excess fixatives were
washed out by rinsing the samples three times for 15 min with the same
buffer. Following dehydration in an ascending ethanol series, samples
were embedded in Durcupan ACM resin (Fluka).

Semi-thin sections (1 um) or ultrathin sections (70 nm) were pre-
pared on a Reichert Jung ultramicrotome for LM and TEM, respectively.
After toluidine blue staining, the semi-thin sections were observed with
an Olympus BH2-RFCA light microscope. Light micrographs were
recorded using a Nikon COOLPIX 950 digital camera. Measurements of
leaf thickness (on at least 3-4 different sections) and chloroplast dimen-
sions (on n=22-153 plastids) were performed on light micrographs

using ImageJ software as described in Adolfsson et al. (2015).

1011 TEM. Image) software was used to determine ultrastructural
quantitative parameters (repeat distance values) as in Unnep et al.
(2014b) on randomly chosen grana (n=88-182) from 29-85 plastid
sections taken randomly from mesophyll cells located in the interve-
inal region of the middle of the leaf blade. Three different control
leaves (from three different control plants), two different leaves from
a 45-day drought-stressed plant, as well as two different leaf regions
of a 49-day drought-stressed plant were analyzed and compared to
provide information about the biological variability of the data.

2.8 | Small-angle neutron scattering

SANS experiments were performed at the Extended Q-Range Small-
Angle Neutron Scattering Diffractometer (EQ-SANS) at the Spallation
Neutron Source (SNS) of the Oak Ridge National Laboratory (ORNL)
(Heller et al., 2018). Some preliminary experiments were done at
the ’Yellow Submarine’ instrument (Budapest Neutron Center)
(Fuzi et al., 2017; Almasy, 2021), with experimental settings described
in the Supporting Information (Methods S1). Plants, together with the
soil and pots, were placed in the sample environment area. Interveinal
middle regions of individual leaves were fixed to the end of the collima-
tion section of the beamline to ensure the use of the entire neutron
beam. To increase scattering and reduce the required measurement
times, rolled-up (dry state) leaves were measured without flattening
and flat leaves were gently bent in half along their midrib. Avoiding the
flattening of dry rolled-up leaves also reduced the probability of leaf
damage. Leaves were measured under ambient temperature and
humidity conditions similarly to other experiments.

Two instrument configurations were used: the 30 Hz - so-called -
frame-skipping mode using 4 m sample-to-detector distance with the
0.25-0.614 nm and 0.978-1.342 nm wavelength bands offering a cumu-
lative momentum transfer (Q :47;5’%", where 20 is the scattering angle
and A is the wavelength of the neutron) coverage of 0.045-4.5 nm™2,
and the 60 Hz mode using 4 m sample-to-detector distance with
0.6-0.964 nm wavelength band offering a momentum transfer coverage
of 0.06-1.95 nm~ L. Due to the wider momentum transfer coverage,
analysis of the scattering results was primarily performed on data
collected with the 30 Hz operation mode.

Data reduction was performed with the help of the recently
developed drtsans software (Heller et al., 2022), Mantid Workbench
(Arnold et al., 2014) and Jupyter Notebooks (Kluyver et al., 2016).
Scattering intensities were corrected for detector sensitivity, back-
ground (air) scattering and transmission values. The data obtained
were azimuthally averaged. Due to the variable thickness of the leaves
and the varying number of layers in the beam, the data is not pre-
sented on an absolute scale.

To facilitate the comparison of scattering curves from different
leaves or from different plants, all scattering curves are normalized to
latg~0.1 nm~%, which is below the characteristic diffraction fea-

tures of our primary interest.
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The obtained azimuthally averaged scattering intensities were
fitted with a sum of multiple power-law functions and peak functions.

In detail, the fitting function can be described as:

2
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The power-law components can be attributed to scattering from
the various cellular materials in the complex leaf sample. The promi-
nent peak visible at c.a. 0.3 nm™* was earlier proven to originate from
the periodic structure of the granum thylakoid membranes (Unnep
et al., 2014b). The exceptional wavelength resolution of the EQ-SANS
instrument allowed the observation of an asymmetric nature of this
peak, which is captured in the skewed normal distribution component
of the fitting function. Additional 2 (in the case of all the wet and part
of the dry leaves) or 3 (in the case of the more excessively dry leaves)
Gaussian peaks allowed to well approximate the SANS scattering
curves in the entire measured momentum transfer range.

An example of the fitting results can be seen in Figure S1.

The RD of the thylakoid membranes was calculated according to

the equation RD = qdzr’n'm, where Gcy mean is the mean of the skewed
normal distribution. For details about the calculation of the mean of

the distribution, see the Supporting Information (Methods S2).

2.9 | Statistical analysis

GraphPad Prism 9 software (USA) was used for statistical analyses. In
case of samples showing normal distribution, ordinary one-way
ANOVA, followed by Tukey-Kramer multiple comparisons test were
performed. In other cases, Kruskal-Wallis test followed by Dunn's
multiple comparisons test were performed. For data about percentage
and amount values of protein complexes (Figures 3 and S3) the
average values and standard deviations were compared using Brown-
Forsythe and Welch ANOVA, followed by Dunnett's T3 multiple com-
parison test. In case of RD values obtained by SANS and TEM, control
and dry samples were compared using Welch's test. Differences were
considered significant at P < 0.05.

3 | RESULTS

3.1 | Leaf anatomy under drought stress

C. setosa plants are extremely drought tolerant and can survive without
any watering for 40-49 days; however, leaf rolling occurs in the drought-
stressed stage (Figure 1). Light microscopic analyses revealed that
C. setosa has dorsiventral leaves with heterogenous mesophyll being

divided into elongated adaxial palisade parenchyma and abaxial spongy

FIGURE 1
during the experiments. (A) Control, well-watered plant; (B) 49-day
drought-stressed plant; (C-D) plant recovered for 18 h (C) and 21 days
(D) after drought stress, respectively. Scale bar: 50 pm.

Light micrographs and photos of C. setosa leaves

parenchyma cells (Figure 1). Below the epidermis, we observed huge
hypodermal cells at the adaxial side, while smaller but still prominent
hypodermis cells were located below the abaxial epidermis. Similar
large hypodermal cell layers are often associated with water storage in
succulent plants (Griffiths & Males, 2017). The small mesophyll cells
seemed to harbor few large chloroplasts. After 45-49 days of drought
stress, the thickness of the leaves, and especially of the hypodermal cell
layer, decreased when compared with those of well-watered, control
plants’ leaves (Table 1). In the plants that recovered for 21 days after
drought stress, leaf thickness was restored (Figure 1). Leaf structure also
recovered, especially in the mesophyll regions (Figure 1); however, the
infiltration of the adaxial hypodermal cell layer was somewhat hindered

upon drought stress and also in samples collected during recovery.
3.2 | Leafrelative water content and pigment
composition during stress and subsequent recovery

The RWC of leaves decreased to about 60% of the control value after

drying for more than 40 days (‘Dry’) and was recovered 28 days
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TABLE 1

Changes in the various anatomical parameters in the leaves of C. setosa plants under different treatments. ‘Ctrl’: control leaf; ‘Dry’:

leaves from plants exposed to 40-49 days of drought stress; ‘R-18h’ and ‘R-21d’: leaves of drought-stressed plants sampled after 18 h and

21 days of recovery, respectively; ‘Ctrl-R* - Ctrl leaf analyzed at the same time as ‘R-21d’. Means and standard error values are shown in um, and
significant differences are indicated by different letters according to ordinary one-way (height of the adaxial epidermis, spongy parenchyma, and
entire mesophyll), or Kruskal-Wallis (for the other measured parameters) ANOVA followed by Tukey's or Dunn's multiple comparison post hoc
tests (P < 0.05), respectively (n = 16-19 for tissue layers and n = 22-153 for chloroplast size).

Ctrl Dry
Entire leaf width 1732+ 3.0% 150.0 + 4.0°
Adaxial epidermis 11.7 + 1.0° 8.5+ 7.6°
Adaxial hypodermis 68.0 £ 2.6% 50.5 + 2.0°
Entire mesophyll 64.4+1.1° 55.6 + 1.4
Palisade parenchyma 40.0 +2.8% 34.4 +25%®
Spongy parenchyma 29.6+1.1° 257 +1.1%°
Abaxial hypodermis 173+ 1.1 18.2 +4.72
Abaxial epidermis 9.9 +0.8° 6.0 £0.5°
Chloroplast length 5.8+0.1? 51+0.1°
Chloroplast width 2.6 +0.1°° 2.6+0.1°
Chloroplast length/width 24+0.1° 2.1 +0.1%

TABLE 2

R-18h R-21d Ctrl-R
1494 + 2.0 158.8 + 3.4* 139.4 + 2.0°
10.2 + 0.6%° 10.2 + 0.7%° 10.2 + 0.72°
63.0+ 1.1 65.7 + 2.3 64.7 + 1.5
50.9 + 1.4° 59.8 £ 1.6 50.6 + 1.4°
30.7+1.9° 35.6+2.7% 30.8+24°
23.6+1.1° 28.6+1.1° 23.7 £ 1.0°
125+ 1.1 15.0 + 1.2 16.0 + 1.4°
6.5+ 0.4% 7.0 £ 0.4 7.5 £ 0.6%
5.7 £0.1° 5.5+0.1° 5.6 £0.2%
3.4+0.1% 3.0+0.1" 3.10.2
1.8+0.1° 1.9 £ 0.1 1.9 +0.1°

Soil and leaf relative water contents (RWC), and pigment composition of the leaves of differently treated C. setosa plants. Control

plants (‘Ctrl’); plants subjected to 40-49 days of drought stress (‘Dry’); and subsequently recovered plants (‘R-1d’, ‘R-7d’, and ‘R-28d’ were
sampled 1 day, 7 days, and 28 days after re-watering, respectively). ‘Ctrl-R’ - Ctrl leaf analyzed at the same time as R-28d. Chl a+b values are
provided in mg Chl g’ DW. Chl - chlorophyll, Car - carotenoid. Mean and standard error values, as well as significant differences at P < 0.05
among treatments are indicated with different letters according to ordinary one-way (RWC, Chl a+b and Chl a/b) or Kruskal-Wallis (Car/Chl) non-
parametric ANOVA followed by Tukey's or Dunn's multiple comparisons post hoc tests, respectively (n = 3-21).

Soil RWC (%) Leaf RWC (%)
Ctrl 92.7 £3.2° 97.4+0.8°
Dry 11.0 £ 0.8° 59.7 £ 1.0°
R-1d 89.4 +2.2° 64.4£1.3°
R-7d 96.7 + 1.6 74.1 +1.3%
R-28d 95.2 +1.0° 95.1+0.5%
Ctrl-R 95.8 + 1.2 99.0 + 1.6

after re-watering (Table 2). Soil relative water content continuously
decreased to approximatively 11% by day 45 of the drought period
and recovered after 7 days of the re-watering period (Figure S3).
The pigment content of leaves did not change significantly during
the treatments (Table 2).

3.3 | Organizational changes in the structure of
the photosynthetic apparatus

Leaf fluorescence emission spectra of green plants exhibit three
major 77K fluorescence peaks at 686, 695, and 730-750 nm
(Murata et al., 1966). No significant alterations were detected among
the control and the differently treated samples in the fluorescence
bands at 686 and 695 nm (Figure 2), linked mostly to the PSII (Kalaji
et al.,, 2017; Yokono et al., 2019). The long-wavelength major emis-
sion band (emission from PSI-LHCI) appeared at 748 nm, which is

Chl a+b mg g™ DW Chla/b Car/Chl

12,5+ 0.9 3.01 + 0.04° 0.23 + 0.00°
12.3+ 0.7 3.05+0.11° 0.23 + 0.00°
117 + 1.4° 3.11+0.15° 0.22 +0.02°
122+ 0.8 3.08 + 0.06° 0.23 +0.012
12.8+0.9° 2.97 +0.03° 0.24 +0.01°
127 + 1.5 2.92 + 0.06° 0.24 + 0.00°

slightly shifted to the red region of the spectra when compared to
green leaves of other species (Bos et al., 2023), but the difference
across the samples was not significant. Due to reabsorption effects,
the 77K fluorescence emission of the pigments of the leaves is prob-
ably skewed towards PSI emission, resulting in the observed low rel-
ative fluorescence intensities of the 686 and 695 bands in the
spectra.

To further characterize the structural organization of the photo-
synthetic apparatus, we investigated the Chl-protein pattern of thyla-
koids. The BN-PAGE separation of C. setosa thylakoids resulted in
13 clear bands in addition to megacomplexes and Lhc-m (Figure 3A).
They were identified based on their polypeptide patterns as PSI, PSII,
LHCII, and Cyt bs/f complexes in different organization forms
(Figure S4).

The complex patterns hardly changed during the treatments
(Figure 3A). Regarding the ratio of the main complexes, PSI/PSIl was
practically unchanged, while LHCII/PSIl showed some decrease during
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FIGURE 2 77K fluorescence spectra of leaves of control C. setosa
plants (‘Ctrl’); plants exposed to 40-49 days of drought stress (‘Dry’);
and subsequently recovered plants (‘R-1d’, ‘R-7d’, and ‘R-21d’ were
sampled 1 day, 7 days, and 21 days after re-watering, respectively).
The figure shows the average of normalized spectra (n=5-7) recorded
with 440 nm excitation wavelength.

drought stress (Figure 3B). Comparing the organization forms of the
different complexes (Figures 3C and S5), a decline of the PSI-LHCII/
PSI was observed, and significantly more PSIl supercomplexes
(PSlI-s) and fewer monomers were present in dried plants. Most of
the changes were reversed after recovery. Some increase in the
trimers (LHCII-t) and monomers (Lhc-m) was found in the thyla-
koids isolated from the ‘Ctrl-R’ leaves (Figures 3C and S5).

3.4 | \Variations in the physiological characteristics
of the leaves

We determined the average Qy light and Qy dark values,
which characterize the structural dynamics as well as the photo-
chemical activity of PSII (Garab et al., 2023; Sipka et al., 2021) in
the light- and dark-adapted samples, respectively (Figure 4). After
40-49 days of drought stress, the Qy light value in stressed plants
declined slightly but significantly; this decline continued on the 1°t
day of re-watering, recovered after 7 days of re-watering, but
slightly declined on 21 days of recovery (Figure 4A). The Qy dark
value remained constant before and after the drought stress treat-
ments (Figure 4B).

In order to further characterize the photosynthetic activity, we
have recorded the OJIP curves of the leaves. A slight increase in
the O-J-1 phases was observed after 40-49 days of drought stress
in the OJIP curves, which recovered to shapes like the control only
after 21 days of recovery (Figure 5). The analyses of maximum fluo-

rescence (Fp) values without normalization showed significantly

increased fluorescence during the drought period and up to the
7 days of recovery, while they were similar to control values after
21 days of recovery (Table S1). Similarly, significant differences
were found in the drought-stressed samples (and during early
phases of their recovery) for the other parameters (V, and V) char-
acterizing the OJIP curves, while Phi_Pav was significantly different

in samples during the recovery stage (Table S1).

3.5 | Analysis of changes in the chloroplast
ultrastructure by TEM

Detailed ultrastructural analyses of the middle interveinal regions of
the light-adapted leaves by TEM revealed an almost unchanged chlo-
roplast structure with intact chloroplast envelope and inner mem-
brane system during drought stress and the subsequent recovery
(Figure 6). No significant differences were observed in the morphol-
ogy, size and structure of the palisade or spongy parenchyma, and
chloroplasts during the treatments (Table 1). Interestingly, we
observed chloroplasts with either electron-transparent or electron-
dense plastoglobuli both in control and drought-stressed samples
from different plants, and plastoglobule size also varied among
leaves and treatments (Figure 6), but even within a leaf. In control
leaves, starch was present, but it disappeared during drought stress.
No visible changes occurred to grana during the drought stress
period and the recovery (Figure 6).

The granum RD values of leaf chloroplasts of control, drought-
stressed, and recovered C. setosa plants were also determined
(Table 3). For comparison, we checked the RD values of three dif-
ferent control plants (‘Ctrl 1°, ‘Ctrl 2° and ‘Ctrl 3°, with only 1 leaf
studied for each plant, and typical chloroplasts for the first two
samples shown in Figure 6), and two drought-stressed plants: one
from a plant drought-stressed for 45 days (‘Dry-45 1°) and the
other for 49 days (‘Dry-49 1’). The leaves of the three control
plants had significantly different RD values, and we found signifi-
cant differences even among the different studied leaf regions
(next to each other, but still in the middle interveinal region) of
the same leaf of the 49-day drought-stressed plant (see data of
‘Dry-49, leaf 1, regions 1 and 2’) (Table 3). Some significant differ-
ences were found in the RD values of the two studied drought-
stressed leaves as well. In spite of this large biological variability,
Welch's test-based comparison of control and drought-stressed
leaves’ data indeed showed a significant decrease in RD values
under drought stress.

RD values of the grana in the 49-day drought-stressed and then
recovered plant's leaves were only significantly lower than those of
the ‘Ctrl 2” and ‘Ctrl 3’ plants, and were only significantly higher when
compared with the data obtained in one of the 45-day drought-
stressed leaves (‘Dry-45 1, leaf 1°) (Table 3). However, for invasive
TEM sampling, we obviously used different leaves from the same

plant, which makes our data hard to compare.
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FIGURE 3 Changes in the amounts and ratios of thylakoid complexes in leaves of differently treated C. setosa plants. ‘Ctrl’ - thylakoids
isolated from control plants at the same time as dry samples; ‘Dry’ - thylakoids isolated from plants exposed to 40-49 days of drought stress;
‘R-1d’, ‘R-7d’, and ‘R-28d’ - thylakoids isolated from recovered plants sampled 1 day, 7 days, and 28 days after re-watering of dry plants,
respectively; ‘Ctrl-R’ - Ctrl isolated at the same time as ‘R-28d’. PS - photosystem, C - PSII core, LHC (Lhc) - light-harvesting complex, S, M -
strongly, and moderately attached LHCII trimers, PSII-m1 - a little larger complex than PSII-m also containing PSII proteins, LHCII-a - LHCII-
assembly: CP29-CP24-LHCII-t, Cyt bg/f - cytochrome bf complex, s - supercomplex, t - trimer, d - dimer, m - monomer. (A) BN patterns of
thylakoid complexes. Thylakoids (500 ug Chl ml™) were solubilized using 1% -DM plus 1% digitonin and separated in a 4.3-12% gel gradient.
(B) Changes in the ratios of the main complexes. The PSI/PSI| ratios were calculated from the pixel densities of the PSI and PSIl BN bands (these
bands contain the bound antennae), while the LHCII/PSII ratios were calculated from the second dimensional SDS PAGE as the ratios of the total
pixel density of Lhc spots (free and bound to PSII) to those of PsbB and PsbC spots (Figure S4). (C) Changes in the distribution of complexes
among their different organizational forms during the treatments. The amounts of complexes are given as the percentage of control values.
Means and standard deviation values are provided, and significant differences are indicated by different letters according to ordinary one-way
(PSI/PSII), Kruskal-Wallis (LHCII/PSII) (Figure 3B), or Brown-Forsythe and Welch (Figure 3C) ANOVA followed by Tukey's, Dunn's, or Dunnett's

T3 multiple comparison post hoc tests (P < 0.05), respectively (n = 4-15).

3.6 | Invivo analysis of changes in the granum
repeat distance values using small-angle neutron
scattering

Small-angle neutron scattering (SANS) curves obtained from C. setosa
plants exhibited scattering features arising from the periodic structure
of the grana. After 41 days of drought stress, the diffraction peak was
shifted towards higher momentum transfer values, corresponding to a
shrinkage of the membrane system (Figure 7A). Comparison of calcu-
lated RD values of four dry and three control plants (with at least
3 leaves measured on each plant) confirmed the observation, with an
error weighted average of 20.5 nm thylakoid membrane RD observed
on control watered plants and 19.5 nm on drought-stressed plants.
Detailed calculated RD values are presented in Tables S2 and S3 and

indicate some biological variability between the different leaves of the

same plant, as well as between different plants. However, the Welch's
test performed on all data obtained from control (Table S2) and
drought-stressed (Table S3) plants indicated significantly lower RD
values in the latter (20.5 and 19.3 nm, respectively).

Due to the observed biological variability, we followed the recov-
ery of the thylakoid membranes in the same leaves from the dry stage
until 7 days of recovery after re-watering. The drought-induced
shrinkage of the thylakoid membranes was (at least partially) revers-
ible; 25 hours and 7 days after re-watering, the slight swelling of the
thylakoid membranes was clearly visible (Figure 8). Calculated RD
values for two different plants with 2-3 leaves on each plant con-
firmed this observation (Table 4).

As we can see in Figure 8 and Table 4, a large part of the
rewatering-induced swelling already happened within the first day.
We followed the kinetics of the rewatering-induced thylakoid

QSUDDIT SUOWIO)) AN d]qeotjdde oY) Aq pouroaoS are sa[onIR () {asn Jo sa[n1 10y A1eIqi] ouljuQ) A9[IA} UO (SUOIIPUOD-PUB-SULID)/WO00 AD[IM AIRIqI[oul[uo//:Sd)y) SUONIPUO)) pue SWLId [, o) 908 [$707/10/£7] uo Areiqr outjuQ Aofip ‘AreSungy oueiyoo)) Aq [zof 1 1dd/1 [ [1°01/10p/wod Ko[im’Areiqrjourjuo,/:sdny woly papeojumo( ‘1 ‘Sz70T ‘tS0S66€ 1



HEMBROM ET AL.

9 of 16

ia Plantar

(A)

0.85-
0.804 2 ae
E L cd b Qf—le
= T
>
<]
0.75+
0.70 T T 1

T
Ctrl Dry R-1d R-7d R-21d

(B)

0.85+

—| o

0.80

Qy dark

0.75+

0.70 T - - 1 ||
Ctrl Dry R-1d R-7d R-21d

FIGURE 4 Actual (A) and maximal (B) quantum efficiencies of PSII (Qy light and Qy dark, respectively) measured in light-adapted or in 20 min
dark-adapted C. setosa leaves, respectively, after various treatments. Control plants (‘Ctrl’), plants exposed to 40-49 days of drought stress
(‘Dry’); and subsequently recovered C. setosa plants (‘R-1d’, ‘R-7d’, and ‘R-21d’ were sampled 1 day, 7 days, and 21 days after re-watering of dry
plants, respectively). Mean and standard deviation values are provided; significant differences at P < 0.05 among treatments are indicated with
different letters based on Kruskal-Wallis non-parametric ANOVA followed by Dunn's multiple comparisons post hoc test (n=20-188).
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FIGURE 5 Fast chlorophyll a fluorescence OJIP transients of the

leaves of differently treated C. setosa plants. Control plants (‘Ctrl’);
plants exposed to 40-49 days of drought stress (‘Dry’); and
subsequently recovered C. setosa plants (‘R-1d’, ‘R-7d’, and ‘R-21d’
were sampled 1 day, 7 days, and 21 days after re-watering of dry
plants, respectively). Plants were dark-adapted for 20 min before the
OJIP transients were recorded, and the transients were double
normalized to Fy and to Fy, and then averaged (n=9-20).

membrane swelling in a single leaf of a drought-stressed plant and
provided unprecedented time-resolved structural information about
this complex membrane system (Figures 9 and Sé).

SANS allowed to observe variations of the thylakoid membrane
structure across plants and across leaves of individual plants (Tables S2,
S3). Our experiments also showed that there is some minor variation in
the neutron scattering profile even between different regions of a leaf
(Figure 7B), but the RD values were basically identical (18.08 and 18.12
nm) (Table S3).

Variations between leaves of control C. setosa plants are also
either hardly observable (Figure 7C) or small (Figure 7D) (see also data
in Table S2).

Drought-stressed plants may exhibit mainly similar (Figure 7E) or
largely differing (Figure 7F) scattering curves across their leaves (see
also data in Table S2).

4 | DISCUSSION

According to estimations, approx. 45% of arable lands are subjected to
drought worldwide (Abdelraheem et al., 2019), and climate change is only
worsening this situation by increasing the duration of the dry periods.
Drought stress negatively impacts plant growth, physiology, and reproduc-
tion, thus crop yield, resulting in huge economic losses [e.g., €9 billion per
year only in the European Union and the United Kingdom (Naumann
et al, 2021)]. Photosynthesis is crucial for plant metabolism; thus, it is
highly important to understand the effect of drought stress and subse-
quent re-watering on chloroplast structure and function (Gu et al., 2022).
In this wider context, it is relevant to investigate plants that can survive
long drought periods and recover after them. Studying such resilient plants
can provide insights into improving crop resistance to drought stress.

C. setosa is a tropical ornamental plant known for its ability to
maintain photosynthetic activity almost unchanged during drought
periods as long as 60 days (Saglam et al., 2008; Nar et al., 2009).
Similarly to those analyses (Nar et al., 2009) we also revealed no sig-
nificant changes in the photosynthetic pigment composition (Table 2)
and the electron transport processes.

The maximum quantum efficiency of PSIl as measured by Qy dark
was unchanged, while slight changes were observed in the structural

dynamics as well as the photochemical activity of PSIl in the light-
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TABLE 3 Granum repeat distance (RD) values of the leaf
chloroplasts of control and drought-stressed C. setosa plants as
obtained by TEM analyses. ‘Ctrl 1-3’: data obtained from analyzing
control leaves from three different plants (data from ‘Ctrl 1, leaf 1°
and ‘Ctrl 2, leaf 1’ originate from the samples also shown in

Figure 6A,B, respectively); ‘Dry-45 1, leaf 1’ and ‘Dry-45 1, leaf 2’:
two different leaves from a 45-day drought-stressed plant; ‘Dry-49
leaf 1, region 1’ and ‘Dry-49 leaf 1, region 2’: two different leaf
regions sampled from the same leaf of a 49-day drought-stressed
plant; ‘R-18h, leaf 2’ and ‘R-21d, leaf 3’: two different leaves of
the 49-day drought-stressed plant (‘Dry-49’) sampled after 18 h
and 21 days of recovery, respectively. RD values were determined
by Fast Fourier Transformation performed in ImageJ on electron
microscopic images. Mean and standard error values are provided.
Different letters indicate statistically significant differences across
the samples based on Kruskal-Wallis non-parametric ANOVA
followed by Dunn's multiple comparisons post hoc test (P < 0.05)
(n = 88-182).

Repeat distance (nm)

Ctrl 1, leaf 1 (n=118) 16.36 + 0.14*
Ctrl 2, leaf 1 (n=115) 17.87 £ 0.18°
Ctrl 3, leaf 1 (n=94) 18.97 +0.17¢
Dry-45 1, leaf 1 (n=182) 16.00 + 0.08?
Dry-45 1, leaf 2 (n=96) 16.44 + 0.14%
Dry-49, leaf 1, region 1 (n=122) 16.40 + 0.13%°
Dry-49, leaf 1, region 2 (n=88) 17.36 +0.10%¢
R-18h, leaf 2 (n=159) 16.99 + 0.15°
R-21d, leaf 3 (n=108) 16.99 £ 0.21°

FIGURE 6 Chloroplast (A-E) and
granum (F-J) ultrastructure in the
mesophyll cells of the middle
intervenial regions of leaves of
differently treated C. setosa plants.

(A and F) control 1 plant (‘Ctrl 1 leaf
1°); (B and G) control 2 plant (‘Ctrl

2 leaf 1°); (C and H) 49-day drought-
stressed leaf, region one (‘Dry-49, leaf
1, region 1°); (D, E and |, J) leaves of
the 49-day drought-stressed plant
after 18 h recovery (D and I) and
21-day recovery (E and J), respectively.
Scale bar: 1 um (A-E) and 100 nm (F-J).

adapted state under drought stress (Figure 4). This indicates that the
dark-adapted photosynthetic apparatus has similar functional param-
eters even under drought stress; however, upon constant illumina-
tion, the photochemical processes are somewhat hindered due to
other potential fates of the absorbed energy (e.g., non-
photochemical quenching occurring due to acceptor-side limitations
such as for example stomatal closure resulting in the inhibition of
CO,, fixation). Although OJIP curves may be slightly influenced by
the optical properties of the leaves, we observed significantly
increased Chl fluorescence (Fp) in the drought-stressed leaves
(Table S1), and also a relative increase in the J and | points of the
OJIP curve (Figure 5 and Table S1), indicating potential alterations in
the plastoquinone pool and the electron flow to PSI; but these
changes were reversible after rehydration. Similar drought-induced
alterations were reported in the OJIP curves of orchid epiphytes
(Zampirollo et al., 2021).

To characterize the thylakoid features, we analyzed for the first
time the 77K fluorescence emission spectra of the C. setosa leaves
and demonstrated no significant changes in the fluorescence of the
chlorophyll-protein complexes during drought stress and subsequent
recovery (Figure 2). The maximum of the spectra was at a relatively
long wavelength (748 nm), which arises from the red forms in light-
harvesting complex | (LHCI) associated with photosystem | (LHCI-PSI),
which were shown to be species-specific (Bos et al, 2023).
Similar long-wavelength fluorescence emission (at around 742 nm)
was typical for young leaves of common ash and horse chestnut
(Solymosi et al., 2012).
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FIGURE 7 Biological variability of (A) ' ' (B) \ T
SANS signals obtained from C. setosa A .
leaves. (A) Typical small-angle neutron 104 "\ Bl gtr; g :::;; 1 e —— Dry 4, leaf 1, region A
scattering (SANS) signal (intensity - 1) ' B Dry 4, leaf 1, region B
of one of the leaves of control (‘Ctrl’) _ Y _ ’\\
and of a 41-day drought-stressed 5 i 5 3 !
(‘Dry’) C. setosa plant. The numbers 2 14 A E 2 \'/\\
after ‘Ctrl’ and ‘Dry’ and after ‘leaf’ :
refer to given plants and their specific o 1
leaves, respectively. (B) Intraleaf \\ 0.1 1
structural variations of the grana in leaf 0.1+ —— i ]
1 of a 41-day drought-stressed plant . . ,
(‘Dry 4’) observed with SANS. Region o 1 04 !
A and B correspond to different regions a(hm) a (m")
of leaf 1. (C-D) Variations between the (C) ' ' (D) ' '
SANS scattering curves of the leaves 7\ ;
(numbered with different numbers) of 104 ——Ctrl2,leaf1 4 104 13 ——Ctrl 3, leaf 1
control (‘Ctrl’) plants from two — g;: g ::::g — g:;: g :::;g
different plants: (C) ‘Ctrl 3’ plant, and ' _ '
(D) “Ctrl 2 plant. (E-F) Variations g 3
between the SANS scattering curves of = 15 E = i E
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To follow the variations in thylakoid complex organization dur-
ing drought stress and recovery, we also performed, for the first
time, an in-depth analysis of the chlorophyll-protein complexes of
C. setosa by BN gel electrophoresis during drought stress and recov-
ery. In different plant species, PSIl is usually the most sensitive to
drought stress. In Arabidopsis, together with a decrease in Chl con-
tent, a significant reduction in the amounts of PSII supercomplexes
(PSll-s) and more free LHCIl were observed at 20% RWC by BN or
Clear Native (CN) PAGE (Chen et al., 2016; Hu et al., 2023). Similar
organizational changes of thylakoids were detected in drought-
stressed pea plants around 30% RWC, where the level of PSll-s was
significantly lowered and those of LHCII and PSII monomers (PSII-m)
rose, which was accompanied by increased RD values of the grana as
measured by TEM (Pandey et al., 2023). Though the Chl content was
only reduced slightly, dissociation of LHCIl from PSll-s was also

found in the homoiochlorophyllous resurrection species Haberlea

1 0.1 1

rhodopensis, in similar extent both at 50 and 8% RWC (Sarvari
et al., 2014).

The behaviour of C. setosa, however, differed from the more
general drought-induced changes in thylakoid organization. The
increased amount of PSll-s together with the lowering of PSIl-m
(and that of some LHCII-t) without any change in the leaf Chl con-
tent during the long drying period reaching about 60% RWC
(Figure 3 and Table 2) may refer to differences in the organization of
the PSIl pool. These changes were parallel to a decrease in the RD
values of granum thylakoids (Tables 3, S2 and S3). Interestingly, dif-
ferent PSII organization was also found depending on the water loss
in the freeze-fractured leaf tissues of the resurrection plant Crateros-
tigma pumilum by cryo-scanning electron microscopy: PSII complexes
were present at lower than control density and in semicrystalline
arrays in the thylakoids at 15-25% and 5-10% RWC, respectively
(Charuvi et al., 2015). Accompanying the increase in the proportion
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FIGURE 8 Effect of re-watering on the SANS signal of a leaf of a
41-day drought-stressed C. setosa plant (labelled as ‘Dry 2’). ‘Dry

2, leaf 2’: leaf labelled as 2 measured after drought stress; ‘R-25h’
and ‘R-7d’: same leaf of the same, drought-stressed plant sampled
after 25 h and 7 days of recovery, respectively.

TABLE 4 Effect of re-watering on the repeat distance values of
the grana in various leaves of 41-day drought-stressed (‘Dry’) C.
setosa plants. The numbers after ‘Dry'-and after ‘leaf" refer to given
plants and their specific leaves, respectively. ‘Dry’: leaves from 41-
day drought-stressed plants; ‘R-25h’- and ‘R-7d’: leaves of the above
drought-stressed plant sampled after 25 h and 7 days of recovery,
respectively. SANS curves represent statistically averaged information
over the entire sample volume in the neutron beam. RD values are
calculated from the fitting results of the SANS curves. Error bars are
derived via error propagation from the error of the mean of the fitted
skewed normal distribution.

Repeat distance (nm)

Dry R-25h R-7d
Dry 1,leaf 1 19.82 + 0.02 20.76 £ 0.03 20.95£0.01
Dry 1, leaf 2 20.08 + 0.04 20.69 £ 0.02 20.75 £ 0.01
Dry 1, leaf 3 20.17 £ 0.03 20.53 £ 0.02 20.72 £ 0.01
Dry 2, leaf 2 20.33 £ 0.02 20.94 £ 0.01 21.28 £ 0.01
Dry 2, leaf 3 19.49 + 0.02 20.56 £ 0.01 21.12+0.01

of PSll-s, a significant decrease in the amounts of PSI-LHCII com-
plexes was observed in thylakoids of the dried C. setosa, similarly to
drought-stressed H. rhodopensis (Sarvari et al., 2014). Though this
complex is very sensitive to solubilization (Sarvari et al., 2022), the
clear trend of its change during the drought and recovery treatments
refers to a varied PSI organization, too.

In parallel with physiological and organizational changes, we also
reported (ultra)structural alterations of C. setosa plants during drought
stress and recovery. To the best of our knowledge, this is the first time

the thylakoid organization of a higher plant during drought stress is

analysed by SANS under fully in vivo conditions. Earlier data studying
the RD of the thylakoid lamellae in a desiccated desert crust cyanobac-
terium pointed to the loss of thylakoid regularity upon drought stress
(Bar Eyal et al., 2017). However, it should be noted that cyanobacteria
and higher plants have completely differently organized thylakoid sys-
tems. On the other side, in contrast to our data, the photosynthetic
activity was very quickly recovered in the cyanobacterium after rehy-
dration (Bar Eyal et al., 2017).

The thickness of the water-storing adaxial hypodermis cell layer
significantly decreased during drought stress resulting in the decrease
of the entire leaf width, in accordance with observations of Kutlu
et al. (2009), but was restored already 18 h after re-watering (Figure 1
and Table 1). This indicates leaf succulence in the species. Chloroplast
length decreased significantly under drought stress, but was also
already restored after 18 h (Table 1). No important and specific
changes were observed in chloroplast ultrastructure during the treat-
ments (Figure 6). Surprisingly, significant differences were observed
between the RD values of the studied leaves of three control plants
(Table 3), probably due to the large biological variability observed also
by SANS (Figure 7). We have also found significant differences even
within the RD values of the same leaf's different neighbouring inter-
veinal middle leaf regions (Table 3). This indicates that at the nano-
scale level, quantitative TEM analyses might have their own
limitations. Therefore, and also due to its invasive sampling, the TEM
method was not really suitable for reliably determining the changes of
the RD values of individual leaves during drought stress and subse-
quent recovery. When we compared all analyzed control and drought-
stressed leaves, the significant decrease in RD values was confirmed;
however, this required the completion of time-consuming and expen-
sive TEM analyses on several biological replicates. Even this way,
TEM only provided information on very small areas of a given leaf in
contrast to SANS, which collects averaged information about grana
from much larger leaf areas. On the other side, TEM has its own
advantages as it provides information on cellular integrity and ultra-
structure way beyond granum RD values.

Previous data on the effects of drought stress on chloroplast
ultrastructure in other species are somewhat conflicting: in most
cases, swelling of the lumen is reported as a consequence of drought
stress (e.g., Shao et al., 2016; Pandey et al., 2023), while in other cases
swelling was not observed in drought-sensitive crops (e.g., Ounoki
et al, 2021) as well as in desicccation-tolerant plants (Georgieva
et al., 2017; Mihailova et al., 2022). The often reported swelling may
be an artefact arising from osmotic changes during chemical fixation
or changes in membrane permeability, and RD values measured on
electron micrographs provide information only on a limited number of
grana in an invasive way. Based on our analyses, TEM does not seem
to be suitable to monitor small changes in RD values in samples with
high biological variability. Therefore, we introduced a novel, fully
in vivo method to obtain statistically averaged information about the
RD of the granum thylakoid membranes under drought stress. Due to
the non-invasive nature of the SANS technique, this information cor-
responds to the intact live state of the plant leaves, which is of espe-

cially high value when the influence of the abundance or the lack of
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FIGURE 9 Kinetics of the rewatering-induced swelling of the
grana in the leaf of a 41-day drought-stressed C. setosa plant (‘Dry 2,
leaf 3°). The error bars are derived from the error of the mean of the
skewed normal distribution in the fitting results (see equation in
Methods S2).

water is studied in plant systems (Gu et al., 2022). All the structural
characterization tools widely used to observe nanoscale features in
plant systems are prone to alter the water content of the sample
(including cryo-techniques using cryo-preserving agents). The unique
nature of the SANS technique allows not only unaltered observation
of thylakoid membrane structures in drought-stressed plant leaves
but is also capable of following thylakoid membrane reorganizations
in individual leaves upon re-watering of the living plants. Also, it may
provide a fast, non-invasive and better insight into the native biologi-
cal variability among plants, their individual leaves, and different
regions of the same leaf (Figure 7B). Unfortunately, most plants mea-
sured so far have no clear SANS scattering profile without infiltration
of their leaves with D,O (Unnep et al., 2014a, 2014b; Karlsson
et al.,, 2015; Unnep et al., 2020; Nagy & Garab, 2021). In this respect,
in addition to its extreme drought tolerance, C. setosa was also
uniquely suitable for in vivo SANS measurements as it had clearly
detectable SANS membrane diffraction peaks without any invasive
pretreatment. Its suitability to SANS measurements might be related
to the fact that it has relatively large and regular grana built by several
(sometimes up to 20-40) thylakoid layers. In addition, it is a relatively
small plant that can be positioned within the SANS sample environ-
ment such that only the leaves are exposed to the neutron beam
while the pot remains outside.

Thanks to the exceptional wavelength resolution of the EQ-SANS
instrument, we were able to observe some hereto not observed fea-
tures in the SANS curves of the intact leaves, especially the asymmet-
ric nature of the first-order Bragg peak corresponding to the periodic
thylakoid membranes. During the fitting of the data, we captured this
with a skewed normal distribution component. This asymmetric peak
may be reasoned by considering the apparent upper limit for the
repeat distance (RD) of the thylakoid membranes in the case of well-

hydrated membranes (see Figure 7A), beyond which the periodic
membrane system would be too loose to maintain structural integrity.
Similarly, the skewed normal distribution in the case of drought-
stressed membranes suggests the existence of a lower limit for the
RD determined by physical constraints for the compression of adja-
cent membranes due to the protein subunits protruding into the inter-
thylakoidal and luminal aqueous phases (see e.g., Figure 7F).

In spite of the observed individual variabilities of RD values
among leaves and leaf regions (Tables 4, S2 and S3 and Figure 7C-F),
we have clearly observed with SANS a significant shrinkage of the
granum thylakoids upon drought stress, and the fast recovery of
the RD values in the same leaf 25 h after re-watering (Figures 7A and
8-9, Table 4). The granum RD values comprise the width of two thyla-
koid membranes, the thylakoid lumen and the interthylakoidal region
(also called partition gap) (Mazur et al., 2021; Gu et al., 2022). Thus,
the observed ca. 1 nm decrease in RD values from approx. 20.5 nm to
19.5 nm (Table 4, S2 and S3) must be associated with water loss
either by the thin partition gap filled with stromal fluids or, more prob-
ably, by the thylakoid lumen during dehydration. Water uptake upon
rehydration might only be a first step towards higher structural flexi-
bility of the grana and the potential restoration of the photosynthetic
apparatus occurring on a longer time scale. Li et al. (2020) observed
slight swelling of the lumen of dark-adapted plants upon illumination,
while a minor but still significant decrease was reported for the thick-
ness of the partition gap and also the thylakoid membrane. Changes
in the lumen's thickness could influence the mobility and activity of
various proteins present in the lumen (e.g., plastocyanin, violaxanthin
de-epoxidase, DEG proteases or even the oxygen evolving complex),
while changes in the partition gap may affect the *PSIl sandwiches’,
i.e. the PSII-LHCIl complexes present in an opposite way in adjacent
thylakoids (Kirchhoff et al., 2011; Li et al., 2020). Due to the function
of these various proteins, the above changes may affect photosyn-
thetic activity as well as photoprotective and repair mechanisms of
the grana.

The series of scattering curves presented in Figure 7F deserves spe-
cial attention. According to our interpretation, this plant - possibly due
to reaching the limitation of its water reserves - distributed water to
different extents into its leaves. Though the scattering curves are not
presented in absolute scale, decreasing values of the incoherent
background at the high momentum transfer end of the scattering curves
suggest decreasing water content from ‘Dry 3, leaf 1’ towards leaf 4 of
the same plant (‘Dry 3, leaf 4°). The clear separation of diffraction peaks
is also apparent at ca. 0.5 and 0.7 nm~*. These two peaks do not clearly
separate in control or even in less drought-stressed plants, most probably
due to the polydispersity of the transmembrane structural parameters in
the presence of excess water. The crystallin-like sharp scattering features
are also notable, e.g., on ‘Dry 3, leaf 3’ (Figure 7F), which can be
understood when the limited water volume induced upper limits and
the protein composition imposed lower limits of the thylakoid mem-
brane RD are expected to be converging. A possible additional level
of water depletion can be seen at ‘Dry 3, leaf 4°, where the lack of
sufficient volume of aqueous phases between adjacent thylakoid

membranes (in the luminal and/or interthylakoidal space) is proposed
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to result in the lack of sufficient contrast and hence the diminish-
ment of well discernable scattering features.

Taken together, due to - among others - the water storage
capacity of its hypodermal cells, C. setosa is relatively well maintaining
the chlorophyll content, native organization, structure and functioning
of its chloroplasts even at severe drought stress (40-49 days of
water withdrawal, 60% leaf RWC) and recovers functional activity
after 7 or 21 days of re-watering. We have also clearly demonstrated
that, in contrast to TEM, the SANS method is uniquely capable of pro-
viding dynamic insight into in vivo changes in the organization of the
granum thylakoid membranes of the same leaf at the nanoscale level,
overcoming the otherwise observed intraleaf regional variabilities, as
well as biological variability among different leaves of the same plant.
It also has the advantage of monitoring the shrinkage and fast restora-

tion of the granum membranes on a relatively short time scale.
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Figure S1 Small-angle neutron scattering curve (blue) from a dry C. setosa leaf (blue line), fitted

with the combination of multiple power functions, Gaussian peaks, and a skewed normal

distribution (centered around c.a. 0.33 nm) (orange curve).
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Figure S2 Small-angle neutron scattering (SANS) sample setup at the “Yellow Submarine”

instrument in the Budapest Neutron Center. Two leaves were fixed to the end of the collimation

section.




Figure S3 Representative soil relative water content changes of a control (well-watered) and a
drought-stressed C. setosa plant subjected to water withdrawal for 45 days (background color:
peach) followed by 1 day (light blue), 7 days (salmon) and 21 days (light green) of re-watering

period (the beginning of rewatering is indicated by an arrow).
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Figure S4 Complex and polypeptide patterns of thylakoids isolated from leaves of control C.
setosa plants. Thylakoids (500 ug Chl mIt) were solubilized using 1% -DM plus 1% digitonin and
separated in 4.3-12% BN gel gradient followed by SDS PAGE. Some polypeptide spots determining
the identity of the complexes unequivocally could be recognized as in Basa et al (2014). Standard
proteins (St, kDa): PAGE Ruler Plus Prestained Protein Ladder (Thermo Scientific 26619, lot:
00813689). LHC — light-harvesting complex, LHCll-a — LHCll-assembly: CP29-CP24-LHCII-t, PSIl-m2
— CS, PSII-m1, a little larger complex than PSIl-m also containing PSIl proteins, Cyt bg/f —
cytochrome bs/f complex, s — supercomplex, t-trimer, d — dimer, m — monomer. Some remained
complexes containing chlorophyll (PSl-subcomplexes, LHCII-t) and polypeptides used for

identification of complexes are shown on the 2.D parts of the figure.
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Figure S5 Changes in the thylakoid organization of the leaves of differently treated C. setosa.
Control (‘Ctrl’ —isolated at the same time as dry samples, ‘Ctrl-R’ — Ctrl isolated at the same time
as R-28d), 40-49 days drought-stressed (‘Dry’), and subsequently recovered C. setosa plants (‘R-
1d’, ‘R-7d’ and ‘R-28d’ were sampled 1 day, 7 days and 28 days after rewatering, respectively).
PS — photosystem, LHC — light-harvesting complex, LHCII-a — LHCll-assembly: CP29-CP24-LHCII-t,
Cyt bef — cytochrome beg/f complex, s — supercomplex, t-trimer, d — dimer, m — monomer.
Thylakoids (500 pg Chl mlt) were solubilized using 1% 8-DM plus 1% digitonin and separated in
a 4.3-12% gel gradient. After normalization of lanes to the same pixel density (the same amount
of Chl applied per lane), the amounts of complexes were calculated in ug Chl g dry weight of
leaves. Mean values and standard deviation are indicated; the statistical differences across the
samples are characterized by different letters based on Brown-Forsythe and Welch ANOVA

followed by Dunnett’s T3 multiple comparison post hoc test (P < 0.05) (n=5-17).
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Figure S6 Kinetics of rewatering-induced swelling of the grana in the leaves of a 45- and 48-days
drought-stressed C. setosa plant in case of ‘Dry 5’ and ‘Dry 6’ plants, respectively. The error-bars
are derived from the error of the peak position of Gaussian in the fitting results. Measurements

were performed at “Yellow Submarine”, Budapest Neutron Center.
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Table S1 Summary of the features of the parameters (Fm, V), Vi and Phi_Pav) associated with
chlorophyll fluorescence obtained from the fast chlorophyll fluorescence kinetic (OJIP) curves of
the leaves of differently treated C. setosa leaves. Control (‘Ctrl’), 40-49 days drought-stressed
(‘Dry’), and subsequently recovered C. setosa plants (‘R-1d’, ‘R-7d’ and ‘R-21d” were sampled 1
day, 7 days and 21 days after rewatering, respectively). Averaged values with the standard errors
are depicted where n=9-20. Different letters indicate statistically significant differences across
the samples according to Kruskal-Wallis non-parametric ANOVA followed by Dunn's multiple

comparisons post hoc test (P < 0.05).

Fm V, Vi Phi_Pav
Ctrl (n=18) 32272 + 385° 0.41 + 0.00° 0.85 +0.00%° 963.20 + 1.59°
Dry (n=20) 37502 +333P 0.47 +0.00° 0.87 £ 0.00°¢ 960.10 + 1.00%
R-1d (n=19) 36275 +279° 0.46 + 0.00° 0.87 £0.00%¢ | 955.60 + 1.03%¢
R-7d (n=9) 36593 + 4845 0.48 + 0.00° 0.85+0.00° | 954.80 + 1.03b°
R-21d (n=18) 33107 + 301° 0.43 +0.01° 0.84 +0.01% 945.60 + 1.61¢




Table S2 Repeat distance (RD) values of the grana in various leaves of control (Ctrl) C. setosa
plants. SANS curves represent statistically averaged information over the entire sample volume
in the neutron beam. RD values are calculated from the fitting results of the SANS curves. Error-
bars are derived via error propagation from the error of the mean of the fitted skewed normal
distribution. The numbers after ‘Ctrl’ as well as after ‘leaf’ refer to given plants and their specific

leaves.

Plant Repeat distance (nm)
Ctrl 1, leaf 1 20.44 £ 0.02
Ctrl 1, leaf 2 20.90 £ 0.04
Ctrl 1, leaf 3 20.83+0.03
Ctrl 2, leaf 1 20.22 £ 0.04
Ctrl 2, leaf 2 20.40 £ 0.02
Ctrl 2, leaf 3 20.16 £ 0.03
Ctrl 3, leaf 1 20.39 £ 0.02
Ctrl 3, leaf 2 20.73 £0.02
Ctrl 3, leaf 3 20.56 £ 0.02




Table S3 Repeat distance (RD) values of the grana in various leaves of 41-days drought-stressed
(Dry) C. setosa plants. SANS curves represent statistically averaged information over the entire
sample volume in the neutron beam. RD values are calculated from the fitting results of the SANS
curves. Error-bars are derived via error propagation from the error of the mean of the fitted
skewed normal distribution. The numbers after ‘Dry’ as well as after ‘leaf’ refer to given plants
and their specific leaves. Leaves with flat or rolled leaf blades were measured (‘flattened’ and

‘rolled’, respectively). Positions A and B refer to different measured regions of the same leaf.

Measured leaf area Repeat distance (nm)
Dry 1, leaf 1, flattened 19.85 + 0.06
Dry 1, leaf 1, rolled 19.82 £ 0.02
Dry 1, leaf 2 20.08 + 0.04
Dry 1, leaf 3 20.17 £0.03
Dry 2, leaf 1 19.59 £ 0.05
Dry 2, leaf 2 20.03+0.02
Dry 2, leaf 3 19.49 £ 0.02
Dry 3, leaf 1 18.75 £ 0.04
Dry 3, leaf 2 18.95 £ 0.05
Dry 3, leaf 3 18.66 £ 0.30
Dry 4, leaf 1, position A 18.08 £ 0.02
Dry 4, leaf 1, position B 18.12 £ 0.08
Dry 4, leaf 2 18.87 £ 0.37
Dry 4, leaf 3 20.43+1.11
Dry 4, leaf 4 18.36 £+ 0.03




Methods S1. Small-angle neutron scattering (SANS) experiments at the Budapest Neutron Center
SANS measurements were carried out at the “Yellow Submarine” SANS instrument of the
Budapest Neutron Center (BNC, Budapest, Hungary). The sample-to-detector distance, the
collimation distance, and the wavelength were set to 5.37 m (Plant 5), 5.3 m (Plant 6), 4.5 m and
0.613 nm, respectively. Intact rooted plants in pots filled with soil were placed on a table. Two
leaves were fixed to the end of the collimation section of the beamline (Fig S2). The raw data
were treated with the BerSANS program (Keiderling, 2002). The RD values were obtained by
fitting a linear combination of a constant, a power and a Gauss function around the Bragg peak.

Further details can be found in our previous work (Unnep et al., 2014).

Methods S2. The mean of the skewed normal distribution can be calculated from the parameters

4.2 and sk, parameters, and w, which relates to the width of the distribution.

w, (2 sk,
dc2_mean = qc2 + 2 -
77.- 2
/1 + sk,

The error bar assigned to the mean was calculated from the standard deviation of the 3 fitting

parameters through the equation:
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