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1 | INTRODUCTION

Plastids, originating by endosymbiosis between an ancient heterotro-
phic eukaryotic host and an ancient photosynthetic cyanobacterium,
are plant organelles responsible for photosynthesis. In the absence of

light, the proplastids of angiosperm plants differentiate into a special
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Abstract

High soil salinity is a global problem in agriculture that directly affects seed germination
and the development of the seedlings sown deep in the soil. To study how salinity
affected plastid ultrastructure, leaf segments of 11-day-old light- and dark-grown (etio-
lated) wheat (Triticum aestivum L. cv. Mv Béres) seedlings were floated on
Hoagland solution, 600 mM KCI:NaCl (1:1) salt or isosmotic polyethylene glycol solu-
tion for 4 h in the dark. Light-grown seedlings were also treated in the light. The same
treatments were also performed on etio-chloroplasts of etiolated seedlings greened for
different time periods. Salt stress induced slight to strong changes in the relative chlo-
rophyll content, photosynthetic activity, and organization of thylakoid complexes. Mea-
surements of malondialdehyde contents and high-temperature thermoluminescence
indicated significantly increased oxidative stress and lipid peroxidation under salt treat-
ment, except for light-grown leaves treated in the dark. In chloroplasts of leaf segments
treated in the light, slight shrinkage of grana (determined by transmission electron
microscopy and small-angle neutron scattering) was observed, while a swelling of the
(pro)thylakoid lumen was observed in etioplasts. Salt-induced swelling disappeared
after the onset of photosynthesis after 4 h of greening. Osmotic stress caused no sig-
nificant alterations in plastid structure and only mild changes in their activities, indicat-
ing that the swelling of the (pro)thylakoid lumen and the physiological effects of
salinity are rather associated with the ionic component of salt stress. Our data indicate
that etioplasts of dark-germinated wheat seedlings are the most sensitive to salt stress,

especially at the early stages of their greening.

plastid type, the so-called etioplasts. These plastids are characterized
by the absence of chlorophyll (Chl) pigments and the presence of a
peculiar cubic phase membrane system, the so-called prolamellar
body (PLB) connected to flat prothylakoids (PTs) (Ryberg &
Sundqvist, 1982). The major chlorophyllous pigment in etiolated
plants is the Chl precursor protochlorophyllide (Pchlide). Pchlide is
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the substrate of the NADPH:protochlorophyllide oxidoreductase
(POR) responsible for the light-activated reduction of Pchlide into
chlorophyllide (Chlide) (Solymosi & Schoefs, 2010), which is then
esterified to produce Chl. In parallel, light induces the dispersal of
the PLB and its relatively quick transformation into flat thylakoid
membranes, resulting in etio-chloroplasts, and then, within a few
hours, in fully functional chloroplasts (Kowalewska et al., 2019;
Solymosi & Aronsson, 2013). The etioplast-to-chloroplast transi-
tion is part of the so-called de-etiolation process also under natural
conditions (Solymosi & Schoefs, 2010) and coincides with greening
due to the onset of Chl biosynthesis (Solymosi & Aronsson, 2013).

Greening can be easily followed by spectroscopic methods
because the delocalized electron clouds of the porphyrin rings of
Pchlide, Chlide and Chl are very sensitive to the molecular
micro-environment of the chromophore; the spectral properties of
the pigment can then indicate the smallest changes associated with its
organization or environment. Pigment molecules in similar molecular
environments have similar emission properties and are referred to as
pigment forms, designated below by their fluorescence emission max-
ima at 77 K temperature. Pchlide with emission at 633 nm is located
in the PTs or the plastid envelope and is not photoactive as it is not
bound to the active site of POR (Boddi et al., 1992). Pchlide pigments
bound to dimers or oligomers of POR in the PLBs have fluorescence
emission maximum at 655 nm, and are referred to as photoactive
Pchlide, as they can readily be transformed into Chlide with emission
maximum at 690 nm upon illumination. When samples are kept at
room temperature after illumination for approx. 30 minutes, the oligo-
mers of Chlide-POR undergo disaggregation, resulting in a spectral
blue shift of the fluorescence emission maximum towards 680 nm
called Shibata shift (Smeller et al., 2003). After this shift, Chlide is dis-
sociated from POR, gets esterified and is gradually built into the Chl-
protein complexes of the photosynthetic apparatus. For instance,
after 2-4 hours of greening, a Chl form with fluorescence at 684 nm
is detected (Franck et al., 1997). In green and greening leaves, fluores-
cence emission bands at 685, 695, 720 and 735-740 nm appear,
which belong to the PSII reaction centre and CP43, CP47 of PSII, PSI
core complexes, and PSI-LHCI complexes, respectively (Kalaji
et al., 2017). The effect of soil salinity on greening is an important fac-
tor from the agricultural point of view because many important crops
(like wheat) are sown at 5-10 cm depth in the soil according to agri-
cultural protocols. Thus, wheat seedlings develop in the dark within
the soil for several days, become etiolated and their leaf tip gets
exposed to light gradually as the seedling reaches the soil surface. In
this agricultural context, it is interesting to study how etioplasts, dif-
ferent etio-chloroplasts and chloroplasts react to the same type of salt
stress treatment.

Salinity inhibits crop germination, growth and yield, and thus rep-
resents a major threat to agricultural productivity (Shrivastava &
Kumar, 2015). Salinity influences plant metabolism in a complex man-
ner, including, among others, the indirect effects of salt-induced
osmotic stress. However, the accumulation of salt within cells may
also disrupt several processes of plant metabolism, resulting in nega-

tive physiological alterations in plants, such as decrease in

photosynthesis (Ounoki et al., 2021), and in ultrastructural changes
(Hameed et al., 2021). Ultrastructural data in the literature are some-
what controversial: some authors observed the swelling of the thyla-
koid lumen in chloroplasts (Hasan et al., 2006; Ounoki et al., 2021;
Rahman et al., 2000), while others do not report any alterations in
plastid structure under salt stress (Hasan et al., 2006; Ounoki
et al., 2021). However, even within the same species, depending on
the type or length of treatment (Ounoki et al., 2021) or the studied
cell type (Hasan et al., 2006), plastid structure was either affected or
not affected by salt stress. Also, the molecular background of these
alterations is still unclear. Data about other plastid types, like etio-
plasts of dark-grown seedlings, have shown either no effect (Mitsuya
et al., 2000) or swelling of the PT lumen (Abdelkader et al., 2007a) and
strong inhibition of Chl biosynthesis (Abdelkader et al., 2007a, 2007b;
Turan and Tripathy, 2015). The relationship between the swelling of
the lumen, the changes in plastid metabolism (including photosynthe-
sis), and the effect of light on these processes are also not well estab-
lished. Salinity is often linked to oxidative stress due to the formation
of reactive oxygen species (ROS), especially under light conditions
(Mitsuya et al., 2003a; Yamane et al., 2004). The (pro)thylakoids of
etioplasts were highly sensitive to salt shock treatment (600 mM
NaCl:KCl, 1:1) (Abdelkader et al., 2007a). The applied salt concentra-
tion equals that of seawater and has natural relevance in case of tsu-
namis or strong seawater seepage in coastal agricultural areas with
wheat seedlings developing in the soil.

In this work, we wanted to check whether swelling was induced
by the osmotic or ionic component of the salt shock treatment by
comparing the effects of the above salt solution with isosmotic poly-
ethylene glycol (PEG) solution. We also investigated whether the
same salt treatment induced similar ultrastructural alterations in chlo-
roplasts or in etio-chloroplasts at different stages of greening to
understand which greening stage is more sensitive to salinity-induced

ultrastructural and functional alterations.

2 | MATERIALS AND METHODS

2.1 | Plant material and experimental design
Wheat (Triticum aestivum L. cv. Mv Béres) seeds were obtained from
the Agricultural Institute, Center for Agricultural Research
(Martonvasar, Hungary). Seeds were germinated for 11 days at room
temperature (22°C) either in the dark to become fully etiolated or in
light (100 umol photons m~2 s~ photon flux density [PFD], white
light, for 12 h/12 h light-dark cycles) to become fully light-grown,
green seedlings (see Figure 1). In addition to dark-grown seedlings
used directly for the experiments, some intact dark-grown plants were
exposed to light for greening for 2, 4 or 16 h under continuous light
of 50 pmol photons m~2 s~* PFD and then used for treatments and
analyses (Figure 1).

For all treatments, the oldest, initial 1-cm-long leaf tip of the first
leaf was discarded and the next 2-cm-long leaf segment was used.

The leaf segments were floated either on 1/2 Hoagland solution
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FIGURE 1

(Hoagland & Arnon, 1950) or on 600 mM salt (NaCl:KCl, 1:1 dissolved
in Hoagland, referred as ‘Salt’) or on isosmotic solution of PEG 6000
(dissolved in Hoagland, referred to as ‘PEG’) in Petri dishes for 4 h
either in the dark or, in case of the light-grown plants, also under con-
tinuous light (250 pmol photons m~2 s2). For comparison, in some
cases, leaf segments without floating on the above solutions were also
added and will be referred to as ‘Control' in the manuscript (see
Figure 1). The osmolarity of the 600 mM NaCl:KCl (1:1) solution was
1054 mOsm as measured with a Gonotec Osmomat 3000 osmometer.
Therefore, the PEG solution was prepared to have a final osmolarity

of the same value (1054 mOsm).

2.2 | Leaf relative chlorophyll content

The relative Chl content of the leaf segments was measured using a
portable soil plant analysis development (SPAD) meter (Konica
Minolta SPAD-502" Chlorophyll Meter®). For each treatment, mea-
surements were performed on at least 10 separate segments (each
from a different plant). Three data points were measured in different
regions of each leaf segment, and the experiments were done in 3-5
independent repetitions. For other analyses, Chl was extracted from
leaf disks or thylakoids, centrifuged and then spectrophotometrically
quantified as in Porra et al. (1989).

2.3 | Fluorescence spectroscopy at 77 K

Plant leaf segments were placed in glass tubes and submerged in lig-

uid nitrogen. The 77 K fluorescence spectroscopic measurements and

Outline of the used plant material, applied light regimes, and treatments as described in the manuscript.

subsequent correction of the spectra were performed as in Ounoki
et al. (2021) using FluoroMax-3 spectrofluorometer (Jobin-Yvon
Horiba) and SPSERV V3.14 software (copyright: C. Bagyinka, Biological
Research Center, Hungary). At least 3 independent experiments were
carried out, and at least 3 different plants were sampled in each
experiment (n = 9-29). The spectra were first normalized to their
maxima to compensate for potential size, shape, and geometrical
variances of the measured leaf segments. Normalized spectra were
then averaged and are shown for the different treatments. We also
performed statistical analyses to compare the relative fluorescence
emission maximum values of each major peak in the spectra recorded

for the various samples.

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

The plastids were isolated under dim laboratory light after having
removed the treatment solutions from the leaf pieces by washing them
with distilled water in a Nutch filter. For isolation of plastids, leaves
were homogenized in isolating buffer (50 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulphonic acid (HEPES)-KOH, pH 7.0, 330 mM sor-
bitol, 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
3 x 3s by Waring Blender. After filtration, chloroplasts or etio-
choroplasts were immediately centrifuged in a swing-out rotor
(1000/3000 x g, 5 min, 4°C), and washed in isolating buffer without
BSA and Na-ascorbate. Isolation and washing of thylakoid membranes
(osmotic shock and washing out part of the coupling factor 1) was car-
ried out as in Sarvari et al. (2022). Light-grown, 16 h greened and 4 h

85U8017 SUOWIWIOD BAIE8.D 3|t jdde aup Aq peussnob ale sejole VO ‘88N Jo sejni Joj Ariq1aulUQ AB]1M UO (SUOTPUCD-PUe-SLLBIWOD S| IMALeiq 1 BulUy//:Sdny) SUonIpuoD pue swie 1 8y} &8s *[yZ0z/y0/2T] uo Ariqiauluo A8 |im ‘ArbunH aueyood Aq 00THT [dd/TTTT'OT/I0p/ 00" A8 1M Aeiq 1 |Buluo//:Sdny Wo.y pepeoumoq ‘9 ‘€202 ‘YSOE66ET



4of18 | @l

ia Plantarum.

OUNOKI ET AL.

greened thylakoids (500, 500, and 20 ug Chl ml~?%) were solubilized with
1%, 1% and 2% (w/v) n-dodecyl-B-D-maltoside (3-DM, SIGMA), respec-
tively, plus 1% digitonin (SERVA) on ice for 30 min. The supernatant
obtained after centrifugation (18,000 x g for 15 min at 4°C) was sup-
plemented with 1/5 volume of 5% (w/v) Serva Blue G dissolved in
500 mM aminocaproic acid, and 10-15 pL of the solubilized material
was applied per lanes. For the separation of thylakoid complexes, Blue
Native polyacrylamide gel electrophoresis (BN PAGE), subsequently
second dimension SDS-PAGE and densitometric analyses of the gels
were performed as described in Sarvari et al. (2022). BN patterns of 4 h
greened samples were stained using the Blue-Silver method (Candiano
et al., 2004). Exact parameters of gel electrophoresis are mentioned in
the Figure legends. The identity of the complexes was recognized as in
Basa et al. (2014). Data represent means and standard deviations of
values obtained from at least two independent experiments with 2-4

technical replicates (n = 4-9).

2.5 | Measurement of photosynthetic activity

FluorPen FP 100 (Photon Systems Instruments) instrument was used
to evaluate the photosynthetic parameters. Chl a fluorescence induc-
tion kinetics were recorded in light-adapted and 20-min dark-adapted
samples to calculate “Qy light” (equivalent to F,//F,’) and “Qy dark”
(corresponding to F,/F,,), respectively. These parameters characterize
the photochemical activity and structural dynamics of photosystem Il
(PSII) in the light- and dark-adapted samples, respectively (Bjérkman &
Demmig, 1987; Sipka et al., 2021). For each treatment, measurements
were performed on at least 4-5 separate segments, and at least

3 independent experiments were carried out.

2.6 | Transmission electron microscopy

Leaf sections (1 mm x 1 mm) were cut from the middle of treated leaf
segments. These sections were fixed, dehydrated, embedded, sectioned,
stained and analyzed by transmission electron microscopy (TEM) as
described in Ounoki et al. (2021). Ultrathin (70 nm) sections were inves-
tigated using a JEOL JEM 1011 transmission electron microscope (JEOL
Ltd.) at an accelerating voltage of 80 kV. Digital photographs of typical
plastid sections captured using an Olympus Morada CCD camera are
shown. To identify the granum thylakoid membrane repeat distance
values on TEM micrographs, ImageJ (NIH; Schneider et al., 2012) soft-
ware was used to conduct a fast Fourier transformation (FFT) on the
specified region of interest (i.e., grana) of the micrographs as in Ounoki
et al. (2021). Several (51-131) grana from 25-35 randomly taken plastid
sections per treatment were analyzed and averaged.

2.7 | Small-angle neutron scattering

Small-angle neutron scattering (SANS) measurements were performed
using the Yellow Submarine instrument at the Budapest Neutron Cen-
ter, Hungary (Almasy, 2021). To cover the range of scattering vector

(g) from 0.016 to 0.06 A=, 5.3 m sample-to-detector distance and
6.13 A wavelength was used. The treated and control leaf segments
(4-6 pieces) were placed in Hellma quartz cuvettes of 2 mm path
length filled with D,O-containing Hoagland solution with and without
600 mM NaCl:KClI (1:1). Therefore, each SANS scattering profile rep-
resents the statistical average of 4-6 leaf segments.

The raw data were treated with the BerSANS program
(Keiderling, 2002). Raw data were normalized to the number of beam
monitor counts and corrected for detector efficiency; instrumental
background and scattering from the solution were subtracted from
the scattering profiles. 360° radial averaging was performed to reduce
the obtained 2D profiles to 1D, which were then fitted by the linear
combination of a constant, a power and a Gauss function in the
q range of 0.016-0.046 A~L. The repeat distance (RD = 2m/q*, where
q* is the center position of the Bragg peak) of granum thylakoids rep-
resents the sum of the thickness of the two membrane layers, and the
width of the two aqueous phases, the lumen and the interthylakoidal
space (Fiizi et al., 2017; Nagy & Garab, 2021; Unnep et al., 2014).
Three independent biological replicates were measured, and typical

scattering profiles are shown for each treatment.

2.8 | Malondialdehyde measurement

Malondialdehyde (MDA) levels of differently treated leaves can be
used to determine the degree of lipid peroxidation (Parihar
et al., 2015). To this aim, 100 mg of leaf samples were homogenized
in 1 mL of 0.1 (w/v) trichloroacetic acid and centrifuged at 15,000 x g
for 15 min. Equal parts of 0.5% (w/v) thiobarbiturate and 20% (v/v)
trichloroacetic acid were added to the supernatant. After incubation
of the mixtures at 90°C for 30 min, the MDA concentration was
determined by recording the absorbance at 532 nm and using the fol-
lowing extinction coefficient: ¢ = 155 mM~* cm™2. Light scattering
was corrected based on the increase in the extinction in the 800 to
730 nm region. For each treatment, measurements were performed in

3-4 technical replicates in at least 3 different experiments.

2.9 | High-temperature thermoluminescence
measurements

Thermoluminescence (TL) measurements were performed using a
home-built set-up similar to the one used by Podmaniczki et al. (2021)
with extended temperature range. TL is a technique that consists of a
rapid cooling of a sample followed by its progressive warming to ther-
mally induce photon emission and reveal temperature-dependent
emission bands due to different types of charge pairs (with pre-illumi-
nation) and high-temperature TL (HTTL) due to the radiative thermo-
lysis of peroxides (without pre-illumination) (Ducruet & Vavilin, 1999).
The measurements were controlled and recorded by using a National
Instrument data acquisition device via custom-designed LabVIEW
software. The leaf samples, preadapted to darkness for 5 min in the
sample chamber, were heated from 20 to 160°C at a rate of 30°C
min~1, during which the high-temperature glow curves were recorded.
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3-4 leaf segments were measured in the sample holder at once, 3 dif-
ferent measurements were performed per experiment and treatment.
Experiments were repeated independently three times. Images show
the average of three independent measurements in one treatment.
Curves were normalized to their integrated intensity using OriginPro
Software (OriginLab Corporation).

210 | Statistical analyses

Normality test, t-test in case of SANS data, one-way ANOVA or, in
case of samples not following normal distribution, Kruskal-Wallis
nonparametric ANOVA, and if necessary adequate post hoc tests,
Tukey-Kramer or Dunn's multiple comparisons were performed using
GraphPad Prism 8 (GraphPad Software) as described in Ounoki et al.
(2021). In the Figures and Tables, different letters indicate significant
differences (P < 0.05). Unless otherwise stated, standard deviations of
the data are shown in the Figures, while Tables contain mean values
with standard errors.

3 | RESULTS

3.1 | Leaf relative chlorophyll content (SPAD)

First, SPAD values referring to relative Chl content and Qy values
representing the photosynthetic activity, as general parameters char-
acterizing the developmental stage of plastid membranes, were ana-
lyzed (Table S1).

The SPAD measurements revealed significantly decreased values
in all salt-treated segments (Figure 2, Table S1). The reduction of
SPAD index values of light-grown leaf segments was higher in the
light than in the dark salt treatment (control values decreased by 41%
and by 15%, respectively; see Figure 2A, B). The salt-induced reduc-
tion in the SPAD values was higher in less greened leaf segments;
i.e. SPAD value decreased by 66% after 16 h of light (Figure 2C), while
it decreased by 60% after 4 h light (Figure 2D) when compared with
the control. Osmotic stress induced by PEG also resulted in a signifi-
cant, although lower, decrease in the SPAD index values in the 16-h
and 4-h greened samples and the light-grown plants' segments treated
with PEG in the dark for 4 h (Figure 2B-D). Dark-grown leaves con-
tained no Chl, and the Chl(ide) contents of the dark-grown plants
greened for 2 h were also very low; therefore, their SPAD index

values could not be determined.

3.2 | Fluorescence emission of pigment-protein
complexes at 77 K

To characterize the stage of Chl biosynthesis and the interactions of
the photosystems in the photosynthetic apparatus, 77 K fluorescence
emission spectra were recorded, corrected, normalized and averaged
(Figure 3).
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FIGURE 2 (A-B) SPAD index values of light-grown wheat leaf
segments floated for 4 h in the light (A) or in the dark (B) on Hoagland
solution (‘Hoagland'), 600 mM NaCl:KCl (1:1) solution (‘Salt’) or
isosmotic polyethylene glycol (PEG-6000, ‘PEG’) solution; and (C-D)
intact dark-grown seedlings first greened for 16 h (C) or 4 h (D) on
continuous light and then treated for 4 h in the dark on the same
solutions. ‘Control' refers to respective samples without any floating.
For each treatment, measurements were performed on at least

10 segments from 10 different plants. Data were recorded at the top,
middle and lowermost part of each segment, and measurements were
performed in 3-5 independent repetitions. Different letters indicate
statistically significant differences between the means of the samples
according to Kruskal-Wallis nonparametric ANOVA followed by
Dunn's multiple comparisons post hoc test (P < 0.05) (n = 90-249).
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FIGURE 3 77 Kfluorescence emission spectra of wheat leaf segments floated for 4 h in the light (A) or in the dark (B-F) on Hoagland solution
(‘Hoagland'), 600 mM NaCl:KCI (1:1) solution (‘Salt’) or isosmotic polyethylene glycol (PEG-6000, ‘PEG’) solution. (A, B) Leaf segments of light-
grown seedlings. (C-F) Leaf segments of intact dark-grown seedlings greened for 16 h (C), 4 h (D), 2 h (E) and O h (F) on continuous light and then
treated for 4 h in the dark on the same solutions. Spectra (n = 9-29, at least 3 independent experiments were carried out, with at least

3 independent repetitions, i.e., at least three different plants per treatment) were corrected, normalized to their maxima, and then averaged.

In light-grown leaves, the fluorescence spectra are mainly charac- light-grown wheat leaf segments treated for 4 h in Hoagland, salt or
terized by three Chl emission peaks, located at around 685 and PEG solutions in the light, a slight decrease in the relative intensity of

695 nm (red peaks) and at around 740-750 nm (far-red peak). In the the short-wavelength 685 nm and 695 nm emission bands was
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observed under salt stress (Figure 3A), whilst no changes were
observed when the treatments were performed in the dark
(Figure 3B). If the spectra were normalized to the short-wavelength
maximum, a clear increase in the PSI fluorescence emission was
observed in the spectra of green leaves treated for 4 h in the light
with PEG and especially with salt.

In the case of treatments performed after 16 h greening, the fluo-
rescence emission spectra of the leaves were almost identical to those
of light-grown leaves (Figure 3C). A very slight difference was found
in the salt-floated samples when treated in light: the relative fluores-
cence intensity of the 685 and 695 nm bands decreased slightly, but
significantly, when compared with the spectra of Hoagland or PEG-
treated leaves.

In the dark-grown wheat leaf samples, the short-wavelength fluo-
rescence emission bands at 633 and 655 nm (corresponding to
Pchlide-protein complexes) were only detected, and we observed a
very slight, statistically not significant increase in the relative intensity
of the short-wavelength Pchlide form at 633 nm in the salt-treated
segments (Figure 3F). When dark-grown leaf segments were greened
for 2 h before being treated in the dark for 4 h, the fluorescence emis-
sion spectra in the Hoagland, salt and PEG solutions exhibited maxima
at 681, 679 and 680.5 nm, respectively. In addition to the Chl(ide)
emission band, indicating the successful phototransformation of the
photoactive Pchlide form and the subsequent Shibata shift, the weak
fluorescence emission band at 633 nm indicated some residual non-
photoactive Pchlide in the samples (Figure 3E). In the samples floated
on salt, the relative fluorescence emission maximum around
730-740 nm was significantly lower than in the other two samples.

After longer - 4 h - greening and subsequent treatments on the
same solutions in the dark for 4 h, the relative intensity of the short-
wavelength fluorescence emission bands at 633 and 650 nm (corre-
sponding to Pchlide-protein complexes) became almost undetectable,
and fluorescence emission spectra indicated more or less developed
photosynthetic apparatus, with long-wavelength fluorescence bands
corresponding to Chl-protein complexes at around 690 and 740 nm,
which became dominating. After 4 h greening (and the subsequent
4 h treatment in the dark), samples floating on Hoagland or PEG had
similar appearance, resembling the spectra of light-grown leaves,
whilst the 689 and 740 nm bands (the latter with a 720 nm shoulder)
had similar height in samples floating on salt, indicating somewhat hin-
dered greening, i.e. the presence of more PSI core complexes fluoresc-
ing at 720 nm (Lamb et al., 2018) and less organized PSIl in these
samples (Figure 3D).

3.3 | Alterations in the chlorophyll-protein
complex pattern

The BN PAGE patterns of light-grown or 16-h-greened wheat thyla-
koids isolated from leaf segments floated on Hoagland, salt or PEG solu-
tion resulted in 11 clear bands (Figure 4A). Based on their polypeptide
patterns (Figure S1, see also Basa et al. 2014), they were identified as
megacomplexes (different PSI and PSI-PSII-LHCIl megacomplexes) in

(“F‘L ssiologia Plantarur | 70f18

agreement with literature data (Grieco et al., 2015; Jarvi et al., 2011,
Yokono et al., 2015, 2019), PSI (PSI-LHCII, PSI), PSIl (PSll-supercom-
plexes, dimers and monomers), light-harvesting complexes (LHCII-
assembly: CP29-CP24-LHCII-t, LHCII-trimer and Lhc-monomers),
cytochrome (Cyt) bg/f complex in dimeric form, and ATP synthase
complexes (ATPs - running in the PSI band and coupling factorl
running near to PSIl monomer). Thylakoids isolated from the
4-h-greened leaf segments, which contained low amount of Chl
(about 54.3 + 27.2 pg Chl g~* FW compared to the light-grown con-
trol having 2310.7 + 229.0 ug Chl g~ FW), showed the presence of
only PSI and PSIl monomers, some LHCII-trimer, dimeric Cyt bs/f
complexes and the different assembly forms of ATPs (Figure S2).

Floating and 4 h treatments of green or 16-h-greened leaf seg-
ments did not significantly alter the whole thylakoid composition.
Nevertheless, some changes in the organization of complexes were
detected. In light-grown leaf segments, the PEG treatment only
increased the amount of PSI-LHCII both in the light and in the dark
(Figure 4B, C). However, remarkable reorganization of PSIl was
observed under salt treatment: disassembly of some megacomplexes
and PSIl supercomplexes (PSll-s) increased the amounts of PSII-
dimers, monomers, LHCII assembly complex, and Lhc monomers.

In the thylakoids isolated from the 16-h-greened and then 4 h
dark salt-treated leaf segments, only the amount of PSII monomer
decreased significantly (Figure 4D). Due to the low amount of Chl, the
complexes in 4-h-greened 4 h dark-floated leaf segments could not be
quantified properly.

3.4 | Photosynthetic activity

The Qy dark (Fv/Fm, Figure 5) and Qy light values (Fv'/Fm’, Figure 6)
characterizing photochemical activity and structural dynamics of PSII
(Sipka et al., 2021) were determined in 20 min dark-adapted or in
light-adapted leaf segments, respectively (see also Table S1).

While the control plants (plants without floating) and plants
floated on Hoagland showed similar Qy dark and Qy light values
(Figures 5 and 6), these parameters decreased significantly in all salt-
treated samples. Qy dark values decreased both in the light-grown
wheat leaf samples floating 4 h in the light (by 16% compared to
their control values) and in the dark (only by 4%) on salt solution
(Figure 5A, B) and also in 4-h (by 60%) and 16-h-greened (by 20%)
dark-grown leaves subsequently salt-treated for 4 h in the dark
(Figures 5C, D). Similarly to Qy dark results, the Qy light values
also decreased significantly in all salt-treated samples by 28% and
8%, respectively, in light-grown samples treated in the light or in
the dark, and by 21% and 75% in dark-grown and 16-h and 4-h-
greened samples treated in the dark, with the largest decrease
observed after 4 h greening (Figure 6A-D).

In dark-grown samples and 2-h-greened dark-grown samples, no
PSII activity could be observed. The activity first appeared after 4 h
greening, but its value was very low (Figures 5D and 6D).

PEG treatment only induced a significant decrease in the Qy dark

and Qy light values in the case of light-grown plants treated for 4 h in
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FIGURE 4 Changes in the organization of thylakoid complexes in differently treated wheat leaf segments. (A) Chl-protein bands separated in

4.3-12% BN gel gradient. The dark-grown and then 4-h-greened and then 4 h dark-treated samples were Coomassie-stained after the separation.

Pieces of light-grown (‘green’), dark-grown then 16-h (‘16 h’) and 4-h-greened (‘4 h’) leaves were floated on Hoagland (‘Hoag’) or 600 mM
KCl:NaCl (1:1) (‘Salt’) or isosmotic polyethylene glycol (PEG-6000, ‘PEG’) solutions either in the light (‘L") or in darkness (‘D') for 4 h. ‘CTRL' refers
to thylakoids isolated from untreated intact light-grown wheat leaf segments of the same age. Light-grown (5.3 + 0.5 ug protein ug~* Chl) and
16-h-greened thylakoids (6.4 + 0.9 pg protein pug~! Chl) were solubilized using 1% -DM plus 1% digitonin at 500 pg Chl ml~ sample
concentration, while 4-h-greened thylakoids (139.0 + 81.3 pg protein ug~! Chl) were solubilized using 2% -DM plus 1% digitonin at 20 pg Chl ml~—!
sample concentration. PS - photosystem, LHC - light-harvesting complex, LHCII-a - LHCII-assembly: CP29-CP24-LHCII-t, C - core complex of PSII, S
and M - LHCII trimers attached to the PSII core strongly and moderately, mc-s - megacomplexes, t - trimer, m - monomer, Cyt b4f - cytochrome

bs/f complex, ATPs - ATP synthase. (B, C, D) Relative amounts of complexes (determined in pixel density in lanes supplied with the same amount
of Chl and expressed as the percentage of the samples floated on Hoagland solution) in thylakoids isolated from light-grown, green (Gr) seedlings
treated in the light (B) or in the dark (C), and from 16-h-greened dark-grown seedlings treated in the dark (D) for 4 h. PSlI-s - supercomplexes of
PSlI core complexes (C) with LHCII trimers (S and M), PSII-d - C,, PSll-m - C. Different letters indicate statistically significant differences
between the means of samples (from at least two independent experiments with 2-4 technical replicates, n = 4-9) according to Kruskal-Wallis
nonparametric ANOVA followed by Dunn's multiple comparisons post hoc test (P < 0.05).
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FIGURE 5 Variations of the Qy dark PSII fluorescence parameter
of wheat leaf segments floated for 4 h in the light (A) or in the dark
(B-D) on Hoagland solution (‘Hoagland'), 600 mM NaCl:KCl (1:1)
solution (‘Salt’) or isosmotic polyethylene glycol (PEG-6000, ‘PEG’)
solution. ‘Control, refers to respective leaf segments collected
without any floating from intact light-grown plants (A, B) or from
intact dark-grown seedlings first greened for 16 h (C) or 4 h (D) on
continuous light. For each treatment, measurements were performed
on at least 4-5 separate segments, and at least 3 independent
experiments were carried out (n = 20-31). Different letters indicate
statistically significant differences between the samples according to
Kruskal-Wallis nonparametric ANOVA followed by Dunn's multiple
comparisons post hoc test (P < 0.05).

Control Hoagland Salt PEG

FIGURE 6 Variations of the Qy light PSII fluorescence parameter
of wheat leaf segments floated for 4 h in the light (A) or in the dark
(B-D) on Hoagland solution (‘Hoagland'), 600 mM NaCl:KCl (1:1)
solution (‘Salt’) or isosmotic polyethylene glycol (PEG-6000, ‘PEG’)
solution. ‘Control', refers to respective leaf segments collected
without any floating from intact light-grown plants (A, B) or from
intact dark-grown seedlings first greened for 16 h (C) or 4 h (D) on
continuous light. For each treatment, measurements were performed
on at least 4-5 separate segments, and at least 3 independent
experiments were carried out (n = 13-34). Different letters indicate
statistically significant differences between the samples according to
Kruskal-Wallis nonparametric ANOVA followed by Dunn's multiple
comparisons post hoc test (P < 0.05).
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the light as well as in the plants in the very early phase of greening
(dark-grown leaves greened for 4 h and then treated for 4 h in the
dark) (Figures 5A, D and 6A, D).

3.5 | Changes observed in plastid ultrastructure

No important differences were observed between the control leaf
segments floated on Hoagland and the plants floated on PEG
(Figure 7A, C). The plastid sections in these samples sometimes con-
tained small vesicles (e.g., Figure 7A).

In dark-grown wheat leaf segments floating on salt solution in
the dark for 4 h, we found swelling of the PT lumen and the
appearance of envelope invaginations in the etioplasts (Figure 7B)
similar to data in Abdelkader et al. (2007a). The studied plastid sec-

tions also contained sometimes spotted bodies (e.g., Figure 7B),

typical for etiolated wheat and reported in the literature as

microtubule-like structures insensitive to microtubule inhibitors
(Artus et al., 1990).

Ultrastructural analyses of light-grown wheat leaf segments
showed no important differences after 4 h of dark treatment on the
different solutions (Figure 7D-F). Envelope invaginations and vesicles
sometimes appeared in the salt-stressed leaves. When the same salt
stress was applied for 4 h in the light, no swelling was visible in the
chloroplasts (Figure 7G-l), but all quantitative parameters of granum
size significantly decreased (Table 1) when compared to the sample
floated on Hoagland.

In PEG-treated wheat leaf segments, the orientation of the thyla-
koid system became somewhat disordered during 4 h in the light
(compare Figure 7G and I), but this was not accompanied by any
quantitative changes in granum morphology (Table 1).

To confirm the shrinkage of thylakoid membranes, we conducted
SANS measurements on the salt-stressed leaves. This non-invasive

method provides statistically averaged information about the

o {

Light-grown + 4 h dark on Hoagland

Light-grown + 4 h dark on Salt

FIGURE 7 Transmission electron micrographs of typical plastid sections of dark-grown (A-C) or light-grown (D-I) wheat leaf segments floated
for 4 h in the dark (A-F) or in the light (G-I) on Hoagland solution (‘Hoagland') (A, D, G), 600 mM NaCl:KCI (1:1) solution (‘Salt’) (B, E, H) or
isosmotic polyethylene glycol (PEG-6000, ‘PEG’) solution (C, F, I). Black arrow: swollen prothylakoid. Scale bar: 1 um.
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TABLE 1
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Means and standard error values of granum parameters of the chloroplasts of light-grown wheat leaf segments floated for 4 h in

the light or in the dark on Hoagland solution (‘Hoagland'), 600 mM NaCl:KCl (1:1) solution (‘Salt’) or isosmotic polyethylene glycol (PEG-6000,
‘PEG’) solution; and of intact dark-grown seedlings first greened for 16 h on continuous light and then treated for 4 h in the dark on the same
solutions. Several (51-131) grana from 25-35 randomly taken plastid sections per treatment were analyzed and averaged (n = 51-131).
Different letters indicate statistically significant differences between the samples according to Kruskal-Wallis nonparametric ANOVA followed by

Dunn's multiple comparisons post hoc test (P < 0.05)

Number of Granum Repeat
Granum height (nm) thylakoids/granum diameter (hm) distance (nm)

Light-grown wheat leaf segments floated for 4 h in the dark

Hoagland (n = 91) 254 + 11° 13+1° 415+ 92 18.7 £0.2°

Salt (h = 131) 248 + 11° 13 +0° 397 £ 67 19.4 +0.2°

PEG (n = 115) 274 + 122 14 +1° 406 + 8° 19.0 £ 0.2°
Light-grown wheat leaf segments floated for 4 h in the light

Hoagland (n = 75) 251 + 82 14 + 0° 413 £ 7° 18.6 + 0.1?

Salt (n = 88) 163 + 5° 11+0° 356 + 5° 15.5 +0.3°

PEG (n = 51) 293 +11° 15+1° 399 + 8° 19.1 £0.2°
Leaf segments of 16 h greened intact wheat seedling floated for 4 h in the dark

Hoagland (n = 57) 76 42 3+x0° 476 + 132 19.4 £0.3°

Salt (n = 55) 43+2° 2+0° 296 +9° 16.1+0.2°

PEG (h=75) 80 + 4° 3+0° 410 + 9° 20.6 +0.2°

multilamellar thylakoid membrane system of chloroplasts, the so-
called grana, and their periodic organization (i.e., repeat distance value,
RD) in vivo, for all grana present in all chloroplasts of the leaves in the
neutron beam.

Salt treatment of light-grown leaf segments for 4 h in the light led to
a well-discernible shrinkage of granum thylakoid membranes (Figure 8).
This is reflected by the decreased RD values from 212 + 3 A (n = 3) in
Hoagland to 179 + 4 A (n = 3) in salt solution. The obtained RD data
using SANS (Figure 8) or TEM data of the same plant material
(Table 1) are in good agreement (showing decreased RD values in
samples treated with salt in the light), although the RD values
obtained by TEM are always smaller than RD values obtained by
SANS. This discrepancy can be explained by possible artefacts result-
ing from fixation and dehydration of the TEM samples prior to ana-
lyses (Unnep et al., 2014).

After having seen that only etioplasts show the typical salt
stress-induced specific swelling of the (pro)thylakoid lumen under our
experimental conditions, and fully developed chloroplasts do not have
similar ultrastructural alteration, we decided to investigate the effect
of salt stress on the structure of young etio-chloroplasts at different
stages of greening. First, we checked what happened if we greened
intact dark-grown plants for 16 h under low light conditions (50 umol
photons m™2s7%) and then had their 2-cm-long upper segments
floated on Hoagland solution in the dark for 4 h (Figures 1 and 9A).
We observed young, elongated chloroplasts with developing grana
containing 2-3 layers of stacked thylakoids in the samples. Some-
times, clusters of plastoglobuli, indicating the previous presence of
PLBs, were also observed as well as single stroma thylakoid layers
running in parallel to each other. When compared with the same

young chloroplasts exposed to 4-h-long dark salt treatment (instead
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FIGURE 8 Typical radially averaged SANS curves of light-grown
wheat leaf segments floated for 4 h in the light on Hoagland solution
(‘Hoagland') and 600 mM NaCl:KClI (1:1) solution (‘Salt’) (both
dissolved in D,0) and then measured in Hellma quartz cuvettes while
being kept in the same solutions. Triangles and squares are measured
data points (+SD); solid and dotted lines represent the fitted curves.

of Hoagland treatment), we observed only very slight swelling of the
intrathylakoidal space of the thylakoids (Figure 9B). However,
the shape of the chloroplasts was rounded under salt stress (compare
Figure 9A with 9B-D), indicating that the changes in the osmolarity
and salt concentration in the medium indeed affected the plastids.

As the peculiar intensive swelling observed in the etioplasts of
dark-grown wheat leaf segments treated for 4 h in the dark with salt
(Figure 7B) was not observed in the young chloroplasts after 16 h of
greening (Figure 9B), we decided to investigate at which stage of the
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16 h greening + 4 h dark on Hoagland
A) sl A5

FIGURE 9 Transmission electron micrographs of typical plastid
sections of intact dark-grown wheat seedlings first greened for 16 h
(A, B), 4 h (C) or 2 h (D) on continuous light and then having their leaf
segments floated for 4 h in the dark on Hoagland solution
(‘Hoagland') (A) or 600 mM NaCl:KCl (1:1) solution (“Salt”) (B, C, D).
Asterisk: prolamellar body; black arrowhead: swollen vesicles; white
arrowhead: cluster of plastoglobuli. Scale bar: 1 um.

etioplast-to-chloroplast transformation the stability of the plastid
inner membranes increased. Therefore, we tested young chloroplasts
of intact dark-grown wheat leaves greened for 4 h and 2 h, and then
treated with the same salt stress for 4 h in the dark.

We observed no swelling after 4 h greening (Figure 9C). PLBs
were present but no obvious PT swelling was observed after 4 h
greening (Figure 9C). On the other hand, if the dark-grown leaves
were greened only for 2 h, we observed swollen intrathylakoidal
space in the (pro)thylakoids and slight irregularity in the PLB mem-
branes (Figure 9D). Many swollen vesicles were present within the
plastid stroma, especially at the periphery of the plastids.

3.6 | Monitoring lipid peroxidation by
malondialdehyde measurements

The peculiar swelling of the thylakoid lumen is often linked to oxidative
stress (Yamane et al., 2009). Therefore, we analyzed the lipid peroxidation
of the studied samples. MDA is generated by the peroxidation of polyun-
saturated fatty acids in plants. The MDA content of wheat leaf segments
was significantly increased by salt treatment compared to the samples
treated with Hoagland, except for the light-grown wheat leaf segments
treated with salt for 4 h in the dark (Figure 10B, Table S2), which indi-
cates that salt treatment induces oxidative stress in leaves having well-
developed photosynthetic apparatus only in the light, but in the case of
less developed chloroplasts or etioplasts also in the dark. PEG treatment
for 4 h did not induce significant lipid peroxidation in any of the samples

when compared with the samples floating on Hoagland.

3.7 | Monitoring lipid peroxidation by high-
temperature thermoluminescence measurements

Thermoluminescence (TL) emission curves can be used to study photo-
synthetic electron transport (Vass & Govindjee, 1996) to monitor the
effects of different biotic or abiotic stressors (Misra et al., 2012) and to
examine lipid peroxidation (Ducruet & Vass, 2009). High-temperature
thermoluminescence (HTTL) measurements provide a valuable tool to
investigate the oxidative stress in vivo and its effect on the photosynthetic
capacity by measuring low-level chemiluminescence emission. HTTL is in
the same spectral range as chlorophyll fluorescence and PSII lumines-
cence, but it is independent of pre-illumination; its signals usually appear
in the 50 to 160°C region with usual peak maxima at 60-90°C and/or
105-140°C (Ducruet & Vass, 2009; Havaux & Niyogi, 1999).

We observed HTTL peaks in the dark-grown wheat leaf samples
floating for 4 h in the dark (Figure 11A). TL bands appeared in the
temperature region 80-115°C, 55-100°C and 75-105°C in Hoagland,
salt and PEG solution, respectively. After 16 h greening of dark-grown
leaves and subsequent 4-h-long dark treatment, we observed the
appearance of a TL peak at 105°C in Hoagland, TL glow curve bands
around 50 and 90°C in salt solution, while TL peaks were located
around 60 and 100°C in PEG solution (Figure 11B). In the light-grown
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FIGURE 10 Malondialdehyde (MDA) concentrations on fresh mass (FW) basis of wheat leaf segments floated for 4 h in the light (A) or in the
dark (B-F) on Hoagland solution (‘Hoagland'), 600 mM NaCl:KCl (1:1) solution (‘Salt’) or isosmotic polyethylene glycol (PEG-6000, ‘PEG’) solution.
(A,B) Leaf segments of light-grown seedlings; (C-F) leaf segments of intact dark-grown seedlings greened for 16 h (C),4 h (D), 2 h(E)and O h

(F) on continuous light and then treated for 4 h in the dark on the given solution. For each treatment, measurements were performed in 3-4
technical replicates in at least 3 different experiments (n = 9-12). Different letters indicate statistically significant differences between the
samples according to Kruskal-Wallis nonparametric ANOVA followed by Dunn's multiple comparisons post hoc test or according to one-
way-ANOVA followed by Tukey-Kramer multiple comparisons post hoc test in case data followed normal distribution (P < 0.05).

wheat leaf segments treated for 4 h in salt, PEG and Hoagland solu-
tion in the light, two distinct peaks (around 50-60°C and 90°C)
appeared in salt and PEG treatment, and a shifted HTTL peak was
detected around 105°C in Hoagland treatment (Figure 11C).

4 | DISCUSSION

Soil salinity is a continuously increasing global problem for agricultural
crop production (Seleiman et al., 2019). Wheat is the second most
important food crop, contributing to 55% of the carbohydrates and
20% of the calories consumed by mankind (Chattha et al., 2017).
Therefore, understanding how salt stress affects the development and
metabolism of wheat plants is of crucial importance. However, most
literature data only deal with the effect of salt stress on fully devel-
oped plants, their photosynthetic performance and yield, seed germi-
nation, or seedling development in the light. Nevertheless, depending
on the soil type, the used wheat cultivar, and the current agricultural
protocols, wheat is sown at 5-10 cm depth in the soil, which means
that the coleoptile-covered and later uncovered first leaves of devel-
oping etiolated seedlings are directly exposed to soil salinity. Seedlings
in the soil are fully etiolated and only start greening when they reach
the soil surface (Kakuszi et al., 2016; Vitanyi et al., 2013) and are

gradually exposed to light (Reinbothe et al., 2004). This way, salt
stress may directly affect the structure and function of etioplasts, the
etioplast-to-chloroplast transformation, all the intermediary plastid
types and the seedling greening.

In previous studies, floating of the leaf segments of dark-grown
seedlings of an Egyptian salt-sensitive wheat cultivar (T. aestivum
cv. Giza 168) on 600 mM KCI:NaCl (1:1) solution in the dark for
4,5 h resulted in swelling of the PT lumen and strong inhibition of
greening, Chl accumulation and etioplast-to-chloroplast transforma-
tion (Abdelkader et al., 2007a, 2007b, 2010). Salt stress induced
either swelling (e.g., Yamane et al., 2004, 2008; Ounoki et al. 2021)
or no swelling (e.g., Hasan et al., 2006; Hernandez et al., 1995) of
the intrathylakoidal space in the chloroplast. NaCl stabilized granum
structure (Hasan et al., 2006; Unnep et al., 2014), while KCI and
KNO; treatment of isolated thylakoids resulted in shrinkage of the
grana as revealed by SANS (Herdean et al., 2016). The swelling of
the thylakoid lumen in chloroplasts was strongly associated with
light-induced formation of reactive oxygen species and subsequent
oxidative stress (Yamane et al., 2004, 2008; Hasan et al., 2005; Suo
et al., 2017), while chloroplasts treated with salt in the dark showed
no swelling (Mitsuya et al., 2000, 2003a). To clarify the reasons for
the swelling of the inner membrane of plastids, we investigated how

salinity, and its osmotic component, affected the inner membrane
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system and activity of various plastid types: etioplasts, different
stages of etioplast-to-chloroplast transformation and fully developed

chloroplasts.
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When compared with salt stress treatments, isosmotic PEG solu-
tions only mildly, but often significantly, affected the measured physi-
ological and biochemical parameters of chloroplasts and etioplasts
(Tables S2-S3, Figures 2-6, 10, 11) but did not induce ultrastructural
alterations in them (Table 1, Figure 7). The unchanged thylakoid
structure under osmotic stress of wheat proteome agrees with the
results of Chen et al. (2017). Though the increase in PSI-LHCII, the
state transition specific complex (Pesaresi et al., 2009), may be arte-
factual because LHCII association is very sensitive to n-dodecyl-j-D-
maltoside (Jarvi et al., 2011; Sarvari et al., 2022), the higher amount of
this complex (Figure 4) is in agreement with the results showing
enhanced cyclic electron transport under osmotic or drought stress
(Dulai et al., 2014; Lehtimaki et al., 2010). Taken together, our data
indicate that the observed changes - first of all, the swelling of the PT
lumen of etioplasts - are not associated with the osmotic stress
induced by the high ion concentration of the applied solutions but
must be connected with the direct and specific effects of the ions.
Earlier investigations similarly confirmed the role of the ionic compo-
nent in salinity-induced alterations of plastid structure and function in
chloroplasts (Yamane et al., 2003; Miyake et al., 2006). However, to
our knowledge, this is the first time that the same phenomenon has
been studied and confirmed in etioplasts.

The applied short-term high-concentration salt treatment of the
dark-grown leaf segments of the wheat cultivar Mv Béres gave similar
results (Figure 7) to those of Abdelkader et al. (2007a) for the Giza
168 salt-sensitive wheat cultivar. The leaf segments lost their turgor
and became highly fragile and prone to injuries during manipulation.
This was in line with the observed plasmolysis of the cells, swelling of
the PT lumen, and appearance of envelope invaginations in the etio-
plasts as described in Abdelkader et al. (2007a). Etioplasts also con-
tained spotted bodies (Figure 7B), described as microtubule-like
structures (Artus et al, 1990). 77 K fluorescence emission spectra
indicated similar trends: the Hoagland and PEG-treated leaves had
similar values, while the relative contribution of the emission of
Pchlidegss slightly increased under salt stress (Figure 3). It may be
explained by HTTL data (Figure 11). The significantly increased MDA
content (Figure 10) indicated lipid peroxidation in these etiolated sam-
ples (Figures 10,11).

Under our experimental conditions, light-grown wheat leaf seg-
ments treated with salt solution for 4 h in the dark did not show any

visible changes in plastid ultrastructure (Figure 7), which is similar to

FIGURE 11  Thermoluminescence emission (normalized to the
integrated area between 30 and 120°C) of wheat leaf segments floated
for 4 h in the dark (A and B) or in the light (C) on Hoagland solution
(‘Hoagland'), 600 mM NaCl:KCl (1:1) solution (‘Salt’) or isosmotic
polyethylene glycol (PEG-6000, ‘PEG’) solution. (A) Leaf segments of
dark-grown seedlings; (B) leaf segments of intact dark-grown seedlings
greened for 16 h on continuous light; (C) leaf segments of light-grown
seedlings. 3-4 leaf segments were measured in the sample holder at
once, 3 different measurements were performed per experiment and
treatment. Experiments were repeated independently three times. Data
show averaged curves of 3 independent experiments.
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other data in the literature (Mitsuya et al., 2000, 2003a, 2003b). This
is in line with the non-significant changes in the MDA contents
(Figure 10), and the 77 K fluorescence emission spectra of the
leaves (Figure 3). However, SPAD values (Table S1) and the organi-
zation of PSlII slightly changed (Figure 4): PSII activity (Figures 2, 5
and 6) was lowered by salt stress, indicating a slight disturbance of
this photosystem.

When the same light-grown wheat leaf segments were treated
for 4 h in the light, the salt-induced alterations in the physiological
and biochemical parameters were more pronounced (more strongly
reduced Qy light and dark values, SPAD values, increased MDA con-
tent). These changes, along with the HTTL measurements (Figure 11),
showed that oxidative stress and lipid peroxidation occurred in these
samples. PSII organization was also somewhat more disturbed than in
the dark treatment, as indicated by the disassembly of some mega-
complexes and PSll-s and the decreased relative 77 K fluorescence
emission at 685 and 695 nm (Figures 3 and 4). These data also con-
firm that PSII has higher sensitivity under stress conditions than PSI
(Hameed et al., 2021; Dhokne et al., 2022).

At the same time, our TEM observations showed essentially
unchanged chloroplast ultrastructure under salt stress applied for 4 h both
in the dark or in the light (Figure 7). Fast Fourier Transformation (FFT)
analysis of chosen granum areas of the micrographs (Table 1) and SANS
measurements (Figure 8) have shown a decrease of the granum RD
values, indicating shrinkage rather than dilatation or swelling under salt
stress conditions, in line with some previous observations (Unnep
et al, 2014) and in contrast with other reports (Yamane et al., 2004,
2008; Hasan et al., 2005; Suo et al., 2017). The discrepancy of our data
with the literature data might be explained by differences in the parame-
ters of the salt stress treatment (our high concentration treatments being
applied for a relatively short period of time, through floating of leaf seg-
ments) or the different salt sensitivity of the studied species.

Although these results have clarified that light can clearly aggra-
vate the effects of the ionic component of salt stress in wheat leaves,
further experiments were performed to answer why the inner mem-
branes of etioplasts are more sensitive to salt stress treatment in the
dark than chloroplasts, and at which stage of greening the etio-
chloroplast inner membranes become less prone to the salt-stress
induced swelling. When dark-grown plants were greened for 2 h only,
we observed etio-chloroplasts with structures like etioplasts but with
small peripheral vesicles and swollen (pro)thylakoid lumen (Figure 9D).
After phototransformation and the subsequent Shibata shift, the slight
red shift of the 77 K Chl fluorescence emission maximum started in
Hoagland and PEG-treated leaves, while it did not occur in the salt-
stressed samples (Figure 3). At this stage, the photosynthetic activity
could not be detected even in the Hoagland-treated leaf segments
(data not shown). In contrast, in plants greened for 4 h or 16 h and
then treated for 4 h in the dark, the peculiar swelling of the intrathyla-
koidal space was no longer observed (Figures 9B-C). In these samples,
the photosynthetic activity (Figures 5 and 6) and the main thylakoid
complexes (Figure 3) appeared in young etio-chloroplasts or young
chloroplasts as also described in the literature (Kanervo et al., 2008;
Miller & Eichacker, 1999; Shevela et al., 2016). Nevertheless, salt

stress strongly affected the greening of these plastids: the develop-
ment of the Chl-protein complexes was slowed down as shown by
the somewhat decreased PSII amount in thylakoids of 16-h-greened
leaves and the lower PSI band in the 77K fluorescence
emission spectra, also containing a shoulder at 720 nm, referring
potentially to the presence of PSl-core complexes (Lamb et al., 2018),
compared to the Hoagland and PEG-treated samples in thylakoids of
leaves greened for shorter times (Figure 3). The photosynthetic activ-
ity (Figures 5 and 6) decreased, while MDA (Figure 10) and HTTL
measurements (Figure 11) indicated oxidative stress. However, at this
stage or later stages of the greening, the plastids were already able to
prevent the swelling of the intrathylakoidal space under salt treat-
ment, even though PLBs were still present and re-formed during the
4 h dark treatment. As the disappearance of the swelling coincided
with the appearance of the functionally active components of the
photosynthetic electron transport (Kanervo et al., 2008; Miiller &
Eichacker, 1999; Shevela et al., 2016), we believe that it is probably
the photosynthetic proton motive force and photosynthesis itself that
stabilizes the membranes. However, the lipid and fatty acid composi-
tion of etioplasts is slightly altered during greening, and is slightly dif-
ferent in chloroplasts than in etioplasts (Armarego-Marriott
et al., 2019; Fuijii et al., 2019). Further investigations would be needed
to elucidate whether these minor changes could have an influence on
the salinity response of the different plastids or not.

The volume of the chloroplasts and their osmotic and ion homeo-
stasis (e.g., K, Na™ and CI™) needs to be strictly controlled (Pottosin &
Dobrovinskaya, 2015). However, data in Arabidopsis show that some
of the best characterized K*, CI~ transport components of the thyla-
koid membranes are highly expressed already in cotyledons, i.e., at early
stages of plant development (Kunz et al., 2014). However, the amount
of Nat/H" antiporter in the envelope membrane of the chloroplast
was found to be the highest at mature stage (Midiller et al., 2014). Other
authors report that the swelling of the intrathylakoidal space is induced
by the influx of CI~ from the plastid stroma to the lumen, and shrinkage
is caused by the efflux of lumenal K™ or Na* to the stroma (Pottosin &
Shabala, 2016). Some data suggest that additional thylakoid CI~ transport
mechanisms exist in the light (Herdean et al., 2016). It is also possible that
ion transport components of the thylakoids or the chloroplast envelope
membrane may be upregulated by light in parallel to the biogenesis of
thylakoid membranes. We should also mention that the observed stron-
ger effects of salinity in salt-stressed light-grown leaf segments in the light
might be related to increased transpiration or other processes that may
result in enhanced ion uptake of chloroplasts under illumination
(Nobel, 1967) when compared with data obtained in the dark. Neverthe-
less, according to our observations, the photosynthetically produced
energy may be used to power the salt removal from the chloroplast/

lumen. However, this issue may need further investigations.

5 | CONCLUSIONS

Taken together, our data have clearly demonstrated that the

observed swelling of the PT lumen of the etioplasts is associated
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with the ionic component of the salt stress, while isosmotic treat-
ment with PEG had only slight effects on plastid structure and
function. Also, we have shown that plastid inner membranes get
stabilized, and the peculiar swelling disappears after 4 h greening
of etioplasts (and a subsequent 4-h-long dark period), i.e., in paral-
lel with the development of the functional photosynthetic appara-
tus during etioplast-to-chloroplast transformation. These results
underline the importance of breeding wheat cultivars with
improved etioplast membrane stability and increased tolerance to

salt stress.
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