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Abstract
Main conclusion Greening was partially (in 300 mM NaCl, CaCl,, 600 mM KNO; or KCl) or fully inhibited (in
600 mM NaCl, NaNOj; or NaCl:KCl) by the ionic and not the osmotic component of salinity.

Abstract Although high soil salinity is an increasing global problem, not much is known about how direct exposure to
salinity affects etiolated leaves of seedlings germinating in the soil and then reaching the surface. We investigated the effect
of various salt treatments on the greening process of leaves in 8- to 11-day-old etiolated wheat (Triticum aestivum L. Mv.
Béres) seedlings. Etiolated leaf segments pre-treated on different salt (600 mM NaCl:KCl 1:1, 600 mM NaCl, 600 mM KClI,
600 mM NaNO;, 600 mM KNO;, 300 mM KCI, 300 mM NaCl or 300 mM CaCl,) or isosmotic polyethylene glycol 6000
(PEG) solutions for 1.5 h in the dark and then greened for 16 h on the same solutions were studied. Leaf segments greened
on PEG (osmotic stress) or on 300 mM KCI had similar chloroplasts compared to control samples greened on Hoagland
solution. Slightly slower development of chloroplast structure and function (photosynthetic activity) was observed in seg-
ments greened on 300 mM NaCl or CaCl,, 600 mM KNO; or KC1. However, etioplast-to-chloroplast transformation and
chlorophyll accumulation were fully inhibited and peculiar prothylakoid swelling occurred in segments greened on 600 mM
NaCl, NaNO; or NaCl:KCl (1:1) solutions. The data indicate that not the high osmolarity of the used salt solution, but its
ions, especially Na™, had the strongest negative impact on these processes.
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Graphical abstract

Na*induces the swelling of the prothylakoids of etioplasts and inhibits the greening of etiolated wheat

Leaves of wheat seedlings germinating
in the soil may be directly exposed to
salinity. They develop in the dark, con-
tain etioplasts, which will be trans-
formed to chloroplasts upon light.
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Abbreviations

BN PAGE Blue Native polyacrylamide gel
electrophoresis

Chlide Chlorophyllide

Cyt Cytochrome

LPOR NADPH:protochlorophyllide oxidoreductase

LHC Light-harvesting complex

Pchlide Protochlorophyllide

PLB Prolamellar body

Introduction

The high salinity of the soil is a very serious and global
problem in agriculture. According to estimations, it affects
about 5-7% of the world’s arable land (about 77 million
hectares) (Maathuis et al. 2014), and due to improper land
use and irrigation practices, this area is constantly increas-
ing. Because of the varying quality and quantity of precip-
itation and infiltrating ground or seawater, as well as the
evapotranspiration, the salinity and the sodicity of the soils
are constantly changing (El Sabagh et al. 2021). Therefore,
salt-affected sites have a large variation in surface salinity
and available soil water depending on external temperature
and other factors; thus, salt concentrations in soil water are
fluctuating over time.

In general, but especially in glycophytes (plants that can-
not tolerate > 200 mM NaCl in the soil (Ibrahimova et al.
2021), salt stress negatively influences seed germination
and seedling establishment (Malcolm et al. 2003), and has a
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serious effect on plant growth and yield even at later stages
of development (El Sabagh et al. 2021). The presence of dif-
ferent ions at high concentration in the soil inhibits the water
uptake of plants and causes hyperosmotic stress, whilst ionic
effects are also induced if ions enter the plants’ roots via
various uptake mechanisms (Isayenkov and Maathuis 2019).
In addition, salt ions (Na*, C17) negatively affect the uptake
of other essential ions and thus disturb the ion homeostasis
of the plants (Isayenkov and Maathuis 2019). The accumu-
lation of excess Na™ and CI~ within the cells may result in
an osmotic imbalance, but the ions may also have direct
toxic effects on plant metabolism (e.g. by causing oxida-
tive stress) (Isayenkov and Maathuis 2019; Ibrahimova et al.
2021). Due to the above described complex negative effects
caused by salt stress, the photosynthetic activity of crops is
often decreased resulting in yield loss.

Plant photosynthesis takes place in the green plastids, the
chloroplasts. In seedlings developing under natural light con-
ditions, chloroplasts differentiate directly from proplastids
(Yadav et al. 2019). However, in the absence of light, chlo-
rophyll (Chl) biosynthesis and the synthesis of Chl—protein
complexes are inhibited in angiosperms, and proplastids turn
into etioplasts (Armarego-Marriott et al. 2020). The inner
membranes of etioplasts are organised into a highly regular
tubuloreticular membrane system termed prolamellar body
(PLB) interconnected with flat prothylakoid lamellae (Soly-
mosi and Aronsson 2013; Armarego-Marriott et al. 2020).
Upon illumination, the PLBs are quickly rearranged into the
mature thylakoid system of chloroplasts (Kowalewska et al.
2016; Armarego-Marriott et al. 2020) and active synthesis
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of photosynthetic pigments and thylakoid components occur
(Solymosi and Aronsson 2013; Kowalewska et al. 2016).
Light is essential for the transformation of protochlorophyllide
(Pchlide) to chlorophyllide (Chlide) (Solymosi and Mysliwa-
Kurdziel 2021). Pchlide molecules located in the active centre
of the NADPH:Pchlide oxidoreductase enzyme (LPOR—E.C.
1.3.1.33) are transformed directly into Chlide, and thus their
fluorescence emission at 655 nm disappears and the fluores-
cence of Chlide appears at 690 nm. (The fluorescence emission
maxima referred to in our text all indicate values measured at
77 K temperature.) If the leaves are kept at room temperature
after illumination, the maximum is gradually shifted towards
680 nm during the so-called Shibata shift (Smeller et al. 2003).
Within 2—4 h after illumination, the Chl molecules get incor-
porated to Chl—protein complexes with fluorescence emission
maximum at 684 nm (Franck et al. 1997). Finally, in parallel
with the appearance of the fully active photosynthetic appara-
tus, three dominant bands appear: two of them having maxima
at 685 and 695 nm originate from the core antennas of photo-
system II (PSII), and the third one around 735 nm originates
from the light-harvesting complexes of photosystem I (PSI)
(Kalaji et al. 2017; Lamb et al. 2018).

Most works dealing with the various effects of salt stress on
plastid structure and function have been carried out on chlo-
roplasts of fully developed, light-grown plants. Nevertheless,
only a few data are available on salt stress in developing plants
(Abdelkader et al. 2007a, b; Srivastava and Sharma 2021) or
in other plastid types, for instance, etioplasts typical for soil-
germinated agricultural crops (Kakuszi et al. 2016), which
may indeed be directly exposed to soil salinity. Salt stress was
shown to cause the swelling of the lumen of the prothylakoids
in etioplasts, to inhibit Chl biosynthesis and the etioplast-
to-chloroplast transformation (Abdelkader et al. 2007a, b).
However, these experiments were performed using 600 mM
NaCl:KCl (1:1) solution, which is considered a relatively high
concentration (equal to sea salinity level), relevant naturally
only in extreme environments with very saline ground water,
in areas with seawater seepage or in case of tsunamis. There-
fore, the questions can be raised, (i) whether the observed
physiological and structural alterations are caused by the
osmotic or ionic components of salt stress. Also, (ii) which salt
stress-related ions and at which concentration these are respon-
sible for the alterations. To this aim, we compared the effect of
iso-osmotic polyethylene glycol 6000 (PEG) treatments with
various salt stress treatments on the etioplast-to-chloroplast
transformation in etiolated wheat leaves.

Materials and methods
Plant material and growth conditions

The wheat seedlings (Triticum aestivum L. cv. Mv Béres,
Agricultural Institute, Martonvasar, Hungary) were germi-
nated and grown hydroponically in tap water for 8—11 days
in the dark. For the treatments, we discarded the 1 cm long
leaf tip region and used the next 2 cm long leaf segments
of the plants. Leaf pieces were treated in parallel with
different solutions: Hoagland solution as control (osmo-
larity 8—9 mOsm, referred to as’Hoagland’), PEG 6000
dissolved in Hoagland solution with a final osmolarity
of 1050 mOsm (referred to as 600 PEG henceforth) and
579 mOsm (referred to as 300 PEG later), corresponding
to the osmolarity of 600 mM and 300 mM NaCl solu-
tions, respectively, as well as with different salt solutions
dissolved in Hoagland (600 mM 1:1 NaCl:KCl, 300 mM
NaCl, 600 mM NaCl, 300 mM KCl, 600 mM KCl, 300 mM
CaCl,, 600 mM KNOs;, and 600 mM NaNO;). PEG was
purchased from Hungary Biocenter Ltd. Unless otherwise
stated, other chemicals were bought from Reanal Ltd.
(Budapest, Hungary) or VWR Ltd. (Radnor, PA, USA).
The solutions were always freshly prepared, and 4-10
pieces of 2-cm leaf segments were placed in 15 ml of the
solution, usually in a small Petri dish. To obtain higher
amount of material for Blue Native polyacrylamide gel
electrophoresis (BN PAGE), several (100 or more) leaf
segments were floated in large Petri dishes taking care that
leaf segments do not cover each other. All manipulations
with etiolated material were performed under green light
which does not induce the transformation of Pchlide to
Chlide. The etiolated leaf segments were floated in treat-
ment solutions for 1.5 h in the dark as pretreatment, and
after that, they were greened for 16 h under continuous
white light (50 pmol photons m~2 s~! photon flux den-
sity) at room temperature. It should be noted, however,
that some uncertainties were observed amongst individual
plants’ greening abilities even within the same experiment.
Therefore, our data represent the conclusive general results
of at least 3—6 repetitions of the treatments (the number of
biological replicates, n, is provided for each measurement
separately).

Determination of chlorophyll and carotenoid
content

Pigments were extracted with 80% (v/v) acetone buffered
in 5 mM N-(tri(hydroxymethyl)methyl)glycine (Tricine)
KOH pH 7.8, and the absorption spectra of the centri-
fuged extracts were measured spectrophotometrically by a

@ Springer



102 Page4of18

Planta (2023) 258:102

UV-VIS spectrophotometer (UV-1601, Shimadzu, Kyoto,
Japan). Pigment contents were determined using the equa-
tions of Lichtenthaler (1987) for carotenoids and Porra
et al. (1989) for chlorophylls, respectively.

Fluorescence spectroscopy

The 2 cm long leaf segments were placed in glass tubes
with an internal diameter of 3 mm and then frozen in lig-
uid nitrogen. The leaf pieces were fixed in the tube with
a drop of water. The samples were kept in liquid nitrogen
throughout the measurements. Acquisition of the 77 K fluo-
rescence emission spectra was achieved using a Jobin Yvon
Horiba Fluoromax-3 (Jobin Yvon Horiba, Longjumeau,
France) spectrofluorimeter. Data were collected every
0.5 nm in the 580-780 nm range with an integration time of
0.1 s. The excitation and the emission slits were set to 2 and
5 nm, respectively. Emission spectra of leaf segments were
recorded using excitation at 440 nm. During the measure-
ment of each leaf piece, spectra were recorded three times
in each case, and their average was calculated automatically
and used for further studies.

During room temperature fluorescence analyses of ace-
tonic pigment extracts of the samples, we used 430 nm
and 460 nm excitations, to selectively excite Chl a and b,
respectively.

Fluorescence emission spectra were analysed using SPS-
ERV V3.14 software (copyright Csaba Bagyinka, Institute
of Biophysics, Hungarian Academy of Sciences). First, 3-
and 5-point smoothings were performed to remove various
noises arising from electrical equipment, light scattering, or
the movement of bubbles in liquid nitrogen. As the sensitiv-
ity of the fluorimeter's detector depends on the wavelength,
the raw spectra had to be multiplied with a correction curve
in order to compensate for this. Finally, if necessary, a base-
line correction was performed by subtracting an appropriate
Gaussian curve from the spectrum. Further spectral analyses
and averaging were performed using the corrected spectra
in Excel. Spectra were normalised to their maxima and then
averaged for each treatment. These normalised and averaged
spectra are shown and compared in the figures.

Photosynthetic activity

The photosynthetic parameters were measured based on
in vivo chlorophyll fluorescence using FluorPen FP 100
(Photon Systems Instruments, Drasov, Czech Republic)
handheld device as described earlier (Ounoki et al. 2021).
Chl fluorescence induction kinetics were recorded in light-
and in 20-min dark-adapted samples (to obtain “Qy light”,
equivalent to F,'/F " or “Qy dark”, equivalent to F /F
values). As light-adapted samples, we used leaf segments
that have been constantly illuminated by 50 pmol photons
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m~2s~! photon flux density during greening. These param-
eters describe the photochemical activity and structural
dynamics of PSII (Bjorkman and Demmig 1987). Chl flu-
orescence quantum yield was induced by saturating light
(2050 umol photons m~2 s~! photon flux density) applied
for 1 s in case of Qy measurements and for 2 s in case of
the OJIP fluorescence transient measurements (Strasser
and Govindjee 1992; Strasser et al. 2000) using the above
instrument.

The following parameters were automatically calculated
by the instrument from the recorded OJIP curves according
to the following formula as described in the instrument’s
instruction manual:

Fo=F5, fluorescence intensity at 50 ps.

Fy=fluorescence intensity at J-step (at 2 ms).

F;=fluorescence intensity at I-step (at 30 ms).

F_,=maximal fluorescence intensity.

F,=F,—Fy (maximal variable fluorescence).

Vy=(F;—F)/(F,,—F) (the relative variable fluorescence
at 2 ms).

Vi=(F1—F)/(F,—Fy) (the relative variable fluorescence
at 30 ms).

Phi_Pav =time to reach F, (in ms).

Transmission electron microscopy (TEM)

Middle regions of the treated 2-cm long leaf segments
were dissected into 1 mm wide stripes in 2.5% (v/v) glu-
taraldehyde (buffered in 70 mM Na,HPO,~KH,PO,, pH
7.2) and kept for at least 3 h after sampling in the same
fixative, before being post-fixed in 1% OsO, (w/v) in the
same buffer for 2 h. Samples were washed with the buffer
three times for 15 min after each fixation step. After fixation,
samples were dehydrated in ascending ethanol series. Sam-
ples were then embedded in Durcupan ACM resin (Fluka,
Buchs, Switzerland) using propylene-oxide as intermediate
solvent. All fixation and embedding steps were carried out
at room temperature, the resin was polymerised for 72 h at
62 °C. Reichert Jung ultramicrotome (Reichert Jung AG,
Vienna, Austria) equipped with a diamond knife was used
for ultrathin (70 nm) sectioning. Sections transferred to 300
mesh copper grids were then stained with uranyl acetate and
Reynold’s lead citrate. TEM investigations were performed
with a JEOL JEM 1011 (JEOL Ltd., Tokyo, Japan) at 80 kV
accelerating voltage. Olympus Morada CCD camera was
used to capture digital photographs (Olympus Optical Co.
Ltd., Tokyo, Japan), and representative images were chosen
for presentation.

Isolation of thylakoid complexes

Solutions were removed from the leaf surface by quick
washing with distilled water in a Nutch filter. For isolation
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of etio-chloroplasts, leaves were homogenised in isolating
buffer (50 mM HEPES-KOH, pH 7.0, 330 mM sorbitol,
2 mM EDTA disodium salt, 2 mM MgCl,, 0.1% (w/v)
bovine serum albumin, 0.1% (w/v) Na ascorbate) at 4 °C
for 3 x 3 s by Waring Blender in dim light immediately after
16 h greening. After filtration through four layers of gauze
and two layers of Miracloth™ (Calbiochem-Novabiochem,
San Diego, CA, USA), the homogenate was immediately
centrifuged in a swing-out rotor (3000 g, 5 min, 4 °C), and
washed in isolating buffer without BSA and Na ascorbate.
Isolation of thylakoid membranes was carried out using
osmotic shock of plastids by 10 mM sodium pyrophosphate
(5000 g, 5 min, 4 °C). To remove large part of CF,, washing
with 5 mM Tricine-(CH;),NOH (pH 7.5), 0.1 M sorbitol was
used (Fuad et al. 1983). After starch removal (100 g, 3 min,
4 °C), the membranes were pelleted from the supernatant
with 10,000 g, 10 min, 4 °C. Thylakoids were stored in liq-
uid nitrogen dissolved in Tris(hydroxymethyl)aminomethane
(Tris)-maleate (pH 7.0), 35% (w/v) glycerol.

To separate thylakoid complexes and to determine their
polypeptide patterns, first-dimensional BN PAGE and sec-
ond-dimensional denaturing SDS-PAGE were performed,
respectively (Sarvéri et al. 2022). For BN PAGE, thylakoids
(250 pg Chl mI~!; pg protein pg~"' Chl~ 10) were solubilised
using 2% n-dodecyl-f-p-maltoside plus 1% digitonin and
separated in 4.5-12% BN gel gradient. SDS-PAGE of the
about 3 mm wide lanes cut out of BN gels was carried out
in 10-18% gradient gels (Laemmli 1970). The identity of the
complexes was recognised as in Basa et al. (2014).

Statistical analyses

GraphPad Prism 8 was used to perform statistical analyses
(normality test, ANOVA, and post hoc tests). Tukey—Kramer
multiple comparisons test was used as a post hoc test when
data had a normal distribution and significant differences
were found by 1-way ANOVA. In case of data not follow-
ing normal distribution, the Kruskal-Wallis non-parametric
ANOVA test was used, followed by the Dunn test as a post
hoc test. Different letters were assigned to significant differ-
ences. P <0.05 was considered significant for all data.

Results
Leaf phenotype and morphology

The leaf segments treated with high osmolarity (600 PEG,
and 600 mM solutions) were strongly rolled, whilst the
leaf blades were fully flattened in the Hoagland sample.
In case of samples with medium osmolarity (300 PEG and
300 mM solutions), the leaves had an intermediate curled
phenotype. This indicates that except for Hoagland, the

different solutions cause different extent of osmotic stress
to the leaves.

After 16 h of illumination, colour differences amongst
the various applied treatments were clearly visible: leaf
segments were the greenest when floated on Hoagland
solution, became gradually lighter green when floated on
PEG and medium concentration (300 mM) salt solutions,
and remained yellow in treatments with high (600 mM) salt
concentrations (not shown). The photosynthetic pigments
were extracted in order to quantify the observed differences
in greening.

Photosynthetic pigment contents

When compared with the control, i.e. leaf segments floating
on Hoagland solution, the Chl content was reduced by all
types of treatment. The order of the induced changes was the
following: Hoagland <300 PEG < 600 PEG, 300 mM KCl,
300 mM NaCl <300 mM CaCl, < 600 mM KNO;, 600 mM
KCl, 600 mM NaNO;, 600 mM NaCl, 600 mM NaCl:KCl
(1:1) (Table 1). At 600 mM salt concentration, no signifi-
cant difference was found amongst the pigment contents
of the leaves greened on the used solutions. In general, the
Chl a/b and the carotenoid/Chl ratio of leaves increased in
parallel with the decrease in the Chl content. The Chl a/b
ratios were > 5 in 600 mM salt treatments expect for 600 mM
NaNOj;. Due to the very low Chl content of the samples, we
also performed fluorometric determinations, which revealed
only low amounts or traces of Chl b in these samples (not
shown).

Spectral characteristics of leaves

After 16 h of illumination, 77 K fluorescence emission spec-
tra of leaf segments treated with 300 PEG and 600 PEG
were similar to the control (Hoagland) and characteristic
to green leaves showing maxima at around 685, 695, and
740 nm (Lamb et al. 2018) (Fig. 1a, Table S1). Whilst the
spectra of leaves greened with 300 mM KCI were similar to
those greened on Hoagland solution, the relative intensity
of the short-wavelength bands was higher in samples treated
with 300 mM NaCl (Fig. 1b) referring to less well-organised
photosystems. The 300 mM CaCl,-treated leaf segments had
much lower Chl content than the above-mentioned ones,
their spectra differed from those treated with 300 mM NaCl
(compare Fig. 1b and c). The leaves treated with 600 mM
KClI and 600 mM KNO; also showed the fluorescence bands
characteristic for green leaves, but with increased fluores-
cence in the short-wavelength region, and a small shoulder at
720 nm (Fig. 1c). The long-to-short-wavelength fluorescence
emission ratio of the spectra of KNO;-treated samples was
higher than in those treated with KCl, i.e. the nitrate anion
had a more favourable effect on thylakoid development.

@ Springer
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Table 1 Average pigment

o Chla+b Chl a/b Car Car/Chl

COHlpOSl 10Nns \le ! standar |J-g g—l FM pg g—l FM

error values of etiolated wheat

(Triticum aestivum L. cv. My Hoagland 515.90+21.60  3.95+0.06° 173.00+5.49° 0.35+£0.01°

Béres) leaf segments floated on 533 g 4221044682 41740089  16840+1221% 0414003

various solutions for 1.5 h in the ) ] \ )

dark and then greened for 16 h 600 PEG 310.60+£22.22%¢  428+0.18°  126.50+8.13% 0.43+0.01%

on the same solution 300 mM KClI 327.50+29.05% 44340.15%  160.90+6.012%¢ 0.510.03%¢
300 mM NaCl 302.00+ 15.99% 44440.14%  153.90+10.01°*%  0.48+0.03*
300 mM CaCl, 99.83+22.34™  5.06+0.35"  115.10+6.47"" 1.74 £ 0.44%f
600 mM KNO, 27.26+5.27™ 8.15+0.59" 105.30+7.95" 4.77+1.01¢%
600 mM KCl 25.32+5.14%4 5.48 +0.74% 96.51 +3.93¢ 4.97 +0.85%
600 mM NaNO; 13.13+0.77¢ 3.99+0.73%¢ 96.03 + 6.80°f 6.90+0.31¢
600 mM NaCl 16.63+1.35% 6.94+0.62 106.90 +3.09° 6.53 +0.63°'
600 mM NaCl:KClI (1:1) 19.86+3.84<4 6.06 +0.46% 102.20+8.324 4.15+0.55¢

Applied solutions: Hoagland, 600 PEG, 300 PEG, 300 mM NaCl, 300 mM KClI, 300 mM CaCl,, 600 mM
KNO;, 600 mM NaNO;, 600 mM KCI, 600 mM NaCl, and 600 mM NaCL:KCl (1:1). FM—fresh mass,
Chl—chlorophyll, Car—carotenoids. Car/Chl is the ratio of the total Car values and the total Chl a+b
values for each sample, used to estimate the greening stage of the sample. Mean values with standard errors
are provided. Different letters indicate statistically significant differences between the samples accord-
ing to Kruskal-Wallis non-parametric ANOVA followed by Dunn’s multiple comparisons test (P <0.05)

(n=3-19)
1.2 1.2
Hoagland oo 300PEG ~ ----- 600 PEG Hoagland oo 300 mM KCI - - = 300 mM Nacl

—_ (742 nm) (742 nm) (742 nm) —_ (742 nm) (743,5 nm) (740,5 nm)
= 1t = 1t 3

[ [ Q

= <=

c c

S o3 | L osf

w "

2 o

£ £

@ 06 - @ 06

3 ]

g 5

9 04 1 Q 04r

[ ]

= =

o o

202t =2 02

o [

0 . . . \ , \ 0 = , , .
640 660 680 700 720 740 760 780 640 660 680 700 720 740 760 780
Wavelength (nm) d Wavelength (nm)
1.2 1.2
——600 MM KCI  -eoeeeeee 300 mM CaCl2 -+ = 600 mM KNO3 —— 600 mM NaCl ++- 600 MM NaNO3 ~ ----- 600 mM NaCl:KCl (1:1)

- (682,5 nm) (741 nm) (684,5 nm) T; N (679 nm) (680 nm) (680 nm)

g : < \

\

g 9 ‘\

g 2 08 \“

2 £ 1

£ ] 1

o g 0.6 | 3

3 £

c @

3 2 04l \:

z g0

< o i ..

o ] ’I \\~ ...........

3 w o2t SRR

'S

T
H \ \ \ 0 \ . . .
640 660 680 740 760 780 640 660 680 740 760 780

700 720
Wavelength (nm)

Fig.1 Normalised and averaged 77 K fluorescence emission spectra
of etiolated wheat (Triticum aestivum L. cv. Mv. Béres) leaf segments
floated on various solutions for 1.5 h in the dark and then greened for
16 h on the same solution. Applied solutions: Hoagland, 300 PEG,

600 PEG (a), Hoagland, 300 mM KCl, 300 mM NacCl (b), 300 mM
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700 720
Wavelength (nm)

CaCl,, 600 mM KCI, 600 mM KNO; (¢), 600 mM NaCl, 600 mM
NaNO;, 600 mM NaCl:KClI (1:1) (d). Excitation wavelength: 440 nm.
The positions of the fluorescence emission maxima of the spectra are
also indicated in parenthesis for all treatments (n=11-44)
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Summing up, the spectra of leaves treated with 600 mM
KCI or KNO3, 300 mM NaCl or CaCl, showed intermediate
characteristics and partial greening (Fig. 1b and c), i.e. the
fluorescence of the Chl-protein complexes characteristic for
PSI and PSII appeared already, but their intensities differed
from that observed in leaves greened on Hoagland solution.

In contrast, in samples treated with 600 mM NaCl:KCl
(1:1), 600 mM NaCl, and 600 mM NaNO; solutions (Fig. 1d),
the leaf segments remained yellow and their fluorescence
emission maximum could be observed at approx. 680 nm.

Quantitative comparison of the ratios of the short- and
long-wavelength emission maxima of the spectra of the dif-
ferent samples (Table S1) indicated significant increase in
the non-greening samples with low Chl contents.

As the Chl contents (Table 1) and recorded 77 K fluo-
rescence emission spectra (Fig. 1, Table S1) indicated clear
differences in the greening stage of samples treated with the
different solutions, we also wanted to compare the organisa-
tion of Chl-protein complexes in the thylakoid membranes,
and plastid ultrastructure in the leaves treated with different
solutions.

Organisation of Chl-protein complexes

The Chl-protein complexes in the thylakoid membranes
were studied by BN PAGE. This method retains the native
forms and interactions of the complexes (Schigger and von
Jagow 1991; Kiigler et al. 1997). The bands in BN PAGE

a b
600 300 300 300 BN PAGE
H PEG H NaCl Kdci PEG
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Fig.2 Thylakoid complexes present in the wheat (Triticum aestivum
L. cv. Mv Béres) leaf segments floated on various solutions for 1.5 h
in the dark and then greened for 16 h on the same solution. Applied
solutions: Hoagland, 600 PEG, 300 PEG, 300 mM NaCl, 300 mM
KCI. a Thylakoids (250 ug Chl ml~!; ug protein ug~' Chl~ 10) were
solubilised using 2% n-dodecyl-f-D-maltoside plus 1% digitonin
and separated in 4.5-12% BN gel gradient. PS, photosystem; LHC,
Lhc—Ilight-harvesting complex; LHCII-a—LHCII-assembly: CP29-
CP24-LHCII trimer; mc, megacomplex; s, supercomplex; t, trimer; d,

PSll-s

PSll-d  PSIl-m LHCIl-a

LHCII-t

Lhc-m

dimer; m, monomer; Cyt b/f-d, cytochrome bf complex; ATPs, ATP
synthase; C, core complex of PSII; S and M, strongly and moderately
bound LHCII trimers, respectively. b 2D BN/SDS-PAGE of 300 PEG
sample. Standard proteins: PageRuler™ Plus Prestained Protein Lad-
der (ThermoFisher Scientific 26,619, Lot #00803392). ¢ Distribution
of leaf Chl content amongst the complexes. Error bars represent SD
values (n=3-20). Different letters indicate statistically significant dif-
ferences between the samples according to 1-way ANOVA followed
by Tukey’s multiple comparisons test (P <0.05)
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patterns of wheat thylakoids (Fig. 2a) were identified as PSI,
PSII, light-harvesting complexes (LHC, Lhc), cytochrome
bg/f (Cyt b/f) and ATP synthase complexes in different
assembly forms according to their polypeptide patterns
(Fig. 2b) identified in Basa et al. (2014).

Greening of the etiolated wheat leaf segments was
affected variously by the treatments. As it was mentioned
earlier, 600 mM NaCL:KCl (1:1) treatment arrested greening
totally, so thylakoid composition could be hardly studied.
Mainly ATP synthase and Cyt b/f complexes were distin-
guishable in the isolated thylakoids (Fig. S1) like in pea
etioplasts (Kanervo et al. 2008).

Amongst the PEG and 300 mM salt treatments, par-
tial hindrance of greening was only induced by 600 PEG,
where the accumulation of PSII, especially its oligomeric
states (PSII-s) and LHCII were more retarded than that
of PSI reaching 44%, 55%, and 77% of the control values
obtained in samples greened on Hoagland solution, respec-
tively (Fig. 2c). Compared to the Chl-containing complexes,
the amount of the Cyt b/f complex was higher in the less
developed 600 PEG thylakoids than in samples greened on
Hoagland (Fig. S2). The effects of other treatments on thyla-
koid biogenesis were moderate (Fig. S2). The accumulation
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Fig.3 Ratios of thylakoid complexes and distribution amongst their
assembly forms in the wheat (Triticum aestivum L. cv. Mv Béres) leaf
segments floated on various solutions for 1.5 h in the dark and then
greened for 16 h on the same solution. Applied solutions: Hoagland,
600 PEG, 300 PEG, 300 mM NaCl, 300 mM KCIl. a Characteristic
ratios of the main Chl-containing complexes calculated as the sum
of PSI and PSII bands in the 1st-dimensional BN PAGE patterns, i.e.
they contain the core complexes together with their antennae (Sarvari
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of PSI and PSII was more sensitive to 300 mM salts than to
300 PEG, whilst that of the light-harvesting complexes was
similarly retarded by all these treatments. The accumulation
of PSII was a little more negatively influenced by NaCl than
KCI at 300 mM concentration.

Regarding the general organisation of thylakoids, the PSI/
PSII ratio (including core complexes and their antennae) only
increased by the 600 PEG treatment, whilst the LHCII/PSII
ratio was a little lower and higher in 600 PEG and 300 mM
NaCl compared to the Hoagland treatment, respectively
(Fig. 3a). The distribution of complexes amongst their dif-
ferent assembly forms was similar in the different treat-
ments except for 600 PEG (Fig. 3b—d). We could not see any
influence of the treatments on the PSI forms. However, this
methodology was not optimised to retain megacomplexes, so
we could not determine the amounts of PSI-PSII megacom-
plexes (Jarvi et al. 2011). We only suppose that the amount of
PSI-LHCII—very sensitive to solubilisation with n-dodecyl-
p-D-maltoside even in the presence of 1% digitonin (Sarvéri
et al. 2022)—was proportional to its original amount. At the
same time, the PSII supercomplex formation was retarded by
600 PEG treatment and the amount of CP43-less PSII was
also the highest in 600 PEG treated leaves (see also Fig. S2).
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et al. 2022). Distribution of PSI (b), PSII (¢), and LHCII complexes (d)
amongst their different assembly forms calculated from the 1st-dimen-
sional BN PAGE (PSI) and the 2nd-dimensional SDS-PAGE patterns
(PSII, LHCII), respectively. Error bars represent SD values. Different
letters indicate statistically significant differences between the samples
according to 1-way ANOVA followed by Tukey’s multiple compari-
sons test or according to Kruskal-Wallis non-parametric ANOVA fol-
lowed by Dunn’s multiple comparisons test (P <0.05) (n=4-14)
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Photosynthetic activity

OJIP curves show the course of fast Chl-a fluorescence tran-
sients and can be used to characterise linear electron trans-
port. The phases of the curve show the closing of PSII. In
dark-adapted leaves, the O point represents the state where
all reaction centres of PSII (P680) are ready to accept exci-
tons (PSII open state). The O-J phase shows the reduction
of Q4 to Q,~. The intermediate phase between J and I point
characterises the filling of the plastoquinone pool (electron
transport to PQ, PC, Cyt b/f etc.). The final point (P) shows
the closed state of PSII where all the plastoquinone (PQ)
molecules are reduced to PQH, (Strasser and Govindjee
1992; Strasser and Srivastava 1995; Strasser et al. 2004;
Kiipper et al. 2019).

Greening of the leaf segments, and typical OJIP curves
was observed in the following samples: Hoagland, 300
and 600 PEG, 300 mM NaCl, 300 mM KCl, 600 mM KCl,
600 mM KNO;, and 300 mM CaCl, solutions (Fig. 4a, b).
In samples which showed no accumulation of the photosyn-
thetic Chl-protein complexes (Fig. 1d), no photosynthetic
activity could be recorded (not shown). In the case of 300
and 600 PEG, as well as in samples treated with 300 mM
NaCl and 300 mM KCI solutions, the course of the OJIP
curve was the same as in the control (Hoagland) (Fig. 4a)
but 300 mM CacCl,, 600 mM KCl, and KNO; curves were
modified a lot in the J-I-P fragment (Fig. 4b). In the plants
treated with 600 mM KCl, the J point was higher than in all
other treatments. In the case of 300 mM CaCl, and 600 mM
KNOj; treatments, the photochemical O-J phase is similar
to that in the control (Hoagland) plants.

The Q, dark parameter characterises the maximal quan-
tum efficiency of the PSII after 20 min of dark adaptation,
whilst Q, light expresses the actual quantum efficiency of
PSII as measured in the light-adapted state. In the case of
600 mM NaCl:KCl, 600 mM NaCl, and 600 mM NaNO,
samples, in which the Chl-protein complexes of the photo-
synthetic apparatus were not formed (Fig. 1d), the observed
values are close to zero (Table S2, Fig. 5).

In the samples treated with 600 PEG, 300 PEG,
300 mM NacCl, and 300 mM KCIl, we observed similar
values than in the control samples greened on Hoagland
solution. In the case of the samples treated with 600 mM
KNO; or 600 mM KCl, as well as 300 mM CaCl, solu-
tions, the parameters characterising the activity of PSII
showed intermediate values (Table S2, Fig. 5). We did
not observe large differences between the Qy light and Qy
dark values measured for the same samples, which could
be explained by the fact that due to the light-sensitivity
and potential photo-oxidation of the developing photosyn-
thetic apparatus and its Chl contents (Hideg et al. 2010),
only relatively low-light values were used for light adapta-
tion of the samples and also for the measurements.

Plastid ultrastructure

As aresult of light treatment in the control (Hoagland) and
PEG-treated leaf segments (both in 300 PEG and 600 PEG),
etioplast-to-chloroplast transformation proceeded normally
(Fig. 5a—c) similarly to literature data (Abdelkader et al.
2007a). Elongated young chloroplasts with grana contain-
ing 2-3 thylakoid layers on average were observed in these
leaves. Samples treated with PEG had a slightly more elec-
tron-dense stroma than the samples greened on Hoagland.
Similar chloroplast ultrastructure was observed in the sam-
ples floated on 300 mM KCI during greening, with some-
times clusters of plastoglobuli indicating the previous pres-
ence of the PLB (Fig. 6d).

In the case of samples which showed partial greening
(Table 1, Fig. 7), such as 300 mM NaCl, 300 mM CaCl,,
600 mM KNO;, or 600 mM KClI solutions, the etioplast-to-
chloroplast transformation also proceeded, although was
not completed within 16 h. Remnants of PLBs intercon-
nected with grana and stroma thylakoids of the developing
so-called etio-chloroplasts were present in these samples
with the exception of CaCl, (Fig. 7). It is important to
note, that granum development proceeded the most in the
samples treated with 300 mM NaCl (Fig. 7a), in line with
the fluorescence emission spectra (Fig. 1), and the pres-
ence of the Chl-protein complexes of the photosynthetic
apparatus (Figs. 2, 3). In the samples greened in the pres-
ence of 300 mM CacCl,, no PLBs were observed (Fig. 7b)
and their spectral characteristics resembled those of green
leaves (Fig. 1b), but granum development was somewhat
hindered, especially when compared with samples treated
with 300 mM NaCl. The PLBs were retained in samples
treated with 600 mM KNO; and 600 mM KCl (Fig. 7c-d),
but in accordance with their low Chl content (Table 1), no
granum formation was observed in these samples.

In samples treated with 600 mM NaCl:KCl, 600 mM
NaCl or 600 mM NaNOj;, Chl synthesis (Table 1) and
the formation of the Chl-protein complexes (Fig. 1) were
strongly hindered, the transition of the etioplasts to chloro-
plasts was also fully inhibited (Fig. 8a—d). In these cases,
we usually observed PLB remnants inside the plastids,
extensive and typical swelling of the (pro)thylakoid lumen
resembling that observed in leaf segments treated with
600 mM NaCl:KCl for 4 h in the dark (Abdelkader et al.
2007a).

Discussion

Wheat is one of the most important crops cultivated world-
wide. It is therefore of crucial importance to understand
how soil salinity affects its growth. In this respect, most
studies compare seedling growth, photosynthetic parameters
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Fig.4 Fast chlorophyll a fluorescence OJIP transients of the wheat
(Triticum aestivum L. cv. Mv Béres) leaf segments floated on various
solutions for 1.5 h in the dark and then greened for 16 h on the same
solution. Applied solutions: Hoagland, 600 PEG, 300 PEG, 300 mM

or grain yields and quality of the various wheat cultivars
of germinating seedlings or plants treated by salt stress
via the roots (Munns et al. 2012; Janda et al. 2016; Darko
et al. 2019). In the present work, we have investigated a

@ Springer

NaCl, 300 mM KCl (a), Hoagland, 300 mM CaCl,, 600 mM KNO;,
600 mM KCI (b). Plants were dark-adapted for 20 min before the
OJIP transients were recorded, and the transients were double nor-
malised to Fy and F | and then averaged (n=10-17)

salt-sensitive Hungarian wheat cultivar (Janda et al. 2016;
Darko et al. 2019), but we were interested about how and
whether osmotic stress and various ions affect the green-
ing, e.g. the etioplast-to-chloroplast transformation in wheat
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Fig.5 The maximal (Qy dark) and actual (Qy light) quantum effi-
ciency of PS II of the wheat (Triticum aestivum L. cv. Mv Béres) leaf
segments floated on various solutions for 1.5 h in the dark and then
greened for 16 h on the same solution. Applied solutions: Hoagland,
600 PEG, 300 PEG, 600 mM NaCl:KCI (1:1), 300 mM NaCl,
600 mM NaCl, 300 mM KCl, 600 mM KCI, 300 mM CaCl,, 600 mM

leaves in case the latter are directly exposed to soil salinity.
This question may be environmentally relevant as wheat
seeds are sown deep in the soil, where they are etiolated in
the first few days of their development, and only start green-
ing when they reach the soil surface.

Earlier data indicated that the greening of wheat leaf
segments was inhibited and the intrathylakoid space of the
prothylakoids of etioplasts showed unusual dilatation and
swelling when the leaves were pretreated for 1.5 h in the
dark by floating on 600 mM NaCl:KCl1 (1:1), and were then
illuminated in the same solution for 8 h with relatively low-
light intensities (50 pmol photons m~2 s~") (Abdelkader et al.
2007a). However, it was unclear (1) whether the observed
changes were associated with the high osmolarity and thus
the osmotic stress caused by the above salt solution, or by its
ionic effects, e.g. direct toxicity of the added ions (K*, Na*,
or Cl7), and (2) in the latter case, by which ion(s). Therefore,
we used non-ionic iso-osmotic solutions of PEG to decipher
the osmotic component of the applied salt stress treatment,
and also investigated the effect of various salt solutions on
the Chl accumulation and greening of etiolated leaf segments
greened for 16 h under the same conditions. For practical rea-
sons, in this work, we used a Hungarian salt-sensitive wheat
cultivar (Mv Béres) instead of the salt-sensitive Giza 168
wheat cultivar described earlier (Abdelkader et al. 2007a).

Treatments with isosmotic 300 or 600 PEG induced only
mild and moderate effects on thylakoid and plastid devel-
opment. Chl accumulation was reduced only moderately
(Table 1), the photosynthetic activity (OJIP curves and Qy
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KNO;, 600 mM NaNOj;. Plants were dark-adapted for 20 min before
the Qy dark data were recorded. Error bars represent standard error.
Different letters indicate statistically significant differences between
the samples according to Kruskal-Wallis non-parametric ANOVA
followed by Dunn’s multiple comparisons test (P <0.05) (Qy dark,
n=10-20; Qy light, n=10-33)

parameters, Figs. 4, 5) and the etio-chloroplast structure
were similar to the Hoagland treated samples (Fig. 6). How-
ever, the greening process was a little slowed down in 600
PEG samples containing less PSII-s and LHCII and more
CP43-less PSII compared to the control (Figs. 2, 3, S2).
The high amount of CP43-less PSII may either represent a
more intense PSII biogenesis (Rokka et al. 2005) or higher
repair processes of PSII (Aro et al. 2005) in these samples.
A similar tendency was observed with the photosynthetic
activity measurements (Figs. 4, 5), which indicated that
the osmotic component of the applied salt stress as well as
low-concentration ion treatments have no significant effect
on the physiological parameters of the leaves (Darko et al.
2019) even though the protein composition of the photosyn-
thetic apparatus was slightly altered by the above treatments
(Figs. 2, 3). In spite of the above-mentioned differences in
thylakoid composition, these leaves showed 77 K fluores-
cence emission spectra similar to those samples treated on
Hoagland (Fig. 1). This may be connected with the fact that
the stage of thylakoid development has gone to the second
phase: after the early integrated core complexes assembled
with their antennae in the first phase, total complexes were
built in the thylakoids in the second phase of greening (Kan-
ervo et al. 2008; Rudowska et al. 2012). Also, in samples
treated with 300 or 600 PEG, etioplast-to-chloroplast trans-
formation proceeded similarly to the control (Fig. 6). On
the basis of these results, we may conclude that the osmotic
component does not seem to be very harmful to etioplasts
and the greening process of wheat seedlings.
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Fig.6 Typical plastid ultrastructure after 1.5 h dark pretreatment followed by 16 h greening of wheat (Triticum aestivum L. cv. Mv. Béres) leaf
segments floating on different solutions: Hoagland (a), 600 PEG (b), 300 PEG (c), 300 mM KCI (d). Bar=1 pm

In contrast to PEG, the salt stress treatment, i.e. the syn-
ergetic effects of osmotic and ionic stress, seem to have a
detrimental effect even when salts are applied in relatively
low concentration. Though low concentration treatment
with two essential nutrient ions (300 mM KCI, K* being a
macronutrient and CI™ a micronutrient) had almost no effect
on the observed processes, 300 mM NaCl, 300 mM CaCl,,
600 mM KCl, and 600 mM KNO; treatments slowed down
the greening process to different extent when compared with
the control (Hoagland) samples. However, when high-con-
centration sodium containing salt solutions (600 mM NaCl,
600 mM NaNO;, 600 mM NaCl:KCl1 1:1) were applied, the
etioplast-to-chloroplast transformation was fully inhibited.

@ Springer

In leaf segments treated with 300 mM KCI or 300 mM
NaCl, Chl synthesis was mildly or moderately inhib-
ited (Chl a/b hardly changed) (Table 1), small grana and
stroma thylakoid lamellae developed (Figs. 6d, 7a). Their
77 K fluorescence emission spectra showed the presence
of the Chl-protein complexes of green leaves (Fig. 1), and
their photosynthetic activity was similar to control samples
greened in Hoagland solution (Figs. 4, 5). These leaf seg-
ments contained somewhat reduced amounts of PSI, PSII,
and LHCII (Figs. 2, 3, S2) similarly to literature data of salt-
treated green or developing plants (Srivastava and Sharma
2021; Zhu et al. 2021; Dhokne et al. 2022). The inhibition
of PSII repair may contribute to the PSII decline as it was
shown in salt-stressed cyanobacteria (Allakhaverdiev et al.
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Fig.7 Typical plastid ultrastructure after 1.5 h dark pretreatment followed by 16 h greening of wheat (Triticum aestivum L. Cv. Mv. Béres) leaf
segments floating on different solutions: 300 mM NaCl (a), 300 mM CaCl, (b), 600 mM KNO; (c), 600 mM KClI (d). Bar=1 pm

2002). It is also noteworthy that the ratio of the short- and
long-wavelength fluorescence band was affected by 300 mM
NaCl treatments (Table S1), whilst the ratio of PSII to PSI
did not change significantly. This might indicate that salt
treatment abolishes energy spillover from PSII to PSI as
reported in the literature (Grieco et al. 2015; Kim et al.
2023).

Samples treated with 300 mM CaCl,, 600 mM KCI and
600 mM KNO; represent an intermediate stage of thylakoid
development. In the latter samples, similarly to those treated
with 300 mM NacCl, PLBs persist even after 16 h of green-
ing (Fig. 7). These samples showed low Chl content and a
Chl a/b ratio higher than the control (Table 1) indicating
some differences in the accumulation of Chl a and Chl b
in these samples. Though salt stress is assumed to restrain
individual steps of porphyrin formation, thereby inhibiting
the accumulation of Chl (Abdelkader et al. 2007b), the lower
accumulation of Chl b is probably due to the fact that the

accumulation of the Chl a-containing core complexes pre-
cedes those of the Chl a and b containing antennae (Kanervo
et al. 2008; Rudowska et al. 2012). Similarly, studies deal-
ing with chlorina mutants of wheat confirmed that lowered
Chl synthesis leads to selective decrease in Chl b contents
(Falbel et al. 1996; Zivcak et al. 2019).

77 K fluorescence emission properties (Fig. 1), photo-
synthetic activity (Fig. 4b), and plastid structure (Fig. 7)
of 600 mM KCl, and 600 mM KNO;, and 300 mM CaCl,
treatments refer to some thylakoid development, but the
thylakoid complex composition of these samples was not
investigated due to their low Chl content (Table 1). Their
intermediate fluorescence emission spectra (Fig. 1) were
similar to those observed in primary leaves of bean at the
end of the first light period of their development (Schoefs
and Franck 2008), and in the leaf primordia of various buds
(Solymosi and Boddi 2006; Solymosi et al. 2012). As the
greening progresses in leaves, a decrease in the ratio of the
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Fig.8 Typical plastid ultrastructure after 1.5 h dark pretreat-
ment followed by 16 h greening of wheat (Triticum aestivum L. Cv.
Mv. Béres) leaf segments floating on different solutions: 600 mM

short- to the long-wavelength Chl bands is observed (Hak
et al. 1990). In addition, in the spectra of these samples, a
shoulder at 720 nm was evident (Fig. 1c¢), which may arise
from the presence of PSI core complexes, in addition to the
main fluorescence band at around 740 nm originating from
PSI complexes with bound antennae (PSI-LHCI) (Mullet
et al. 1980; Kalaji et al. 2017). This may indicate, that at
this early phases of the differentiation of the photosynthetic
machinery, a surplus of core complexes is present, which is
not necessarily associated with LHCI.

Concerning photosynthetic activity, when compared with
samples greened in Hoagland solution, the J-I phase of the
OJIP curves of these intermediately greened samples is flat-
ter, especially for 600 mM KCI and 300 mM CaCl,, which
may mean that either the Q, to Qp electron transfer is less
efficient, or electron flow to PSI and PSI acceptors is more
efficient in these samples. In these samples, points J and P
were reached later, the P680 system reached the closed state
(P) in general later (Phi_Pav =t =time to reach the maxi-
mal fluorescence intensity) (Table S2). Similar observations
were made under short-term salt treatment in Arabidopsis
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NaCl:KClI (1:1) (a), 600 mM NaCl (b), 600 mM NaNO; (c—d). d The
characteristic swelling observed in all samples. Bar=1 pm (a—c) and
0.5 pm (d)

(Dukic et al. 2019), and may indicate important differences
in the filling of the plastoquinone pool.

In samples with the lowest Chl concentrations, Chl bio-
synthesis was significantly inhibited as described earlier
in a different wheat variety in case of 600 mM NaCl:KCl
(1:1) treatment (Abdelkader et al. 2007a, b). The amount
of the newly formed Chl was in the range of Pchlide and
other Chl biosynthesis precursors present in the leaves. In
the spectra of such leaves (Fig. 1d), the fluorescence emis-
sion maximum was at around 680 nm, which was similar
to the band that appears after the phototransformation of
Pchlide followed by the Shibata shift (Smeller et al. 2003).
Alternatively, fluorescence emission at 680 nm may arise
from free LHCII monomers and trimers which cannot trans-
fer their energy to PSII (Kalaji et al. 2017). However, ATP
synthase and Cyt b/f complexes were detected in the isolated
thylakoids (Fig. S1) but Chl-protein complexes could not be
isolated in distinguishable amounts by gel electrophoresis
similarly to data in etioplasts or other samples at the begin-
ning of greening (Mysliwa-Kurdziel et al. 1997; Kanervo
et al. 2008). Furthermore, the photosynthetic activity (Qy
data, Fig. 5, Table S2) was close to zero in these samples.
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Photosynthetic activity (of PSII) can be detected in etio-
lated wheat leaves within approx. 4 h after greening starts
(Kanervo et al. 2008), but in our samples, the development
of the Chl-protein complexes of the photosynthetic appa-
ratus was probably very strongly inhibited by salt stress as
observed in Abdelkader et al. (2007a). Therefore, although
we cannot determine the exact origin of the fluorescence
of the 680 nm band in these samples, our results indicate
that it is rather associated with Chlide bound to LPOR than
arising from LHCII. The data indicate that only the trans-
formation of Pchlide to Chl could proceed in these plants,
and no further development of the photosynthetic apparatus
was observed. Thus, we may speculate that high concen-
trations of Na™ (and maybe CI~ ions) stabilise the protein
conformation of the LPOR enzyme (Hani et al. 2019) or the
plastid inner membranes as shown for instance for grana in
chloroplasts (Unnep et al. 2014) or inhibit the release of the
Chl(ide) bound to LPOR. Cryo-electron microscopic inves-
tigations have shown that the PLB structure is stabilised by
the presence of LPOR bound to its outer surface in helically
arranged oligomers (Floris and Kiihlbrandt 2021). There-
fore, the potential effect of NaCl on the hydrophilic-hydro-
phobic protein interactions, especially of the stroma-exposed
regions of LPOR may contribute to the preservation of the
PLB structure and the inhibition of the next steps of green-
ing and the overall Chl synthesis (Fig. 8a, b).

Although the impact of 300 mM NacCl or KClI treatment
was surprisingly mild, indicating that wheat leaves indeed
have a relatively strong salt tolerance under our experimental
conditions, applying the salts together (600 mM NaCl:KCl
1:1) resulted in similarly detrimental effects, i.e. swelling
of the intrathylakoid space, as after 600 mM Na™ treatment.
This may refer to the fact that the effect of salt stress should
be rather examined quantitatively (e.g. in the context of
the applied concentrations), than in the qualitative context
(comparing the effects of various ions). Therefore, we can-
not exclude that at higher osmolarity values or at higher
applied salt (e.g. KCI, KNO; or CaCl,) concentrations, simi-
lar alterations would appear.

The retardation of PLB transformation and thylakoid
development under salt stress may be related to the impact
of salinity on the biosynthesis of the pigment, protein and/
or lipid components of the latter, which are strongly interre-
lated in thylakoid biogenesis (Kanervo et al. 2008; Solymosi
and Aronsson 2013; Solymosi and Mysliwa-Kurdziel 2021).
In the case of CaCl, and the K™ treatments (300 mM KCl,
600 mM KCI and KNO3), probably the membrane protecting
and Na* homeostasis regulating effects of Ca>* (Lachmann
and Kesselmeier 1989; Marschner 1995; Yang et al. 2019)
and the potential restoration of the Na*-induced K* defi-
ciency of chloroplasts by K™ (Slabu et al. 2009; Che et al.
2023) may be responsible for the milder salt stress effects,
respectively. Literature data reported that CaCl, stabilises

PLB structure during greening (Lachmann and Kesselmeier
1989). However, those experiments were performed in vitro
on isolated oat PLBs and etioplasts, and the used concentra-
tions were much lower than in our case (up to 20 or 50 mM).
PLB and etioplast isolation is performed in various buffered
and ionic solutions; therefore, results obtained in such iso-
lated, in vitro systems might not be comparable with the
used experimental setup in this work.

Our data indicated that the observed strong inhibition of
Chl accumulation and etioplast-to-chloroplast transforma-
tion in leaf samples treated with 600 mM NaCl, NaNO; and
NaClL:KCI (1:1) solutions were not related to the osmotic
component of the applied salt stress, because in the isos-
motic 600 PEG solution, chloroplast development occurred
similarly to the control (Hoagland) sample (Fig. 5a and b).
This led us to the conclusion that the swelling is induced
by the specific ionic component of the applied salt solu-
tions. As our original observation was carried out in a com-
plex solution containing 300 mM NaCl and 300 mM KCI
(Abdelkader et al. 2007a), we wanted to elucidate whether
Na*, K*, or CI~ or a combination of these was responsible
for the observed ultrastructural changes. Our data showed
that swelling occurred in samples floated on 600 mM NaCl
or NaNO; (Fig. 8b and c), but was absent in samples con-
taining 600 mM KC1 or KNO;, 300 mM CacCl, (Fig. 7b—d),
and 300 mM NaCl (Fig. 7a) or KClI (Fig. 6d) suggesting that
the peculiar swelling of the (pro)thylakoid lumen is observed
in samples containing Na™ as cation at relatively high salt
concentrations (600 mM) or in the presence of other ions
(600 mM NaCl:KCl, 1:1), in the case of which the synergetic
effect of the various ions should be also considered. Inter-
estingly, a similar phenomenon was observed in the inner
mitochondrial membrane, in which Na*/H* antiporter activ-
ity was suggested to be responsible for the selective swelling
caused by Na*, but not by K* (Bernardi 1999).

Numerous ion channels, transporters and ion pumps
located in the plastid envelope and in the thylakoid mem-
branes are responsible for the ion homeostasis of these orga-
nelles (Szabd and Spetea 2017). In the context of this work,
cations may be transported across the thylakoids by several
components, from which few are already characterised: a
moderately voltage-dependent non-selective cation chan-
nel (Pottosin and Schonknecht 1996), a K*/H* exchanger
(KEA3) (Kunz et al. 2014; Dukic et al. 2019) or a Na*/
H" exchanger (NHD1) (Tomizioli et al. 2014). In addition,
voltage-gated chloride channels (VCCN1 and VCCN2) and
a member of the C1™ channel CLC family (CLCe) may be
responsible for chloride transport (Herdean et al. 2016a, b).
The above ion transport components play an important role
in the maintenance of chloroplast structure and function
under natural conditions, including the maintenance of the
proton motive force under fluctuating light conditions (Kunz
et al. 2014; Herdean et al. 2016b, a; Dukic et al. 2019). It
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might be possible that accumulation of CI™ in the lumen
is responsible for the swelling of the intrathylakoid space,
whilst the influx of Na* or K* from the lumen to the stroma
causes shrinkage (Pottosin and Shabala 2016). However,
further investigations would be necessary to decipher the
presence and the activity of these ion transport components
in the prothylakoids of etiolated wheat leaf etioplasts, and
their potential involvement in the swelling induced by excess
Na™* ions.

Conclusions

As the 300 and 600 isosmotic PEG treatments only had
slight and moderate impacts on the development of the
photosynthetic apparatus and etioplast—chloroplast tran-
sition, the major effects of salt stress observed during the
early stage of greening (swelling of the prothylakoid lumen,
inhibition of Chl accumulation, of etioplast-to-chloroplast
transformation, and of the development of the photosyn-
thetic apparatus) can be attributed to specific ionic inter-
actions depending on the used cations, their concentration,
and the accompanying anions. High concentration of neither
K* (600 mM) nor Ca>* (300 mM), but Na* (600 mM) had
the most detrimental effect on the greening process and on
etioplast structure. Also, under our experimental conditions,
the typical swelling of the (pro)thylakoid lumen was strongly
associated with the presence of high concentrations of Na*
ions, possibly indicating altered ion transport and homeo-
stasis of these membranes. Regarding the anions, NO;™ had
a more favourable effect on thylakoid development than C1™.

In a broader sense, our data may indicate that in com-
parison with the other ions used in this work, KCl or CaCl,,
especially when applied in low concentrations, might repre-
sent environmentally friendly alternatives for salting roads.
They do not affect or only mildly influence, respectively, the
structure and the function of etioplasts of seedlings germi-
nating in the soil, as well as their greening process once they
reached the soil surface.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00425-023-04255-4.

Acknowledgements The authors are grateful to Csilla Gergely and
Gyorgyi Balogh (ELTE Eo6tvos Lorand University) for their highly
skillful technical assistance with electron microscopic sample prepa-
ration and gel electrophoresis. We would like to thank Gusztav Schay
(Semmelweis University) and Ferenc Agh (Semmelweis University)
for advice on statistical analyses and pigment content analyses, respec-
tively. We are grateful to Sandor Lenk (Budapest University of Tech-
nology and Economics) for his valuable discussion about Chl fluores-
cence induction measurements. This work was financed by the OTKA
FK 124728 research grant of the National Research, Development and
Innovation Office (NRDIO). K.S. would like to thank the support from
Bolyai Janos Research Scholarship of the Hungarian Academy of Sci-
ences, and from the UNKP-22-5 New National Excellence Program

@ Springer

from the source of the National Research, Development and Innovation
Fund. Both B.M-K. and K.S. are grateful for ERASMUS+ Staff Mobil-
ity for Training Scholarship to Budapest and Krakow, respectively. R.O.
is grateful to Tempus Public Fundation (Hungary) for the Stipendium
Hungaricum Ph.D. Scholarship.

Author contribution AS: methodology, validation, investigation,
data curation, visualisation related to Chl fluorescence induction,
spectroscopy, statistical analyses, roles/writing—original draft, writ-
ing—review & editing; RO: investigation (Chl fluorescence induc-
tion), writing—review & editing; AK: investigation (77 K fluorescence
spectroscopy), writing—review & editing; BM-K: investigation (77 K
fluorescence spectroscopy), writing—review & editing, resources; ES:
methodology, validation, data curation, visualisation, roles/writing—
original draft related to gel electrophoresis, writing—review & editing,
resources; KS: conceptualisation, methodology, validation, data cura-
tion related to TEM, roles/writing—original draft, writing—review
& editing, supervision, project administration, funding acquisition,
resources.

Funding Open access funding provided by Eo6tvos Lorand
University.Funding Open access funding provided by E6tvos Lorand
University.

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations

Conflict of interest The authors have no competing interests to declare
that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdelkader AF, Aronsson H, Solymosi K et al (2007a) High salt stress
induces swollen prothylakoids in dark-grown wheat and alters both
prolamellar body transformation and reformation after irradiation.
J Exp Bot 58:2553-2564. https://doi.org/10.1093/jxb/erm085

Abdelkader AF, Aronsson H, Sundqvist C (2007b) High salt stress in
wheat leaves causes retardation of chlorophyll accumulation due
to a limited rate of protochlorophyllide formation. Physiol Plant
130:157-166. https://doi.org/10.1111/§.1399-3054.2007.00885.x

Allakhaverdiev SI, Nishiyama Y, Miyairi S et al (2002) Salt stress
inhibits the repair of photodamaged photosystem II by suppressing
the transcription and translation of psbA genes in Synechocystis.
Plant Physiol 130:1443-1453. https://doi.org/10.1104/pp.011114

Armarego-Marriott T, Sandoval-Ibafiez O, Kowalewska L (2020)
Beyond the darkness: recent lessons from etiolation and


https://doi.org/10.1007/s00425-023-04255-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/jxb/erm085
https://doi.org/10.1111/j.1399-3054.2007.00885.x
https://doi.org/10.1104/pp.011114

Planta (2023) 258:102

Page 170f 18 102

de-etiolation studies. J Exp Bot 71:1215-1225. https://doi.org/
10.1093/jxb/erz496

Aro E-M, Suorsa M, Rokka A et al (2005) Dynamics of photosystem
II: a proteomic approach to thylakoid protein complexes. J Exp
Bot 56:347-356. https://doi.org/10.1093/jxb/eri041

Basa B, Lattanzio G, Solti A et al (2014) Changes induced by cadmium
stress and iron deficiency in the composition and organization of
thylakoid complexes in sugar beet (Beta vulgaris L.). Environ Exp
Bot 101:1-11. https://doi.org/10.1016/j.envexpbot.2013.12.026

Bernardi P (1999) Mitochondrial transport of cations: chan-
nels, exchangers, and permeability transition. Physiol Rev
79:1127-1155

Bjorkman O, Demmig B (1987) Photon yield of O, evolution and chlo-
rophyll fluorescence characteristics at 77 K among vascular plants
of diverse origins. Planta 170:489-504

Che Y, Fan D, Teng Z, et al (2023) Potassium alleviates over-reduc-
tion of the photosynthetic electron transport chain and helps to
maintain photosynthetic function under salt-stress. Physiol Plant
175:1-17. https://doi.org/10.1111/ppl.13981

Darko E, Végh B, Khalil R et al (2019) Metabolic responses of wheat
seedlings to osmotic stress induced by various osmolytes under
iso-osmotic conditions. PLoS ONE 14:¢0226151. https://doi.org/
10.1371/journal.pone.0226151

Dhokne K, Pandey J, Yadav RM et al (2022) Change in the photochem-
ical and structural organization of thylakoids from pea (Pisum
sativum) under salt stress. Plant Physiol Biochem 177:46-60.
https://doi.org/10.1016/j.plaphy.2022.02.004

Dukic E, Herdean A, Cheregi O et al (2019) K* and CI~ channels/
transporters independently fine-tune photosynthesis in plants. Sci
Rep 9:8639. https://doi.org/10.1038/s41598-019-44972-7

El Sabagh A, Islam MS, Skalicky M et al (2021) Salinity stress in
wheat (Triticum aestivum L.) in the changing climate: adaptation
and management strategies. Front Agron 3:1-20. https://doi.org/
10.3389/fagro.2021.661932

Falbel TG, Meehl JB, Staehelin LA (1996) Severity of mutant pheno-
type in a series of chlorophyll-deficient wheat mutants depends
on light intensity and the severity of the block in chlorophyll
synthesis. Plant Physiol 112:821-832. https://doi.org/10.1104/
pp-112.2.821

Floris D, Kiihlbrandt W (2021) Molecular landscape of etioplast inner
membranes in higher plants. Nat Plants 7:514-523. https://doi.
org/10.1038/541477-021-00896-z

Franck F, Eullaffroy P, Popovic R (1997) Formation of long-wavelength
chlorophyllide (Chlide695) is required for the assembly of photo-
system II in etiolated barley leaves. Photosynth Res 51:107-118.
https://doi.org/10.1023/A:1005767526448

Fuad N, Day DA, Ryrie 1J, Thorne SW (1983) A photosystem II light-
harvesting chlorophyll-protein complex with a high fluorescence
emission at 736 nm. Photobiochem Photobiophys 5:255-262

Grieco M, Suorsa M, Jajoo A et al (2015) Light-harvesting II antenna
trimers connect energetically the entire photosynthetic machin-
ery—including both photosystems II and i. Biochim Biophys Acta
Bioenerg 1847:607-619. https://doi.org/10.1016/j.bbabio.2015.
03.004

Hak R, Lichtenthaler HK, Rinderle U (1990) Decrease of the chloro-
phyll fluorescence ratio F690/F730 during greening and develop-
ment of leaves. Radiat Environ Biophys 29:329-336. https://doi.
org/10.1007/BF01210413

Hani FM, Cole AE, Altman E (2019) The ability of salts to stabilize
proteins in vivo or intracellularly correlates with the Hofmeister
series of ions. Int J Biochem Mol Biol 10:23-31

Herdean A, Nziengui H, Zsiros O et al (2016a) The Arabidopsis thyla-
koid chloride channel AtCLCe functions in chloride homeostasis
and regulation of photosynthetic electron transport. Front Plant
Sci 7:1-15. https://doi.org/10.3389/fpls.2016.00115

Herdean A, Teardo E, Nilsson AK et al (2016b) A voltage-dependent
chloride channel fine-tunes photosynthesis in plants. Nat Commun
7:1-11. https://doi.org/10.1038/ncomms 11654

Hideg E, Vitanyi B, Késa A, Solymosi K, Boka K, Won S, Inoue Y,
Ridge RW, Boddi B (2010) Reactive oxygen species from type-
I photosensitized reactions contribute to the light-induced wilt-
ing of dark-grown pea (Pisum sativum) epicotyls. Physiol Plant
138:485-492. https://doi.org/10.1111/§.1399-3054.2009.01329.x

Ibrahimova U, Kumari P, Yadav S et al (2021) Progress in under-
standing salt stress response in plants using biotechnological
tools. J Biotechnol 329:180-191. https://doi.org/10.1016/j.jbiot
ec.2021.02.007

Isayenkov SV, Maathuis FIM (2019) Plant salinity stress: Many
unanswered questions remain. Front Plant Sci 10:80. https://
doi.org/10.3389/fpls.2019.00080

Janda T, Darko E, Shehata S et al (2016) Salt acclimation processes
in wheat. Plant Physiol Biochem 101:68-75. https://doi.org/10.
1016/j.plaphy.2016.01.025

Jarvi S, Suorsa M, Paakkarinen V, Aro E-M (2011) Optimized native
gel systems for separation of thylakoid protein complexes: novel
super-and mega-complexes. Biochem J 439:207-214. https://
doi.org/10.1042/BJ2010215

Kakuszi A, Sarvari E, Solti A et al (2016) Light piping driven pho-
tosynthesis in the soil: low-light adapted active photosynthetic
apparatus in the under-soil hypocotyl segments of bean (Pha-
seolus vulgaris). J Photochem Photobiol B Biol 161:422-429.
https://doi.org/10.1016/j.jphotobiol.2016.06.009

Kalaji HM, Schansker G, Brestic M et al (2017) Frequently asked
questions about chlorophyll fluorescence, the sequel. Photosynth
Res 132:13-66. https://doi.org/10.1007/s11120-016-0318-y

Kanervo E, Singh M, Suorsa M et al (2008) Expression of protein
complexes and individual proteins upon transition of etioplasts
to chloroplasts in pea (Pisum sativum). Plant Cell Physiol
49:396-410. https://doi.org/10.1093/pcp/pcn016

Kim E, Yokono M, Tsugane K et al (2023) Formation of a stable
PSI-PSII megacomplex in rice that conducts energy spillover.
Plant Cell Physiol 64:858-865. https://doi.org/10.1093/pcp/
pcad037

Kowalewska L., Mazur R, Suski S et al (2016) Three-dimensional vis-
ualization of the tubular-lamellar transformation of the internal
plastid membrane network during runner bean chloroplast biogen-
esis. Plant Cell 28:875-891. https://doi.org/10.1105/tpc.15.01053

Kiigler M, Jansch L, Kruft V et al (1997) Analysis of the chloroplast
protein complexes by blue-native polyacrylamide gel electropho-
resis (BN-PAGE). Photosynth Res 53:35—44. https://doi.org/10.
1023/A:1005882406718

Kunz H-H, Gierth M, Herdean A et al (2014) Plastidial transporters
KEA1, -2, and -3 are essential for chloroplast osmoregulation,
integrity, and pH regulation in Arabidopsis. Proc Natl Acad Sci
USA 111:7480-7485. https://doi.org/10.1073/pnas.1323899111

Kiipper H, Benedikty Z, Morina F et al (2019) Analysis of OJIP chloro-
phyll fluorescence kinetics and QA reoxidation kinetics by direct
fast imaging. Plant Physiol 179:369-381. https://doi.org/10.1104/
pp-18.00953

Lachmann KU, Kesselmeier J (1989) Influence of divalent cations and
chelators on the structure of prolamellar bodies of Avena sativa.
Plant Cell Physiol 30:1081-1088. https://doi.org/10.1093/oxfor
djournals.pcp.a077848

Laemmli UK (1970) Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature 227:680-685. https://
doi.org/10.1038/227680a0

Lamb JJ, Rgkke G, Hohmann-Marriott MF (2018) Chlorophyll
fluorescence emission spectroscopy of oxygenic organisms at
77 K. Photosynthetica 56:105-124. https://doi.org/10.1007/
s11099-018-0791-y

@ Springer


https://doi.org/10.1093/jxb/erz496
https://doi.org/10.1093/jxb/erz496
https://doi.org/10.1093/jxb/eri041
https://doi.org/10.1016/j.envexpbot.2013.12.026
https://doi.org/10.1111/ppl.13981
https://doi.org/10.1371/journal.pone.0226151
https://doi.org/10.1371/journal.pone.0226151
https://doi.org/10.1016/j.plaphy.2022.02.004
https://doi.org/10.1038/s41598-019-44972-z
https://doi.org/10.3389/fagro.2021.661932
https://doi.org/10.3389/fagro.2021.661932
https://doi.org/10.1104/pp.112.2.821
https://doi.org/10.1104/pp.112.2.821
https://doi.org/10.1038/s41477-021-00896-z
https://doi.org/10.1038/s41477-021-00896-z
https://doi.org/10.1023/A:1005767526448
https://doi.org/10.1016/j.bbabio.2015.03.004
https://doi.org/10.1016/j.bbabio.2015.03.004
https://doi.org/10.1007/BF01210413
https://doi.org/10.1007/BF01210413
https://doi.org/10.3389/fpls.2016.00115
https://doi.org/10.1038/ncomms11654
https://doi.org/10.1111/j.1399-3054.2009.01329.x
https://doi.org/10.1016/j.jbiotec.2021.02.007
https://doi.org/10.1016/j.jbiotec.2021.02.007
https://doi.org/10.3389/fpls.2019.00080
https://doi.org/10.3389/fpls.2019.00080
https://doi.org/10.1016/j.plaphy.2016.01.025
https://doi.org/10.1016/j.plaphy.2016.01.025
https://doi.org/10.1042/BJ2010215
https://doi.org/10.1042/BJ2010215
https://doi.org/10.1016/j.jphotobiol.2016.06.009
https://doi.org/10.1007/s11120-016-0318-y
https://doi.org/10.1093/pcp/pcn016
https://doi.org/10.1093/pcp/pcad037
https://doi.org/10.1093/pcp/pcad037
https://doi.org/10.1105/tpc.15.01053
https://doi.org/10.1023/A:1005882406718
https://doi.org/10.1023/A:1005882406718
https://doi.org/10.1073/pnas.1323899111
https://doi.org/10.1104/pp.18.00953
https://doi.org/10.1104/pp.18.00953
https://doi.org/10.1093/oxfordjournals.pcp.a077848
https://doi.org/10.1093/oxfordjournals.pcp.a077848
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.1007/s11099-018-0791-y
https://doi.org/10.1007/s11099-018-0791-y

102 Page 180f18

Planta (2023) 258:102

Lichtenthaler HK (1987) Chlorophylls and carotenoids: pigments of
photosynthetic biomembranes. Methods Enzymol 148:350-382.
https://doi.org/10.1016/0076-6879(87)48036-1

Maathuis FJM, Ahmad I, Patishtan J (2014) Regulation of Na* fluxes
in plants. Front Plant Sci 5:467. https://doi.org/10.3389/fpls.2014.
00467

Malcolm CV, Lindley VA, O’leary JW et al (2003) Halophyte and
glycophyte salt tolerance at germination and the establishment of
halophyte shrubs in saline environments. Plant Soil 253:171-185

Marschner H (1995) Mineral nutrition of higher plants, 2nd edn. Aca-
demic Press, Hoboken

Mullet JE, Burke JJ, Arntzen CJ (1980) Chlorophyll proteins of pho-
tosystem I. Plant Physiol 65:814-822. https://doi.org/10.1104/pp.
65.5.814

Munns R, James RA, Xu B et al (2012) Wheat grain yield on saline
soils is improved by an ancestral Na* transporter gene. Nat Bio-
technol 30:360-364. https://doi.org/10.1038/nbt.2120

Mysliwa-Kurdziel B, Barthélemy X, Strzatka K, Franck F (1997) The
early stages of photosystem II assembly monitored by measure-
ments of fluorescence lifetime, fluorescence induction and isoelec-
tric focusing of chlorophyll-proteins in barley etiochloroplasts.
Plant Cell Physiol 38:1187-1196. https://doi.org/10.1093/oxfor
djournals.pcp.a029105

Ounoki R, Agh F, Hembrom R et al (2021) Salt stress affects plastid
ultrastructure and photosynthetic activity but not the essential oil
composition in spearmint (Mentha spicata L. var. crispa “Moroc-
can”). Front Plant Sci 12:739467. https://doi.org/10.3389/fpls.
2021.739467

Porra RJ, Thompson WA, Kriedemann PE (1989) Determination of
accurate extinction coefficients and simultaneous equations for
assaying chlorophylls a and b extracted with four different sol-
vents: verification of the concentration of chlorophyll standards
by atomic absorption spectroscopy. BBA Bioenerg 975:384-394.
https://doi.org/10.1016/S0005-2728(89)80347-0

Pottosin II, Schonknecht G (1996) Ion channel permeable for divalent
and monovalent cations in native spinach thylakoid membranes.
J Membr Biol 152:223-233. https://doi.org/10.1007/s002329900
100

Pottosin I, Shabala S (2016) Transport across chloroplast membranes:
optimizing photosynthesis for adverse environmental conditions.
Mol Plant 9:356-370. https://doi.org/10.1016/j.molp.2015.10.006

Rokka A, Suorsa M, Saleem A et al (2005) Synthesis and assembly of
thylakoid protein complexes: multiple assembly steps of photo-
system II. Biochem J 388:159-168. https://doi.org/10.1042/BJ200
42098

Rudowska L., Gieczewska K, Mazur R et al (2012) Chloroplast biogen-
esis—correlation between structure and function. Biochim Bio-
phys Acta Bioenerg 1817:1380-1387. https://doi.org/10.1016/J.
BBABIO.2012.03.013

Sarvari E, Gellén G, Sagi-Kazar M et al (2022) Qualitative and quan-
titative evaluation of thylakoid complexes separated by Blue
Native PAGE. Plant Methods 18:789. https://doi.org/10.1186/
s13007-022-00858-2

Schigger H, von Jagow G (1991) Blue native electrophoresis for iso-
lation of membrane protein complexes in enzymatically active
form. Anal Biochem 199:223-231. https://doi.org/10.1016/0003-
2697(91)90094-A

Schoefs B, Franck F (2008) The photoenzymatic cycle of NADPH: Pro-
tochlorophyllide oxidoreductase in primary bean leaves (Phaseo-
lus vulgaris) during the first days of photoperiodic growth. Photo-
synth Res 96:15-26. https://doi.org/10.1007/s11120-007-9274-x

Slabu C, Zorb C, Steffens D, Schubert S (2009) Is salt stress of faba
bean (Vicia faba) caused by Na* or CI” toxicity? J Plant Nutr Soil
Sci 172:644-651. https://doi.org/10.1002/jpIn.200900052

Smeller L, Solymosi K, Fidy J, Boddi B (2003) Activation parameters
of the blue shift (Shibata shift) subsequent to protochlorophyllide

@ Springer

phototransformation. Biochim Biophys Acta Proteins Proteomics
1651:130-138. https://doi.org/10.1016/S1570-9639(03)00261-9

Solymosi K, Aronsson H (2013) Etioplasts and their significance in
chloroplast biogenesis. In: Biswal B, Krupinska K, Biswal UC
(eds) Plastid development in leaves during growth and senescence.
Springer, Berlin, pp 39-71

Solymosi K, Boddi B (2006) Optical properties of bud scales and
protochlorophyll(ide) forms in leaf primordia of closed and
opened buds. Tree Physiol 26:1075-1085. https://doi.org/10.1093/
treephys/26.8.1075

Solymosi K, Mysliwa-Kurdziel B (2021) The role of membranes and
lipid-protein interactions in the Mg-branch of tetrapyrrole bio-
synthesis. Front Plant Sci 12:663309. https://doi.org/10.3389/fpls.
2021.663309

Solymosi K, Morandi D, Béka K et al (2012) High biological vari-
ability of plastids, photosynthetic pigments and pigment forms
of leaf primordia in buds. Planta 235:1035-1049. https://doi.org/
10.1007/s00425-011-1559-9

Srivastava S, Sharma PK (2021) Effect of NaCl on chlorophyll fluo-
rescence and thylakoid membrane proteins in leaves of salt sensi-
tive and tolerant rice (Oryza sativa L.) varieties. J Stress Physiol
Biochem 17(2):35-44

Strasser RJ, Govindjee F (1992) The Fo and the O-J-I-P fluorescence
rise in higher plants and algae. Regul Chloroplast Biog 1992:423—
426. https://doi.org/10.1007/978-1-4615-3366-5_60

Strasser RJ, Srivastava A (1995) Polyphasic chlorophyll a fluores-
cence transient in plants and cyanobacteria. Photochem Photo-
biol 61:32-42

Strasser RJ, Srivastava A, Tsimilli-Michael M (2000) The fluorescence
transient as a tool to characterize and screen photosynthetic sam-
ples. Probing Photosynth Mech Regul Adapt 25:445-483

Strasser RJ, Tsimilli-Michael M, Srivastava A (2004) Analysis of the
chlorophyll a fluorescence transient. In: Papageorgiou GC, Govin-
djee (eds) Chlorophyll a fluorescence. A signature of photosynthe-
sis. Springer, Dordrecht, Netherlands, pp 321-362

Szabd I, Spetea C (2017) Impact of the ion transportome of chloro-
plasts on the optimization of photosynthesis. J Exp Bot 68:3115—
3128. https://doi.org/10.1093/jxb/erx063

Tomizioli M, Lazar C, Brugiere S et al (2014) Deciphering thylakoid
sub-compartments using a mass spectrometry-based approach.
Mol Cell Proteom 13:2147-2167. https://doi.org/10.1074/mcp.
M114.040923

Unnep R, Zsiros O, Solymosi K et al (2014) The ultrastructure and flex-
ibility of thylakoid membranes in leaves and isolated chloroplasts
as revealed by small-angle neutron scattering. Biochim Biophys
Acta Bioenerg 1837:1572—1580. https://doi.org/10.1016/j.bbabio.
2014.01.017

Yadav D, Zemach H, Belausov E, Charuvi D (2019) Initial proplastid-
to-chloroplast differentiation in the developing vegetative shoot
apical meristem of Arabidopsis. Biochem Biophys Res Commun
519:391-395. https://doi.org/10.1016/j.bbrc.2019.09.019

Yang Z, Wang C, Xue Y et al (2019) Calcium-activated 14-3-3 pro-
teins as a molecular switch in salt stress tolerance. Nat Commun
10:1199. https://doi.org/10.1038/s41467-019-09181-2

Zhu D, Luo F, Zou R et al (2021) Integrated physiological and chlo-
roplast proteome analysis of wheat seedling leaves under salt and
osmotic stresses. J Proteom 234:104097. https://doi.org/10.1016/j.
jprot.2020.104097

Zivcak M, Brestic M, Botyanszka L et al (2019) Phenotyping of iso-
genic chlorophyll-less bread and durum wheat mutant lines in rela-
tion to photoprotection and photosynthetic capacity. Photosynth
Res 139:239-251. https://doi.org/10.1007/s11120-018-0559-z

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.3389/fpls.2014.00467
https://doi.org/10.3389/fpls.2014.00467
https://doi.org/10.1104/pp.65.5.814
https://doi.org/10.1104/pp.65.5.814
https://doi.org/10.1038/nbt.2120
https://doi.org/10.1093/oxfordjournals.pcp.a029105
https://doi.org/10.1093/oxfordjournals.pcp.a029105
https://doi.org/10.3389/fpls.2021.739467
https://doi.org/10.3389/fpls.2021.739467
https://doi.org/10.1016/S0005-2728(89)80347-0
https://doi.org/10.1007/s002329900100
https://doi.org/10.1007/s002329900100
https://doi.org/10.1016/j.molp.2015.10.006
https://doi.org/10.1042/BJ20042098
https://doi.org/10.1042/BJ20042098
https://doi.org/10.1016/J.BBABIO.2012.03.013
https://doi.org/10.1016/J.BBABIO.2012.03.013
https://doi.org/10.1186/s13007-022-00858-2
https://doi.org/10.1186/s13007-022-00858-2
https://doi.org/10.1016/0003-2697(91)90094-A
https://doi.org/10.1016/0003-2697(91)90094-A
https://doi.org/10.1007/s11120-007-9274-x
https://doi.org/10.1002/jpln.200900052
https://doi.org/10.1016/S1570-9639(03)00261-9
https://doi.org/10.1093/treephys/26.8.1075
https://doi.org/10.1093/treephys/26.8.1075
https://doi.org/10.3389/fpls.2021.663309
https://doi.org/10.3389/fpls.2021.663309
https://doi.org/10.1007/s00425-011-1559-9
https://doi.org/10.1007/s00425-011-1559-9
https://doi.org/10.1007/978-1-4615-3366-5_60
https://doi.org/10.1093/jxb/erx063
https://doi.org/10.1074/mcp.M114.040923
https://doi.org/10.1074/mcp.M114.040923
https://doi.org/10.1016/j.bbabio.2014.01.017
https://doi.org/10.1016/j.bbabio.2014.01.017
https://doi.org/10.1016/j.bbrc.2019.09.019
https://doi.org/10.1038/s41467-019-09181-2
https://doi.org/10.1016/j.jprot.2020.104097
https://doi.org/10.1016/j.jprot.2020.104097
https://doi.org/10.1007/s11120-018-0559-z

	Ionic, not the osmotic component, is responsible for the salinity-induced inhibition of greening in etiolated wheat (Triticum aestivum L. cv. Mv Béres) leaves: a comparative study
	Abstract
	Main conclusion 
	Abstract 
	Graphical abstract

	Introduction
	Materials and methods
	Plant material and growth conditions
	Determination of chlorophyll and carotenoid content
	Fluorescence spectroscopy
	Photosynthetic activity
	Transmission electron microscopy (TEM)
	Isolation of thylakoid complexes
	Statistical analyses

	Results
	Leaf phenotype and morphology
	Photosynthetic pigment contents
	Spectral characteristics of leaves
	Organisation of Chl–protein complexes
	Photosynthetic activity
	Plastid ultrastructure

	Discussion
	Conclusions
	Anchor 24
	Acknowledgements 
	References




