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Abstract

Seedlings of spring wheat (Triticum aestivum L.) cultivars, Ethos and Zebra, differing in drought tolerance were
dehydrated to reach a water saturation deficit (WSD) in leaves ~15, 30, and 50 %. Ethos, the drought tolerant cultivar,
dried slower in comparison with Zebra and regrew in 70 % upon rehydration. The effect of dehydration on photosystem
I was evaluated by Chl a fluorescence (OJIP transients). The inflection point of double normalized curves (AWoy)
calculated for Ethos was negative for seedlings with 15 % WSD, nearly zero for those with 30 % WSD, and about
+0.05 for those with 50 % WSD. In case of Zebra, the 15 % WSD already induced a positive AWq; (+0.05) and 50 %
WSD maximized it to +0.10, which is a sign of drought susceptibility. The proteomic studies revealed, that among
identified 850 spots, 80 protein spots were differentially expressed during dehydration. The differentially expressed
proteins of the drought tolerant cultivar indicated the protection of the photosynthetic apparatus and proteome
rebuilding in response to drought. In the drought susceptible cultivar, protection of proteins and membranes and partial
scavenging reactive oxygen species appeared.
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Introduction

Wheat is among the most important food grains. It is
mostly cultivated in areas with annual precipitations in
the range of 375 - 875 mm (Curtis 2002). Temporary soil
water deficit extended to chronic drought can occur due
to weather fluctuations also in areas with an optimal
climate. If it happens during one of the critical stages of
plant development, such as booting, anthesis, or grain
filling, it may result in irreversible anatomical changes: a
lower number of bud spikelets, pollen sterility, or poorly
formed grains (Grudkowska et al. 2003; Semenov et al.
2014). In regions, such as Central Europe, spring
cultivars are additionally subjected to spring drought,
which inhibits tillering and can result in a lower number

of shoots per plant and a slower canopy formation (Blum
2011, Rybka and Nita 2014).

According to Levitt (1980), abiotic stresses including
drought may induce three types of plant response:
escaping, avoidance, or tolerance. Escaping can be
described as vegetation beyond the time of stress
duration, avoidance slowing down life processes, whereas
tolerance is a metabolic switch to adapt to unfavorable
conditions. According to many authors, effective drought
resistance in crop plants is largely achieved by
dehydration avoidance in the way of maintaining the leaf
pressure potential by partial closing stomata and/or by
increasing water uptake by roots (Blum 2011).
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Depending on the genotype, plants either react rapidly by
rebuilding the cell machinery in expense of significant
energy demand or more slowly using lower energy inputs
(Voss et al. 2013, Noctor et al. 2014). Commercial
cultivars should be resistant and good yielding not only
during an optimal season but also during a dry summer.
This difficult selection task requires solutions by delicate
methodological approaches.

The OJIP test is based on chlorophyll a (Chl a)
fluorescence, a natural phenomenon characteristic for all
photosynthetic organisms. The analysis of fluorescence
data allows evaluate the efficiency of photochemical
reactions and indirectly the whole metabolism (Goltsev et
al. 2016).

Proteomic data interpretation is mostly oriented
towards current concepts of stress tolerance, which is
focused on reactive oxygen species (ROS) mainly
generated in photosynthetic tissues by chloroplasts,
mitochondria, and peroxisomes (Miller et at. 2010). A
major ROS, the superoxide radical (O,"), is formed as a
result of ‘electron leakage’ in the electron transfer chains
(ETCs) of chloroplasts (Miller et al. 2010, Demidchik
2015) and mitochondria (Moller 2001) and in

Materials and methods

Plants and treatments: Four sets of 25 just germinated
grains of spring wheat (Triticum aestivum L.) cvs. Ethos
and Zebra differing in drought resistance were placed
side by side between double filter paper strips moistened
with a Knopp solution supplemented with Hoagland
micronutrients (Grudkowska and Zagdanska 2010), rolled
up, and grown for 11 d in plastic boxes in a climate
chamber with day/night temperatures of 18/14 °C, a 16-h
photoperiod, a photosynthetic photon flux density
(PPFD) of 260 umol m? s, and an air humidity of 70 -
80 %. To induce dehydration, the nutrient solution was
drained for 24 - 96 h. The water saturation deficit (WSD)
in leaves was determined gravimetrically as described in
details by Miazek et al. (2017). Fully rigid, control
seedlings and seedlings having WSD of 15, 30, and 50 %
were used for following studies.

Chlorophyll a fluorescence transient curves were
measured on dark adapted (0.5 h) leaves using a Pocket
PeA portable fluorometer (Hansatech Instruments, King’s
Lynn, Norfolk, UK). Fluorescence from the adaxial
surface was induced by saturating light of 3 500 pmol m
s, and transient fluorescence for first 3 s was registered
with time intervals increasing from 10 ps during first 300
us of the measurement up to 100 ms intervals for time
longer than 0.3 s. A list of measured parameters included:
Fo (minimum fluorescence measured at 0.05 ms), Fy, Fa,
Fs, F4, and Fs (fluorescence at times: 0.05, 01, 03, 2.0,
and 30 ms) followed by Fv (maximum fluorescence at
about 300 ms after the onset of light). Values at 0.3, 2.0,
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peroxisomes by the glycolate-glyoxylate shuttle (Noctor
et al. 2014). The O~ half-life is short (1 - 1000 ps), thus
it cannot noticeably damage the cell macromolecules,
however, H,O, formed on a way of O, scavenging by
superoxide dismutases is harmful. The organelles of
mesophyll cells generate H>O as an integral part of C;
photosynthesis: under optimal conditions about 10 000
nmol m? s in peroxisomes, 4 030 in chloroplasts, and <
400 in mitochondria (Foyer and Noctor 2003). Much
attention was paid to mechanisms of ROS scavenging by
antioxidant enzymes and non-enzymatic antioxidants
(Foyer and Noctor 2011, Jogaiah et al. 2013, Kopczewski
and Kuzniak 2013, Noctor et al. 2014), whereas less to
the thermodynamic balance of biochemical reactions
induced by stress (Marin et al. 2014, Igamberdiev 2015).

Materials used for the studies were commercial
cultivars, which differ in physiological and biochemical
responses to dehydration stress. The aim of this article
was to analyze Chl a fluorescence using OJIP test
(Strasser et al. 1995, Stirbet and Govindjee 2011) along
with a detailed interpretation of proteomic data. The
conclusions could help in planning future breeding
programs.

and 30 ms respond to fluorescence at K, J, and I points of
inflections on a fluorescence transient curve. The Fy = Fp
is a maximal recorded fluorescence; try is a time in [ms]
to reach the maximal fluorescence; Area is a total
complementary area between the fluorescence induction
curve and Fy of the OJIP curve. A list of parameters
calculated by the Pocket PeA software included: variable
fluorescence (Fv = Fu - Fo); the maximum quantum yield
of primary photochemistry Fv/Fum; the amount of active
reaction centers per absorption, which is the reciprocal
value of the antenna size for photosystem (PS) II
RC/ABS; the measure of forward electron transport (1—
V;)/Vy, where Vj = V; is a fluorescence value at 2 ms; and
the performance index of PS II based on absorption
(PIags) (Paunov et al. 2018). Significance of differences
were determined by the #-test (e = 0.05). Additionally,
collected data points were double normalized between
points O-J, and the kinetic differences AWp; were
calculated and analyzed as graphs on the logarithmic
time-scale (Oukarroum et al. 2007, Zurek et al. 2014).

Proteomics: Total soluble proteins were extracted and
cleaned up using a modified phenol procedure (Wang et
al. 2006). About 200 mg of fresh tissue was ground in
liquid nitrogen to a whitish powder, placed in an
Eppendorf tube and mixed with 1.5 cm? of 10 % (m/v)
trichloroacetic acid in acetone to precipitate proteins.
After 30 min at -20 °C, the samples were centrifuged at
16 000 g and 4 °C for another 30 min. The supernatant
was poured out, and the pellet was rinsed twice: first with



0.1 M ammonium acetate in 80 % (v/v) methanol and
then with an ice cold 80 % (v/v) acetone, both followed
by centrifugation (12 000 g, 4 °C, 30 min). The resulting
pellet was dried in a vacuum centrifuge for 5 min and re-
suspended in 0.6 cm® of SDS buffer [30 % (m/v) glucose,
2 % (m/v) SDS, 0.1 M Tris-HCI, pH 8.0, 5% (v/v)
2-mercaptoethanol], from which proteins were extracted
with 0.6 cm?® of phenol saturated with Tris-HCI1 (pH 8.0)
within 5 min at room temperature. After centrifugation,
the upper phenol phase was collected, transferred into a
new tube to precipitate proteins with 5 volumes of 0.1 M
ammonium acetate in methanol, at -20 °C, overnight.
After centrifugation (12 000 g, 4 °C, 30 min), the pellet
was washed once with an ice-cold methanol and twice
with an ice-cold 80 % acetone, air dried, and kept at
-20 °C until use.

Two-dimensional electrophoresis: Prior to isoelectric
focusing, protein samples were dissolved in a rehydration
buffer [7 M urea, 2 M thiourea, 2 % (m/v) 3-cholamido-
propyl-dimethylammonio-1-propanesulfonate (CHAPS),
2 % (m/v) carrier ampholytes (pI 3 - 10, Bio-Lytes,
BioRad, Hercules, USA), 1 % (m/v) DTT]. Protein
content was determined spectrophotometrically at 595 nm
by Bradford method with bovine serum albumin as a
standard. Solutions of 180 ng of proteins in 0.18 cm® of
rehydration buffer were used for passive rehydration of
immobilized pH gradient (IPG) strips (Bio-Rad, 11 cm
length, 4 - 7 pl) for 16 h at room temperature. Isoelectric
focusing (IEF) was ran using a Biorad PROTEAN IEF
focusing chamber powered for 20 min by 50 pA/strip and
250 V direct current (DC) and next by 2.5 h at a linearly
increasing voltage up to 8 000 V maintained to achieve
final IEF of 20 000 volt-hours (Vh). After IEF, the strips
were frozen, and the next day equilibrated in an 50 mM
Tris-HCI incubation buffer, pH 6.8, containing 4 M urea,
30 % (v/v) glycerol, and 2 % (m/v) SDS for 15 min. After
equilibration, the strips were sealed on the top of 10 %
(m/v) SDS-PAGE gels, 15 % 19 x 0.1 cm, using 0.5 %
(m/v) agarose in 0.1 M Tris-HCI, pH 6.8, containing
0.001 % (m/v) bromophenol blue. The SDS-PAGE was
run in a 50 mM Tris-HCI buffer at 50 mA/gel for about
4 h until the blue dye front reached the bottom of the gel.
The gels were stained in colloid Comassie Brilant blue. A
molecular mass standard PageRuler ™ (Thermo Fisher
Scientific, Waltham, MA, USA) was used for electro-
phoresis in the second dimension (Gietler et al. 2016).
Four gels, one from each independent biological replica-
tion, were used for identification of differential proteins.

Identification of differential proteins: Stained gels
were scanned with an ImageScanner Il (GE Healthcare,
Chicago, USA). The digitalized gels were analyzed using
the 2D gel analysis software Delta2D v. 2.0 (Decodon,
Greifswald, Germany). Spot volumes were calculated
from the sum of the gray values of all pixels within a spot
boundary using a hybrid between image segmentation
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and model-based quantitation (Berth et al. 2007). After
image warping (correction of the positional spot
variations), a fused image was created as a virtual
PC-generated gel image (condensation of the information
of all images into one artificial image), followed by the
detection of a consensus spot pattern. For spot
quantitation, this spot pattern was applied to all gel
images of the experiment, and normalized spot volumes
were yielded by relating the single spot volume to the
total spot volume of all detected spots in the gel image.
Accuracy of gel identity among biological replications
was evaluated by principal component analysis (Fig. 1
Suppl.). Selection of proteins was based on at least a two-
fold amount difference evaluated by the #-test (o = 0.001)
(Gietler et al. 2016).

Mass spectrometry characterization of proteins:
Peptide mixtures were analyzed by liquid chromato-
graphy coupled to tandem mass spectrometry (LC-MS-
MS/MS) with classic mass spectrometer and LTQ (linear
trap quadrupole ion trap - Orbitrap) (Thermo Electron
Corporation, San Jose, CA, USA). Prior to the analysis,
protein spots from gels were cut out and subjected to a
standard "in-gel digestion” procedure during which
proteins were reduced with DTT, alkylated with
iodoacetamide, and digested overnight with trypsin
(sequencing Grade Modified Trypsin, Promega, Madison,
USA). The peptide mixture was applied to a RP-18
precolumn (nanoACQUITY Symmetry® CI18, Waters,
Milford, USA) using water containing 0.1 % (?/v) formic
acid (FA) as a mobile phase and then transferred to a
nano-HPLC RP-18 column (nanoACQUITY BEH CI8,
Waters) using an acetonitrile gradient (0 - 60 %, v/v, in
120 min) in the presence of 0.05 % (m/v) formic acid
with a flow rate of 0.25 mm?® min'. The column outlet
was directly coupled with the ion source of the
spectrometer working in the regime of data dependent
MS to MS/MS switch (Florea et al. 2010).

After pre-processing the raw data with the Mascot
Distiller v. 2.3 software (Matrix Science, London, UK),
obtained peak lists were used to search the non-redundant
protein database of the National Centre for Biotechnology
Information (NCBI) (23919380 sequences; 8216485116
residues) of green plants clade using the Mascot search
engine (v. 2.4, Matrix Science). Only peptides passing a
Mascot-defined  expectation value of 0.05 were
considered as positive identifications (Krzywinska et al.
2016). The functional networks of differentially
expressed proteins were constructed using the STRING
database (Szklarczyk et al. 2017).

Statistical analysis: Statistical calculations were
performed with the Statistica® 12 package. The Duncan
and Student #-tests based on one way ANOVA were used
for detailed comparison of fluorescence parameters. For
presentation of compressed fluorescence data, a heat map
was created using the Heatmapper (www.heatmapper.ca).
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Results

In order to document differences in tolerance to drought,
the rate of leaf dehydration was determined. The WSD
was measured every 24 h for 4 consecutive days. Leaves
of Ethos were drying out slower than leaves of Zebra.
The WSD difference between cultivars was about 7 % on
the second day but about 20 % on the third and fourth day
(Table 1). Also, a difference was noticed in seedlings
vitality. Plantlets dried to a 50 % WSD recovered with
different dynamics: 3days after re-watering ca. 70 % of
Ethos seedlings in comparison to ca. 30 % of Zebra
seedlings regained the initial pressure potential (data not
shown).

Table 1. The water saturation deficit (WSD) in leaves of spring
wheat cvs. Ethos (drought tolerant) and Zebra (drought
sensitive) measured every 24 h for 4 consecutive days after
disrupting watering.

Cultivar  WSD [%)]

Oh 24 h 48 h 72 h 96 h
Ethos 5a 10 ab 18b 46 b 63 b
Zebra 4a 15a 25a 64 a 84 a

I T oo

R /Fu
tem
Aera

The consequences of tissue dehydration were
reflected in changes of fluorescence parameters. Average
linkage clustering using fluorescence parameters with
Euclidean measurement of distances grouped studied
samples in two main clusters (Fig. 1). Control seedlings
and those having 15 % WSD (both cultivars) as well as
Ethos with 30 % WSD were in close relative distances
based on Chl a parameters. Ethos with 50 % WSD as
well as Zebra with 30 and 50 % WSD were classified in
the second cluster. The first cluster was characterized by
relatively high values of Chl @ fluorescence parameters
(the green color on the heat map — Fig. 1) revealing the
physiological similarities between cultivars under optimal
conditions, with the exception of parameters RC/ABS
(the amount of active reaction centers per absorption), 1-
Vi/Vy (a measure of forward electron transport), and
Plags (the performance index), for which relative values
in Ethos leaves were close to zero (the dark colors on the
heatmap). The only parameter, Tsm, was characterized by
a red color meaning negative values for control seedlings.
Seedlings from the second cluster were characterized by
negative values of Chl a fluorescence parameters beside
Tim. In details, the declining trends of all measured

Ethos 30% WSD

Zebra 15% WSD

Ethos 15% WSD

Zebra control

Ethos control

Ethos 50% WSD

Zebra 30% WSD

Zebra 50% WSD

A3 w m o ’: -—
aaxaall
S = -101
@ ) Column Z-Score

Fig. 1. The heat map of Chl a fluorescence parameters of cultivars differing in drought tolerance (Ethos - drought tolerant and Zebra-
drought sensitive) subjected to a progressive drought, which induced 15, 30, and 50 % water saturation deficit (WSD). The heat map
was based on average linkage clustering with the Euclidean measurement of distances.
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parameters, except Tmm, were detected with increasing
tissue dehydration (Table 1 Suppl.). For Ethos, most
significant differences were found between the control
and seedlings with 15 % WSD; further, the drought did
not cause changes in fluorescence parameters. For Zebra,
the parameters decreased consistently, and statistically
significant differences (P < 0.05) were detected between
seedlings with 30 and 50 % WSD. The average
fluorescence transients (Fig. 2) showed that plants
subjected to the drought were characterized by lower
values of curves than control plants. The points of
inflection J at 2.0 ms and I at 30 ms are important for
result interpretations. Other points of inflections, L at 150
ps and K at 300 ps, identified and described by Strasser
et al. (1995), were so small that their visualization as
local extremes were possible after subsequent
mathematical processing by differentiating twice
normalized fluorescence transients for plants subjected to
the drought and for control ones. On AWy curves, the K
point of inflection appeared at about 0.3 ms. For Ethos,
the normalized curve for seedlings with 15 % WSD had a
negative sign and for leaves dehydrated to 30 % was
nearly zero, whereas seedlings dehydrated to 50 % WSD
had a maximum value of +0.05 (Fig. 2). In the case of
Zebra, all dehydration states resulted in positive signs of
AWy curves.

Differences between profiles on the images of the
Commassie-stained 2D gels were found using the Delta2
software. This software enables a positional correction of
gel images by combination of global and local image
transformations followed by image fusion to the
proteome map (Berth et al. 2007). The principal
component analysis, based on correlation matrix
algorithm for vector data of protein spot positions,
revealed gel grouping in accordance with seedling WSDs
and indicated similar proteomic profiles by similar
locations in the coordinate system. In the case of Ethos,
most different were gels obtained from control plants and
from seedlings dehydrated to 50 % WSD. All stages of
Ethos dehydration caused clear gel image grouping. In
contrast, the proteomes of Zebra control seedlings and
those dehydrated to 30 % WSD were grouped diagonally
with nearly no differences between control and 15 %
WSD (Fig. 1 Suppl.).

Totally, 850 spots were reproducibly detected in a pH
range of 4 - 7 and a molecular mass range of 14.4 -
120 kDa with 80 differential drought-responsive ones
(Fig. 2 Suppl.). Among 40 differential proteins of Ethos,
only 3 proteins were downregulated: one at each
dehydration state. The number of drought induced
proteins in Ethos leaves were 1/3 higher at the beginning
of the drought treatment than at the end (Fig. 3, Table 2
Suppl.). At the same time, out of 40 differential proteins
of Zebra, about 2/3 were downregulated. All
differentially induced proteins at 15 % WSD were
downregulated. In Zebra leaves with 50 % WSD, 10
upregulated proteins were detected (Fig. 3, Table 3

PROTECTION OF PHOTOSYNTHETIC APPARATUS

Suppl.). So, the cultivars differed in dynamics of
proteomic response to dehydration. The LC/MS analysis
followed by Mascot protein identification revealed
cultivar dependent functional differences among those
proteins (Tables 2 and 3 Suppl.).

In Ethos, 19 differential proteins related to
photosynthesis/energy metabolism were identified. The
only 3 proteins of all different proteins were
downregulated: a chloroplast light-harvesting chlorophyll
a/b binding protein (at 15 % WSD) and 2 proteins
identified as a Rubisco small subunit (at 30 and 50 %
WSD). The other identified proteins were: ribulose
bisphosphate  carboxylase/oxygenase activase and
carbonic anhydrase induced in response to 15 % WSD;
glycine dehydrogenase (30 % WSD), and chloroplast
glyceraldehyde-3-phosphate  dehydrogenase (50 %
WSD). Seven differential protein spots were identified as
transketolase either by direct matching by Mascot or by
blasting Mascot predicted proteins to the NCBI database.
Two NCBI hits: gi| 326533372 and gi| 357110873 were
detected as 3 spots induced in response to 15 or 30 %
WSD, respectively. Three proteins were identified as
ribose-5-phosphate isomerase (15 % WSD). Peptides
which matched the same NCBI number were considered
as isoenzymes. The other enzymes were identified as:
chloroplast  fructose-bisphosphate  aldolase and
mitochondrial succinyl-CoA ligase [ADP-forming]
subunit beta (50 % WSD). Similarly, 40 differential spots
in Zebra were identified as photosynthesis/energy
metabolism related. Only 3 proteins were upregulated:
chlorophyll a/b binding protein in response to 50 % WSD
and ATP synthase delta subunit in response to 30 and
50 % WSD. Other proteins were downregulated: 7 spots
matched 3 different NCBI accessions of ribulose
bisphosphate carboxylase in response to all stages of
dehydration, 3 spots matched one NCBI accession of
carbonic anhydrase in response to 30 and 50 % WSD,
3 spots influenced by 50 % WSD matched 2 accessions
of transketolase, and 1 glyoxysomal malate
dehydrogenase. Phosphoglycerate mutase was found as
downregulated in response to 15 and 30 % WSD. The
NAD(P)H-quinone oxidoreductase subunit S was also
downregulated in leaves dehydrated to 15 % WSD.

In the Ethos proteome, all 6 protein spots related to
metabolism were upregulated and 3 of them matched
glutamine synthetase isoform GS2c and its precursor (at
15 and 50 % WSD). Also, 50S ribosomal protein L21
was upregulated in response to 15 % WSD, whereas
metacspase 1 and rubber elongation factor in response to
30% WSD. In the Zebra proteome, among 7 spots related
to metabolism, glutamine synthetase was upregulated in
response to 50 % WSD. In response to 15 % WSD,
ribosomal 50S protein, alkaline phosphatase, and
elongation factor 1l-alpha were downregulated.
Glutamate- 1-semialdehyde 2,1-aminomutase was down-
regulated in response to 30 and 50 % WSD, whereas
single-stranded nucleic acid binding protein in response
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to 50 % WSD.

In the proteome of Ethos, 9 stress-related proteins
were upregulated: 4 chloroplastic-like peptidyl-prolyl cis-
trans isomerases CYP38 were induced at all levels of the
dehydration and matched 2 accessions. Protein
degradation 26S proteasome and chaperone protein
ClpCl1-chloroplastic-like were induced at 15 % WSD,

whereas the precursor of protein disulfide isomerase was
upregulated at 30 % WSD. Two heat-shock proteins
(HSP70) were induced at 15 and 30 % WSD. Zebra
responded to 50 % WSD by upregulation of 2 protein
spots: LEA/Cor protein and phosphoethanolamine
methyltransferase. The 30 % WSD resulted in down-
regulation of 2 proteins matching thioredoxine, whereas

T
Ethos 0.15
A We,, K-band
control
¥ 5% WSD 40.10
30% WSD
50% WSD 50% WSD
-10.05
30% WSD _
{0 32
w
15% WSD '%
0.05 5
w
Zebra Jo1s é
50% WSD A Wo,, K-band 5
control —* e %
/ » - 0.10
D 15% WSD "
30% WSD & .
15000 50% WSD F 30% WSD b8 Joos
0. ’_’-’ “
* €
10000 0‘ ".
15% WSD ‘vv
= <> O 10
5000 Sk
0 . , ; - ; - 1005
0.00001 0.0001 0.001 0.01 0.1 1 0.0005 0.002
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Fig. 2. Chlorophyll @ fluorescence transients (OJIP curves) in dark adapted leaves of wheat seedlings cvs. Ethos and Zebra subjected
to a gradual drought stress as compared with those grown under control conditions. Plots are given on a logarithmic time scale. On
the lefi - the fluorescence curves with marked time points: fluorescence intensity at: O - 0.05 ms, L - 0.15 ms, K - 0.30 ms, J - 2 ms, |
- 30 ms, and P 1 s, which is the maximum fluorescence denoted as tem. On the right - AWoy is the difference of double normalized
data at points Fo and F; for each cultivar subjected to drought vs. control conditions, where Wos = [(F-Fo)/(Fi-Fo)], and shows

disturbances at K point.

Ethos

Zebra

L L L

| 15%

| 30%

50%

15%

WSD

30%

50%

L i 1

-10 -5

0

5 10 15 20

N° up(+)/down(-) regulated proteins
Fig. 3. The influence of drought stress on number of up- and down-regulated proteins detected using the Delta 2 software in wheat
cvs. Ethos and Zebra. Proteins were extracted from leaves subjected to dehydration inducing 15, 30, and 50 % water saturation deficit

(WSD) and compared with a control.
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50 % WSD induced downregulation of chaperone protein
CIpCl. Protein spot matching rhodanese homology
domain, the alpha beta fold domain, found as
participating in signaling an classified as a defense
protein, was suppressed in response to 15 and 50 %
WSD.

Only 50 % WSD induced upregulation of ROS
detoxifying enzymes in the Ethos proteome: 2 ascorbate
peroxidases matching the same accession, dehydro-
ascorbate reductase, and peroxidase like protein.

PROTECTION OF PHOTOSYNTHETIC APPARATUS

Similarly, in Zebra proteome, upregulation of ROS
detoxifying enzymes (thylakoid bound ascorbate
peroxidase, ascorbate peroxidase, peroxidase like, and
ferritin), and downregulation of dehydrogenese/reductase
short chain were detected in response to 50 % WSD.
Cytoskeleton was affected in Ethos by actin protein
upregulations in response to 15 and 30 % WSD. The
graphical presentation of computationally generated
functional networks of proteins using the STRING
database are presented in Fig. 4.

MLOC 16249.1 Ethos

MLOC 162261.1
MLOC 73713.1

MLOC 15227.2 /
”MLOC 80410.1

OMLOC 58024.1
OMLOC 38604.1

=———,
N

MLOC 71781.1

MLOC 65295.2

MLOC 64679.1

= OMLOC 945.1
MLOG 78511.1

MLOC 15296_1 MLOC 36667.1 MLOC 11890.1
/ =

Zebra

MLOC 52687.1

MLOC 73713.1

MLOC 67137.1 ﬁ O MLOC 548971 MLOC 62434.1
MLOC 20190.3 O O
WLOC 32958.1

MLOC 65066.2
MLOC 17819.1

MLOC 69302.1

MLOC 52160.1

MLOC 64679.1

Fig. 4. Computational prediction of the functional network of proteins in cvs. Ethos and Zebra using the STRING software. The
proteins used for analysis are presented in Tables 2 and 3 Suppl. The color graphics was changed to white and black one. All nodes
were drawn in white, the number of connecting lines is in proportion to size of information about protein interactions.

Discussion

The 11-d-old spring wheat seedlings were used for
studies because at this developmental stage, drought
tolerance, characteristic for germination, is lost (Miazek
et al. 2017). Additionally, that stage can be critical for
yield in field conditions due to possible inhibition of
tillering. Detected differences in WSD as well as in
seedling vitality confirmed by Chl a fluorescence data
pointed out that Ethos is a drought tolerant cultivar in
terms of the Levitt (1980) definition (Table 1, Fig. 2,
Table 1 Suppl.). However, it should be kept in mind that
drought tolerance is always a temporary phenomenon
strongly depending on the stress intensity and duration.
Often, the physiological response to stress is only shifted
in time (Miazek et al. 2017), which was well illustrated
by the fluorescence parameters. Quick visual comparison
by clustering fluorescence parameters divided samples in
accordance to drought tolerance and dehydration rate
(Fig. 1). Clustering data at 30 % WSD to different groups
suggested, that state of PS II in Ethos at 30 % WSD was

similar to that of controls grown in optimal conditions,
whereas PS II in Zebra leaves was similar to that in most
dehydrated plants (Fig. 1). To our knowledge, cluster
analysis and heat maps were not used for comparison of
Chl a fluorescence data till now. We think that it is a
good way of data visualization for comparison of the
studied species and if assisted with double normalized
fluorescence data as AWpy, curves allows a quick
comparison and selection of tested materials (Figs. 1 and
2) (Prokopiuk et al. 2018). The data of fluorescence
transient (up to 1 s) reflect the dynamics of flow of light
induced electrons through ETC of PS II. Disturbances in
electron flow along ETC induced by plants dehydration
and sink dependent slowdown are visible directly as local
inflection points on AWy curves, appearing as maxima
for drought susceptible plants (Oukarroum et al. 2007).
With such assessments, Ethos performed as a drought
tolerant at 15 and 30 % WSD (the minimum on AWg;
curves), whereas Zebra was drought sensitive from the
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beginning of the experiment (Oukarroum et al. 2007).
The authors of this article believe, that more studies on
OJIP application may lead to a simplification of the
methods used in automatic phenotyping because of the
fact that the experimental procedure of OJIP transient
registration is direct, immediate, non-laborious, and can
be automated (Paunov et al. 2018).

In addition, a faster decrease of measured parameters
in Zebra leaves in response to dehydration pointed on its
a lower tolerance to drought. Changes were consistent
with literature data (Oukarroum et al. 2007, Paunov et al.
2018). The initial fluorescence (Fo) (an indicator of the
oxidation state of quinone Qa) did not differentiate
studied cultivars at any dehydration state, but other
measured values (F; - Fs) did, with a statistical
importance, mainly at 15 and 30 % WSD (Table 1
Suppl.). The decreasing value of Fu, related to a
decreasing rate of Qa reduction in parallel with the
positive signs of double normalized curves AWo; pointed
on earlier (at 15 and 30 % WSD) reaction to dehydration
in Zebra leaves (Fig. 2) (Oukarroum et al. 2007, Paunov
et al. 2018). The calculated parameters also changed in
accordance to the stress duration as well as plants
tolerance. In leaves of Ethos, differences between 30 and
50 % WSD were noted, whereas in Zebra from the
beginning of stress duration, the parameters differed in
accordance to cultivar drought sensitivity (Stirbet et al.
2018). The performance index of PS II has been
confirmed as a sensitive indicator of water stress (Zivcak
et al. 2008). It reflects an effective antenna size, the
primary quantum yield of PS II, and differences in
formation of local inflection points (JIP). The Area
reflects a reduced plastoquinone pool and is related to the
number of electrons that must be transported through
ETC before fluorescence reaches its maximum value
(Fm). Lower values are characteristic for stress
susceptible plants. The fact, that in leaves at 15 % WSD,
the time to reach Fy (Tem, related to the number of
photons absorbed) was longer in Ethos leaves, pointed
additionally on better drought tolerance of that cultivar
(Stirbet et al. 2018). Presented parameters are more
sensitive markers of drought tolerance than commonly
used Fv/Fy and Fy/Fo, which describe the maximum
quantum yield of PS II (Kalaji et al. 2018). Indeed, the
parameter Fyv/Fy;, did not differentiate Ethos from Zebra,
whereas Fy/Fy pointed on better Ethos performance at
15% WSD. The Fvy/Fum and Fy/Fo were found as
informative markers of tolerance to cold (Rapacz et al.
2015) or to heavy metals (Zurek et al. 2014, Paunov et al.
2018), but not to drought (Burke 2007, Rollins et al.
2013). However, additional treatment of dehydrated
leaves by elevated temperatures enabled the reference of
Fv/Fu to the drought tolerance (Burke 2007, Rollins ef al.
2013).

The disturbances in photosynthesis influence carbon
assimilation and finally all life processes and are reflected
in proteome modifications. Parallel analysis of
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fluorescence and proteomic data can enrich our under-
standing about mechanisms of drought stress tolerance
(Cabrera-Bosquet ef al. 2012).

Detected differences in patterns of Rubisco
degradation are consistent with literature data showing
that a decreasing activity of Rubisco can be an indicator
of plant response to the stress (Oliver et al. 2011,
Pinheiro and Chaves 2011). In drought sensitive wheat
cultivars as well as in those which were not tolerant to
drought due to lack of acclimatization an immediate
decrease of Rubisco was detected (Nagy ef al. 2013).
Degradation of Rubisco subunits is considered as a
process associated with the suppression of photosynthesis
(Pinheiro and Chaves 2011) noticed on AWq; curves in
leaves of Zebra from the beginning of drought and in
Ethos only in response to 50 % WSD (Fig. 2, Tables 2
and 3 Suppl.).

Due to regulation of Rubisco activase, differences in
drought tolerance could be assumed (Portis 1995). In our
experiment, the intensity of the spot identified as Rubisco
activase increased in Ethos leaves in response to 15 %
WSD with a simultaneous absence of Rubisco subunit
degradation. However, in Zebra, Rubisco activase
downregulation was detected in all dehydration stages.
Upregulation of carbonic anhydrase and downregulation
of chloroplast a/b light harvesting complex were detected
as early responses to drought in leaves of Ethos. Carbonic
anhydrase improves CO; supply to Rubisco, when
stomata are becoming closed upon the stress
(Igamberdiev 2015), so upregulation of this enzyme
could positively influence photosynthesis. Parallel
reduction of spots of light harvesting complexes of PS Il
could be interpreted as a decrease of the energy capture
and so protection against excessive energy absorption and
danger of ROS formation_(Demidchik 2015). In leaves of
Zebra, downregulation of carbonic anhydrase might
decline CO> supply to Rubisco slowing down
photosynthesis. Parallel upregulation of the light
harvesting complex of PS I may suggest that the cyclic
reactions of photosynthesis generate energy in form of
ATP but not as NADPH to stabilize the redox
homeostasis (Yadav et al. 2017).

In leaves of Zebra, downregulation of lyoxysomal
malate dehydrogenase, one of the key enzyme of citric
acid cycle, was detected and regarded as a sign of
downregulation of metabolism in response to drought
(Musrati et al. 1998). Glycine dehydrogenase, malate
dehydrogenase, and carbonic anhydrase were upregulated
in leaves of Ethos and downregulated in Zebra. That
proteomic data went along with OJIP evidence of a
higher photosynthetic activity in Ethos seedlings (Fig. 2,
Tables 2 and 3 Suppl.). On the other hand, conclusions
about downregulation of Zebra metabolism have been
strengthened by a detected worse regeneration of Zebra
seedlings after re-watering (data not shown).

Additionally, detected upregulation of mitochondrial
glycine dehydrogenase, the main enzyme of



photorespiration, in Ethos leaves at 30 % WSD should
improve plant performance at water scarcity (Voss et al.
2013, Bykova et al. 2014). Our experiments showed
upregulation of glyceraldehyde-3-phosphate dehydro-
genase, the enzyme of glycolysis, in severely dehydrated
Ehtos leaves. Xu ef al. (2013) suggested that maintenance
of active glyceraldehyde-3-phosphate dehydro-genase
could be an important factor in drought tolerance of
Kentucky bluegrass cultivars.

Our findings proved that energy and metabolism
related proteins were upregulated in Ethos, whereas in
Zebra most of them were downregulated. It suggests that
the photosynthetic activity was protected in Ethos leaves
at least in response to 15 and 30 % WSD. Particular
attention should be paid to transketolase, which was the
most abundant differentially expressed protein in Ethos
seedlings. That enzyme participates in several pathways
by linking pentose phosphate pathway with glycolysis
and with tricarboxylic acid cycle. It is involved in
synthesis of ribulose-5-phosphate as well as in erythrose-
4-phosphate, the precursor of shikimate pathway.
Synthesis of ribulose-5-phosphate is also a regeneration
part of the Calvin cycle. Thus, upregulation of
transketolase in leaves of a drought tolerant cultivar in
contrast to a sensitive one could positively influence cell
metabolism in several ways and improve plant
performance in stress conditions (Kochetov and
Solovjeva 2014). The other enzymes participating in
regeneration of Calvin cycle and upregulated in Ethos
were: ribose-5-phosphate isomerase (detected in leaves
subjected to 15 % WSD) and chloroplast fructose
biphosphate aldolase (detected under 50 % WSD).
Upregulation of aldolase in the proteome of a drought
tolerant cultivar along with actin and HSP70 proteins
strengthens the supposition about the involvement of
those proteins in redox signal transduction through the
cytosol by the redox-dependent compartmentation of
glycolytic enzymes in mitochondria and actin
cytoskeleton (Wojtera-Kwiczor ef al. 2012). Upregulation
of mitochondrial succinyl CoA ligase forming ADP in
citric acid cycle in response to drought in Ethos leaves
completed the evidence about upregulation of metabolism
in drought tolerant cultivars (Araujo et al. 2011). On the
other hand, downregulation of phosphoglycerate mutase
in the Zebra proteome, an important enzyme of glycolysis
which catalyze the transfer of the phosphate group
between the 3™ and 2™ carbon of phosphoglycerate,
suggested slowing down of Zebra metabolism in response
to dehydration (Zhao and Assmann 2011).

Disruption  of  photosynthesis  impacted  the
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