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Abstract: Climate change, including decreasing rainfall, makes cultivating cereals more difficult.
Drought stress reduces plant growth and most all yields. On the other hand, consumers’ interest in
ancient wheat varieties, including spelt, is growing. The aim of this work is to compare the response to
drought stress between spelt (Triticum aestivum ssp. spelta) and common wheat (Triticum aestivum ssp.
vulgare). Six cultivars of spelt from different European countries and common wheat ‘Bogatka’ as a
reference were chosen for research. The photosynthesis process, chlorophyll fluorescence, relative
water content, and the content of free proline and anthocyanins in well-watered and drought-stressed
plants were measured. It was shown that the spelt cultivars ‘Franckenkorn’ and ‘Badengold’ were
much more resistant to water deficit than other cultivars and even common wheat. A slight reduction
of CO2 assimilation (by 27%) and no reduction of transpiration rate, with simultaneous intensive
proline (eighteen times fold increase) and anthocyanins accumulation (increase by 222%) along with
a slight increase in lipid peroxidation level (1.9%) revealed in ‘Franckenkorn’ prove that this cultivar
can cope with drought and can be effectively cultivated in areas with limited water abundance.

Keywords: drought; chlorophyll fluorescence; MDA; photosynthesis; proline; RWC; spelt cultivars

1. Introduction

Low water availability causes soil drought, one of the most serious worldwide prob-
lems that largely limits plant growth and development and leads to enormous crop losses.
Global climate change and the resultant water scarcity are significant threats to plant pro-
ductivity on an increasing area of the Earth [1–4]. Consequently, more attention has been
paid recently to identifying plant responses related to drought stress resistance mechanisms.
These mechanisms include gas exchange, chlorophyll fluorescence, relative water content,
lipid peroxidation index, proline, and anthocyanins accumulation, and facilitate the devel-
opment of different genetic approaches to improve plant drought resistance and prevention
of yield loss in economically important wheat. In contrast to common wheat, only a few
studies assessed the spelt wheat’s resistance to water shortages [5–8]. The effect of drought
stress on the physiological properties and the course of the photosynthesis process in spelt
wheat have not been fully characterized and explained. One of the negative effects of
drought is the dehydration of cells which causes a drop in turgor pressure, restriction of cell
elongation, stomatal closure, and the reduction of photosynthetic activity leading to growth
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inhibition and a reduction in the accumulation of biomass and yield [9–11]. Stomatal
closure is beneficial for plant survival under drought since it reduces water loss from leaves.
However, at the same time, it causes a decrease in the CO2 assimilation rate, which may
lead to non-stomatal down-regulation of photosynthetic metabolism. Plants thus absorb
more light than can be used in photosynthetic carbon fixation. This triggers reactive oxygen
species (ROS) generation and damage of cell membranes due to lipid peroxidation, which
leads to further inhibition of photosynthesis [12,13].

Cellular adjustments for drought tolerance include an increased concentration of
protective compounds (sugar osmoprotectants, amino acids, flavonoids), proteins that
condition the proper structure of cell membranes, as well as the activation of enzymatic and
non-enzymatic antioxidant systems [14–18]. Proline accumulation is a common physiologi-
cal response to water deficit or increased osmotic pressure. It improves osmotic regulation
and cell water retention, leading to a reduction in cell dehydration and stabilization of the
structure of proteins and cell membranes. It acts as a protective agent for many enzymes
and an antioxidant and free radical scavenger [19]. Of the various mechanisms enabling
plants to cope with water stress, the most common is the accumulation of secondary
metabolites like flavonoids or anthocyanins [20,21]. Apart from playing varied roles in
plant growth and development, they are also responsible for the resistance to biotic and
abiotic stresses [20].

Different wheat and spelt cultivars may develop different stress resistance strategies
(stress avoidance and/or stress tolerance); hence, to preserve growth and productivity,
there is a need to broaden the knowledge about the mechanisms which enable plants
to rapidly cope with drought stress [22]. Identification of cultivars with increased stress
resistance is possible by observation of the genetic variations of several spelt cultivars in
response to drought stress and investigation of the differences in possible mechanisms
involved in this resistance with reference to common wheat. In recent years, measurements
of photosynthesis and chlorophyll fluorescence have been very popular as they enable
the identification of the physiological activity of plants under biotic and abiotic stress
conditions [23,24]. Detailed monitoring of plant physiology, the basis of photosynthesis
regulation under imposed conditions of water scarcity, is crucial for the estimation of
resistance to drought.

Spelt wheat has been attracting renewed interest worldwide due to the growing
demand for traditional and organic products and so-called functional food [25,26]. Being
richer in nutrients in comparison to other cereals, spelt products with no other cereal
admixtures display a pro-health effect [27]. Organic and sustainable agriculture drives
the demand for cereal species and cultivars, which can cope with drought and provide a
stable yield under these adverse environmental conditions without requiring high-input
cultivation [28]. At the same time, spelt wheat is suitable for cultivation in soils that are
poorer in minerals. In recent years, special attention has also been paid to the need to
preserve genetic biodiversity in agro-ecosystems [29].

This study aimed to compare the suitability of selected cultivars of spelt wheat for
cultivation under drought stress in relation to common wheat. The research hypothesis
assumed that some of the examined cultivars of spelt wheat might show greater drought
stress resistance. Six spelt wheat cultivars were collected. Variations in drought responses
were evaluated based on the relative water content in leaves (RWC), gas exchange and
chlorophyll fluorescence parameters, lipid peroxidation level, proline, and anthocyanins
content. Common wheat cultivar was used as a reference. Plant physiological activity
under well-watered and drought conditions was determined, and the drought resistance
index (DRI) was calculated. The differences in the drought resistance of the examined wheat
cultivars were analyzed concerning the destructive (lipid peroxidation) and protective
(proline and anthocyanins accumulation) changes at the metabolic level. The relationships
between physiological parameters were further comparatively dissected and discussed.
The results provided some insights into the understanding of the physiological mechanisms
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of spelt drought tolerance. They indicated the most useful cultivar comparable to common
wheat for growing in difficult water stress conditions.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

The experiments were performed in three annual cycles (2013, 2014, 2015). The follow-
ing six winter spelt wheat: ‘Franckenkorn’, ‘Oberkulmer Rotkorn’, ‘Badengold’, ‘Divimar’,
‘Schwabenkorn’ and ‘Ostro’ cultivars were analyzed withreference to one common wheat
‘Bogatka’ cv. The seed material (spikelets) was purchased from breeding companies. The
pot experiment was performed in the experimental field belonging to the Department of
Agronomy of the Poznań University of Life Sciences (Poznań, Poland). Plastic polyethylene
pots (6 L) were filled with 4 kg of a universal substrate (pH 5.5) (Kronen, Lasland Sp. z
o.o. Cerekwica). In each pot, 5 spikelets of cultivars of spelt wheat and grain of common
wheat were sown in four replicates in each independent experiment. All these cultivations
of plants were conducted according to a randomized complete block design and kept in the
same growth conditions. The sowing date was set in accordance with the recommendations
for the Greater Poland Voivodeship for the first five days of October. The three most
aligned plants (healthy cuttings in pots of nearly the same size) were left in each pot after
seed germination (14 days). On the next day, the first fertilization using Florovit (Grupa
Inco S.A., Góra Kalwaria, Poland) liquid fertilizer (0.5 mL/100 mL H2O/pot) and ammo-
nium nitrate (1 g /100 mL H2O/pot) was performed. Fertilization was repeated twice at
14-day intervals. Pots with plants were kept outdoor (natural conditions) in the winter
period, but in spring, they were moved to a greenhouse of the Department of Agronomy
(60% to 80% relative humidity, 20 to 25 ◦C, 16 h day/8 h night). To assess the potential
drought tolerance of spelt varieties, plants were subjected to watering conditions (control)
and drought condition (soil water deficit) by withholding water in the soil for 10 days.
Plants were grown under natural sunlight supplemented with sodium lamps light (HPS)
with a power of 400 W and PPFD 700 µmol·m−2·s (Elektro-Valo Oy Netafim, Avi:13473,
Uusikaupunki, Finland). Soil moisture was monitored daily with a probe (ThetaProbe,
Eijkelkamp, The Netherlands). Drought stress was imposed by stopping the watering at
the flowering phase of the plants (BBCH 69). After 10 days of drought, the soil moisture
content reached 6–8% v/v, and was unavailable to the plants. Leaves lost their vigor and
started to wither. The control plants of all cultivars were provided with an optimal soil
moisture content of 20 to 22% v/v. The physiological state of the plants was determined
in both control and the drought-stressed plants at the end of the drought period. After
completing the measurements, all the leaves were cut off and frozen in liquid nitrogen for
further laboratory analyses, including the determination of free proline, anthocyanins, and
lipid peroxidation levels. Relative water status (RWC) was determined immediately after
harvest. The experiments used four independent biological replicates. Each replicate was a
sample of plant material derived from a different pot. The physiological measurements
(gas exchange, chlorophyll fluorescence, chlorophyll content index) were performed in
three identical annual cycles (2013, 2014, 2015), while laboratory measurements (RWC,
lipid peroxidation, proline, and anthocyanin accumulation) were performed in two years
(2013, 2014).

2.2. Gas Exchange Parameters

Before the measurements were started, the plants were dark-acclimated for 9 h. The
measurement was carried out in a phytotron at a constant air temperature of 25 ◦C and
an ambient humidity of 70% ± 5%. The physiological state of the plants and their pho-
tosynthetic activity were determined using the LCpro-SD (ADC BioScientific Ltd., Hod-
desdon, UK) and the following parameters: A-CO2 assimilation level (µmol·m−2·s−1),
E-transpiration (mmol·m−2·s−1), Gs-stomatal conductance (mol·m−2·s−1), Ci-intercellular
CO2 concentration (vpm). The measurement sequence was the same, and the stressed and
control plants were alternately measured for each analyzed cultivar. For each pot, the two
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youngest fully developed leaves from two plants were analyzed. The measurement was
performed on four pots (a total of 8 measurements per combination). The concentration of
CO2 supplied to the measuring chamber (reference CO2) was kept at 360 vpm. The airflow
to the measuring chamber (u) was maintained at 200 µmol/s. The concentration of H2O
(reference H2O) was set to ambient, i.e., the actual concentration in the environment. The
intensity of the light emitted in the measuring chamber (PPFD-photosynthetic photon flux
density) by the red and blue LEDs (in the proportion of 10:1) of the spectrum was set to
400 µmol·m−2·s−1 (LCP Narrow Lamp, ADC BioScientific Ltd., Hoddesdon, UK).

2.3. Chlorophyll Fluorescence

Chlorophyll fluorescence was measured using a Fluorometer OS5p (Optisciences Inc.,
Hudson, NH, USA) with a PAR clip that measures photosynthetically active radiation
(PAR), leaf temperature, and calculates the electron transport rate (ETR) parameter during
the measurement. The kinetic protocol was selected, and measurements on plants after
dark adaptation and under light were taken. The following parameters were measured:
F0-minimum fluorescence, Fm-maximum fluorescence, Fv/Fm-maximum PSII quantum
yield in the dark-acclimated state, Y (PSII)-PSII quantum yield in the light-acclimated
state, ETR-Electron Transport Rate. Chlorophyll fluorescence measurement was performed
in the same, youngest, fully developed two leaves from every pot selected for the gas
exchange measurement (2.2.). The Modulation Source was set to red with an intensity of 22
in the possible range from 1 to 32, where 17 is for an approximate value of 0.1 µmols. The
optimal setting is the highest possible intensity that does not induce variable fluorescence.
The Saturation Flash was set to an intensity of 30 in the possible range from 1 to 32,
where 32 is an approximate value of 8550 µmols. The measurement cycle was set to two
saturation pulses 180 s apart. The number of flashes and the duration of measurements
were selected based on the time each plant needed to completely silence the fluorescence.
At the beginning of the measurement, the weak modulated source is started, and the
parameter F0 is measured. The next step is to turn on a single saturation pulse and measure
the Fm value. Then the reaction centers of the PSII are closed. When the fluorescence signal
returns to the minimum value, actinic light is turned on (about 400 µmol·m−2·s−1), which
triggers biochemical reactions and allows the calculation of Y (PSII) and ETR parameters.
The equation of ETR is ETR = (Y (II)) (084) (0.5) PAR.

2.4. Chlorophyll Content Index

Chlorophyll Content Index (CCI) was measured using a CCM-200 plus (Optisciences
Inc., Hudson, NH, USA). The same, youngest, fully developed two leaves were selected
for the CCI measurement, as for chlorophyll fluorescence and gas exchange measurement.
The CCM-200 Plus chlorophyll meter is used to determine the relative concentration of
chlorophyll by measuring optical absorbance in two wavebands: 653 nm (Chlorophyll) and
931 nm (Near Infra-Red).

2.5. Relative Water Content (RWC)

Plant water status was determined by measuring leaf RWC of control and drought-
stressed plants. Two-centimeter leaf slices, freshly collected from control and drought-
stressed plants, were weighed three times in weighing dishes. The first weighing was
carried out immediately after collecting the plant material (fresh mass; f.m.), the second
after soaking the plant material for 4 h in distilled water (f.m. in full turgor), and the third
weighing was carried out after drying the plant material for 4 h in 70◦ C (dry mass; d.m.).
RWC was calculated using the formula:

RWC [%] =
f.m. − d.m.

f.m. in full turgor − d.m.
(1)
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2.6. Lipid Peroxidation Index (MDA)

The level of lipid peroxidation in the leaves of control and drought-stressed plants was
determined by quantifying the malondialdehyde (MDA) content using the thiobarbituric
acid assay (TBA test) according to Heath and Packer [30]. Plant material (200 mg fresh
matter) was homogenized with 4 mL of 5% trichloroacetic acid (TCA). The homogenate
was centrifuged at 5000× g for 15 min. and used to assess MDA content. The mixture of
2 mL of 20% TCA containing 0.5% TBA was added to 0.5 mL of the supernatant, heated to
95 ◦C for 30 min, then cooled in an ice bath and centrifuged at 10,000× g for 10 min. The
absorbance of the supernatant was measured at wavelengths λ = 532 nm and λ = 600 nm.
The value of nonspecific absorption at 600 was subtracted from the reading at 532 nm.
MDA concentration was calculated using the molar absorption coefficient of the MDA-TBA
complex equal to 155 L/mmol × cm and expressed in µmol·g−1 d.m.

2.7. Free Proline Analysis

The free proline content in the leaves of control and drought-stressed plants was
determined by the method of Bates et al. [31]. Plant material (200 mg fresh matter) was
homogenized with 4 mL of 5% TCA (v/v). The homogenate was centrifuged at 5000× g for
15 min. The supernatant was used for proline determination by measuring the quantity
of the colored reaction product of proline with ninhydric acid. The absorbance of the
produced complex was measured at a wavelength of 515 nm. The amount of free proline
was calculated based on the calibration curve and expressed in mg·g d.m−1.

2.8. Anthocyanin Analyses

The content of anthocyanin pigments in the leaves of control and drought-stressed
plants was determined by the method of Wang et al. [32]. Plant material (200 mg fresh
matter) was homogenized with 3 mL of 0.5 N HCl and centrifuged at 6000× g for 10 min.
The absorbance of the supernatant was measured at 530 nm. The level of anthocyanins in
leaf tissue was calculated using a calibration curve of cyanine chloride and was expressed
as µg·g−1 d.m.

2.9. Estimation of Drought Resistance Index (DRI)

To assess the drought tolerance of the studied cultivars, the resistance index (RI) was
calculated based on the equation proposed by Balboa et al. (2020) [33]. For this purpose,
the plant physiological activity (PPA) in drought-stressed and control plants was estimated,
taking into account the following input data: RWC (%), A (unit value), Y (PSII) (unitless)
value below 1), Fv/Fm (unitless) value below 1) that have the same weight in the equation.
A 0 to 1 scale was used in the equation for each parameter; therefore, the RWC was divided
by 100 (to eliminate the percentages) and Ad (the A value for the drought) by the Ac (the A
value for the control). The physiological activity of drought-stressed plants was calculated
according to the following equation:

PPAwd = [(0.25 × RWCwd/100) + (0.25 × Awd/Ac) + (0.25 × Y(PSII)wd) + (0.25 × Fv/Fmwd)] × 100 (2)

For the conditions of control, the above equation takes the form:

PPAc = [(0.25 × RWCc/100) + (0.25 × 1) + (0.25 × Y(PSII)c) + (0.25 × (Fv/Fm)c] × 100 (3)

Drought resistance index (DRI) was calculated according to the following equation:

DRI = PPAwd/PPAc (4)

where PPAc = Plant Physiological Activity in control condition. PPAwd = Plant Physiological
Activity in Water Deficit conditions. Therefore, DRI values close to 0 indicate that the
cultivar had a lower resistance to drought, while cultivars with RI values close to 1 indicate
a higher resistance to drought stress conditions.
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2.10. Statistical Analysis

The effect of two factors (drought stress and cultivars) on the physiological state of
plants was examined using two-way ANOVA with four replicates per cultivar accordingly
to the method described previously [34]. The principal components analysis was carried
out using the R software (v 4.0.5, The R Foundation, Vienna, Austria), and biplots were used
to illustrate the obtained results [35]. The relationship between examined parameters for
each variety was determined using the Pearson correlation coefficient. Server heatmapper
was used to design cluster heat maps. Blue and yellow indicate negative and positive
correlations, respectively. The hierarchical clustering heat map method was used for
data analyses. Distance measure using Euclidean and clustering algorithm using Ward’s
linkage [36].

3. Results
3.1. Physiological State of Plants
3.1.1. Gas Exchange Parameters

Examined wheat cultivars differed in the level of gas exchange parameters in control
conditions (Table 1). Drought stress caused a decrease in all these parameters, but to an
extent that was different depending on the cultivar. The greatest inhibition of CO2 assim-
ilation rate was observed in ‘Schwabenkorn’ (decrease of 7.46 µmol·m−2·s−1, i.e., 98%),
whereas the weakest inhibition in ‘Franckenkorn’ (decrease of 1.87 µmol·m−2·s−1 or 27%).
‘Schwabenkorn’ was also characterized by the highest reduction in transpiration rate
(decrease of 1.47 µmol·m−2·s−1, i.e., 91%); the smallest decrease was observed in the
‘Badengold’ cultivar (decrease of 0.1 µmol·m−2·s−1, i.e., 7%). Whereas, in spelt wheat, the
‘Franckenkorn’ cultivar transpiration rate did not change under drought stress conditions.
The greatest decrease of stomatal conductance (by 0.09 mol·m−2·s−1) was recorded in
‘Badengold’ (82%) and ‘Schwabenkorn’ (100%), whereas the smallest (0.03 mol·m−2·s−1) in
‘Franckenkorn’ (43%) and ‘Divimar’ (75%) cultivars. The intercellular CO2 concentration
droped the least, by 22.6 vpm (12%) in ‘Franckenkorn’, in turn the most, by 211.8 vpm
(57%), in ‘Oberkulmer Rotkorn’ cultivar.

Table 1. Effect of wheat cultivars and drought stress on photosynthesis parameters.

Cultivars A (µmol·m−2·s−1) E (mmol·m−2·s−1) Gs (mol·m−2·s−1) Ci (vpm)

Control Drought Control Drought Control Drought Control Drought

Franckenkorn 6.89 d 5.02 e 1.18 e 1.18 e 0.07 e 0.04 f 182.6 f 160.0 g

Oberkulmer
Rotkorn 4.29 f 0.34 j 0.79 fg 0.06 l 0.04 f 0.00 i 373.9 a 162.1 g

Badengold 9.67 a 2.95 g 1.33 c 1.23 d 0.11 a 0.02 g 201.1 e 169.2 g

Ostro 7.63 c 2.69 gh 1.49 b 0.51 h 0.08 d 0.02 g 291.7 c 143.9 g

Divimar 4.24 f 1.67 i 0.84 f 0.33 j 0.04 f 0.01 h 298.7 c 136.3 gh

Schwabenkorn 7.62 c 0.16 j 1.61 a 0.14 k 0.09 c 0.00 i 321.3 b 193.1 f

Bogatka 8.26 b 2.50 h 1.50 b 0.39 i 0.08 d 0.01 h 270.1 d 137.3 gh

LSD α0.05 0.533 0.065 0.005 29.05

A-CO2 assimilation level, E-transpiration rate, Gs-stomatal conductance, Ci-intercellular CO2 concentration. The
results were compiled based on 12 repetitions (4 independent biological repetitions yearly). Different letters a–l
indicate statistically different mean values (α = 0.05).

3.1.2. Chlorophyll Fluorescence and Chlorophyll Content Index

Significant loss of leaf chlorophyll in drought-stressed plants was observed in all the
examined cultivars (Figure 1A). The highest decrease was observed in the ‘Franckenkorn’
and ‘Oberkulmer Rotkorn’ (66% and 48%, respectively).
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Figure 1. Parameters of chlorophyll fluorescence after dark adaptation: (A)—minimum fluores-
cence (F0), (B)—maximum fluorescence (Fm), (C)—maximum PSII quantum yield in the dark-
acclimated state (Fv/Fm) on the light: (D)—PSII quantum yield in the light-acclimated state (Y (PSII)),
(E)—Electron Transport Rate (ETR) and (F)—Chlorophyll Content Index (CCI) [non-nominated units].
The results were compiled based on 12 repetitions (4 independent biological repetitions yearly).
Letters a–j indicate statistically different mean values (α = 0.05).

Drought caused damage to PSII, resulting in significant decreases in the PSII quantum
yield in the light-acclimated state-Y (PSII), as well as the rates of electron transport (ETR) in
all the analyzed cultivars (Figure 1B,C). The decreases in the Y (PSII) parameter between the
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control plants and the drought-stressed ones ranged from 0.04 units (19%) for the common
wheat ‘Bogatka’ to 0.1 units (45%) for the ‘Badengold’ spelt wheat. Similarly, the decrease
in the ETR due to drought stress was the smallest in ‘Bogatka’ (7.2 units, i.e., 16%), while
the highest in ‘Badengold’ (17.3 units, i.e., 39%).

Drought stress resulted in a significant decrease (28 units, i.e., 8%) in the minimum
fluorescence in ‘Ostro’ (Figure 1D). Otherwise, ‘Badengold’ showed a significant increase
in the value of this parameter (27 units, i.e., 10%). No significant changes in the F0 value
were observed in the remaining cultivars. Maximum fluorescence showed a significant
decrease in examined cultivars which ranged from 106.8 units (7%) in ‘Schwabenkorn’ to
243.8 units (15%) in ‘Ostro’ (Figure 1E). In all the examined cultivars, drought stress also
caused a decrease in maximum PSII quantum yield in the dark-acclimated state (Fv/Fm)
(Figure 1F). The smallest decrease of Fv/Fm was observed in ‘Ostro’ and ‘Schwabenkorn’
and amounted to 0.01 units (1%). In the remaining cultivars, the decrease of photochemical
efficiency of PSII was in the range of 0.02 units (2.5%) in ‘Oberkulmer Rotkorn’ to 0.07 units
(9%) in’Badengold’.

3.2. Relative Water Content (RWC)

RWC in leaves of control plants ranged from 88.3% to 93.1% in ‘Oberkulmer Rotkorn’
and ‘Bogatka’, respectively (Table 2). Drought resulted in a significant reduction of RWC
in all the examined cultivars. In drought-stressed plants, the lowest RWC level (54.1%)
was observed in the leaves of ‘Schwabenkorn’ and the highest (85.9%) in ‘Bogatka’, indi-
cating severe to mild leaf dehydration, respectively. Severe water deficit was also shown
in the leaves of ’Ostro’ and ‘Divimar’ (RWC 64.1%), slightly milder-in ‘Franckenkorn’,
‘Oberkulmer Rotkorn’ and ‘Badengold’ (RWC 72.1 to 71%).

Table 2. Effect of wheat cultivars and drought stress on the Relative Water Content (RWC) and Lipid
Peroxidation Index (MDA).

Cultivars RWC (%) MDA (µmol·g−1 d.m.)

Control Drought Control Drought

Franckenkorn 89.2 b 72.1 d 0.26 c 0.31 c

Oberkulmer
Rotkorn 88.3 b 71.3 d 0.25 c 0.40 b

Badengold 87.5 b 71.0 d 0.29 c 0.39 b

Ostro 88.4 b 64.1 e 0.27 c 0.33 b

Divimar 91.5 ab 64.1 e 0.25 c 0.50 a

Schwabenkorn 91.2 ab 54.1 f 0.29 c 0.44 a

Bogatka 93.1 a 85.9 c 0.31 c 0.42 ab

LSD α0.05 2.99 0.09
Different letters a–f indicate statistically different mean values (α = 0.05). The results were compiled based on
8 repetitions (4 independent biological repetitions yearly).

3.3. Lipid Peroxidation Index (MDA)

The level of lipid peroxidation in leaves of control plants was rather similar in all
examined cultivars and ranged from 0.25 to 0.31 µmol·g−1 d.m. (Table 2). A statistically
significant increase in lipid peroxidation was shown in all examined cultivars except for
‘Franckenkorn’. The highest MDA increase (by 0.25 µmol·g−1 d.m. i.e.,100%) was shown in
‘Divimar’, and the lowest (by 0.06 µmol·g−1 d.m. i.e., 22%) in ‘Ostro’.

3.4. Free Proline Accumulation

Free proline levels in leaves of control plants did not differ significantly in examined
cultivars and ranged from 0.4 mg·g−1 d.m. in ‘Oberkulmer Rotkorn’ and ‘Schwabenkorn’
to 1.0 mg·g−1 d.m. in ‘Badengold’ (Table 3). Drought stress caused significant increases
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in the free proline content in all the cultivars. The greatest increase was found in leaves
of ‘Badengold’ (by 18.7 mg·g−1 d.m., which means an eighteen-fold increase), whereas
a milder increase was observed in ‘Bogatka’ (by 4.8 mg·g−1 d.m., which means more
than sixfold increase). Among spelt wheat, ‘Franckenkorn’ and ‘Schwabenkorn’ cultivars
were characterized by a significantly higher increase in proline content under water stress
conditions which amounted to 11.2 and 13.4 mg·g−1 d.m. (meaning an 18 and 33 times fold
increase, respectively).

Table 3. Effect of wheat cultivars and drought stress on free proline and anthocyanins accumulation.

Cultivars Proline (mg·g−1 d.m.) Anthocyanins (µg·g−1 d.m.)

Control Drought Control Drought

Franckenkorn 0.6 e 11.8 b 159.5 e 514.1 a

Oberkulmer
Rotkorn 0.4 e 9.8 c 119.4 f 547.6 a

Badengold 1.0 e 19.7 a 199.3 e 302.1 d

Ostro 0.4 e 6.7 c 141.9 ef 426.8 b

Divimar 0.7 e 9.7 c 112.2 f 513.2 a

Schwabenkorn 0.4 e 13.8 b 142.9 ef 426.4 b

Bogatka 0.7 e 5.5 d 191.4 e 378.2 c

LSD α0.05 3.97 79.88
Different letters a–f indicate statistically different mean values (α = 0.05). The results were compiled based on
8 repetitions (4 independent biological repetitions yearly).

3.5. Anthocyanins Accumulation

The levels of anthocyanins in the leaves of control plants (Table 3) were the highest
in ‘Bandegold’ and ‘Bogatka’ (199.3 and 191.4 µg·g−1 d.m., respectively), the lowest in
‘Divimar’ and ‘Oberkulmer Rotkorn’ (112.2 and 119.4 µg·g−1 d.m., respectively). Drought
stress had a significant effect, yet the magnitude of increments in the content of these
pigments was cultivar-dependent (Table 3). The highest increase was shown in ‘Oberkulmer
Rotkorn’ and ‘Divimar’ (by 428.2 and 401.0 µg·g−1 d.m., more than threefold increase
respectively), the lowest-in ‘Badengold’ (by 102.8 µg·g−1 d.m., i.e., 51%).

3.6. Physiological Plant Activity (PPA) and Drought Resistance Index (DRI)

Estimating the DRI allowed for categorizing varieties according to the degree of
resistance to drought (Table 4). The physiological activity of the cultivars under control
conditions (PPAc) was similar and ranged from 72% (Ostro) to 74% (Divmar, Schwabenkorn,
Bogatka). The drought contributed to the reduction of physiological activity (PPAwd).
The lowest PPAwd index was observed for ‘Schwabenkorn’ (38.5%) and the highest for
‘Franckenkorn’ (58.9%). This variety was also characterized by the highest DRI (0.811).
Slightly lower DRI was found in ‘Bogatka’ (0.713) and the lowest in ‘Schwabenkorn’ (0.518).

Table 4. Effect of wheat varieties and drought stress on physiological plant activity and drought
resistance index (%).

Cultivars PPAC (%) PPAwd (%) DRI (PPAwd/PPAc)

Franckenkorn 73 58.9 0.811
Oberkulmer Rotkorn 73 43.6 0.595

Badengold 73 46.1 0.636
Ostro 72 48.3 0.666

Divimar 74 48.9 0.664
Schwabenkorn 74 38.5 0.518

Bogatka 74 52.6 0.713
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3.7. Principal Component Analysis

Principal component analysis (PCA) for the effect of drought stress on the examined
wheat cultivars is presented in Figure 2. Biplots were constructed based on data from
laboratory determinations, including RWC, lipid peroxidation, proline, and anthocyanins
levels (Figure 2A), as well as from the physiological evaluation condition of plants by
measuring gas exchange parameters (A, E, Gs, Ci) and chlorophyll fluorescence parameters
(Fv/Fm, Y (PSII)) (Figure 2B).

The drought stress caused a decrease in leaf RWC in all the examined cultivars. There
was an inversely proportional relationship between RWC level and MDA, anthocyanins
as well as proline content in leaves of drought-stressed plants (Figure 2A). It means that
drought stress induced the reduction of leaf hydration, which increased proline and antho-
cyanins content and lipid peroxidation level. However, the magnitude of these changes
was different in the examined cultivars. There was a strong positive correlation between the
MDA and the anthocyanins content, and also a positive, but weaker, correlation between
the MDA and proline as well as the anthocyanin and proline content.

Agronomy 2022, 12, x FOR PEER REVIEW 10 of 18 
 

 

Divimar 74 48.9 0.664 

Schwabenkorn 74 38.5 0.518 

Bogatka 74 52.6 0.713 

3.7. Principal Component Analysis 

Principal component analysis (PCA) for the effect of drought stress on the examined 

wheat cultivars is presented in Figure 2. Biplots were constructed based on data from la-

boratory determinations, including RWC, lipid peroxidation, proline, and anthocyanins 

levels (Figure 2A), as well as from the physiological evaluation condition of plants by 

measuring gas exchange parameters (A, E, Gs, Ci) and chlorophyll fluorescence parame-

ters (Fv/Fm, Y (PSII)) (Figure 2B). 

 

A 

Figure 2. Cont.



Agronomy 2022, 12, 1822 11 of 18Agronomy 2022, 12, x FOR PEER REVIEW 11 of 18 
 

 

 

Figure 2. Projection of the variables on the component plane (1 × 2) of the effect of drought stress 

on: (A) relative water content (RWC), lipid peroxidation index (MDA), anthocyanins, and proline 

accumulation; (B) photosynthesis-related parameters (CO2 assimilation level (A), transpiration rate 

(E), stomatal conductance (Gs), intercellular CO2 concentration (Ci), maximum PSII quantum yield 

in the dark-acclimated state (Fv/Fm), PSII quantum yield in the light-acclimated state (Y (PSII)). C1–

control ‘Franckenkorn’; C2–control ‘Oberkulmer’; C3–control ‘Badengold’; C4–control ‘Ostro’; C5–

control ‘Divimar’; C6–control ‘Schwabenkorn’ and C7–control ‘Bogatka’. D1-7-stressed cultivars, in 

the same order. 

The drought stress caused a decrease in leaf RWC in all the examined cultivars. There 

was an inversely proportional relationship between RWC level and MDA, anthocyanins 

as well as proline content in leaves of drought-stressed plants (Figure 2A). It means that 

drought stress induced the reduction of leaf hydration, which increased proline and an-

thocyanins content and lipid peroxidation level. However, the magnitude of these 

changes was different in the examined cultivars. There was a strong positive correlation 

between the MDA and the anthocyanins content, and also a positive, but weaker, correla-

tion between the MDA and proline as well as the anthocyanin and proline content. 

A strong positive correlation was shown between the intercellular CO2 concentration 

(Ci) and the Fv/Fm and Y (PSII) parameters (Figure 2B). The second group of variables 

B 

Figure 2. Projection of the variables on the component plane (1 × 2) of the effect of drought stress
on: (A) relative water content (RWC), lipid peroxidation index (MDA), anthocyanins, and proline
accumulation; (B) photosynthesis-related parameters (CO2 assimilation level (A), transpiration
rate (E), stomatal conductance (Gs), intercellular CO2 concentration (Ci), maximum PSII quantum
yield in the dark-acclimated state (Fv/Fm), PSII quantum yield in the light-acclimated state (Y (PSII)).
C1–control ‘Franckenkorn’; C2–control ‘Oberkulmer’; C3–control ‘Badengold’; C4–control ‘Ostro’;
C5–control ‘Divimar’; C6–control ‘Schwabenkorn’ and C7–control ‘Bogatka’. D1-7-stressed cultivars,
in the same order.

A strong positive correlation was shown between the intercellular CO2 concentration
(Ci) and the Fv/Fm and Y (PSII) parameters (Figure 2B). The second group of variables
showing a positive correlation but with a lower strength were: CO2 assimilation (A),
stomatal conductance (Gs), and transpiration (E). At the same time, both groups of variables
showed a positive but definitely weaker correlation with each other. It should be noted that
spelt wheat ‘Franckenkorn’ cultivar showed the lowest response to drought on gas exchange
parameters. Both well-watered (C1) and drought-stressed (D1) ‘Franckenkorn’ plants were
placed much closer to each other compared to the remaining tested cultivars. Similarly,
only a slight effect of drought on these parameters was observed for the ‘Badengold’ spelt
cultivar (C3 and D3).



Agronomy 2022, 12, 1822 12 of 18

3.8. Correlation Analyses

Figure 3 presents the correlation coefficients between RWC, lipid peroxidation level,
anthocyanins, and proline content in leaves for each of the examined wheat cultivars.
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Figure 3. Correlation coefficients between features analyzed for stressed cultivars; (a) ‘Franckenkorn’;
(b) ‘Oberkulmer’; (c) ‘Badengold’; (d) ‘Ostro’; (e) ‘Divimar’; (f) ‘Schwabenkorn’ and (g) ‘Bogatka’.
Features compared: relative water content (RWC), proline contents and anthocyanins, lipid peroxida-
tion index (MDA). Interpretation of Pearson’s linear correlation coefficient: 0 ≤ p < 0.2—practically no
relation between characters; 0.2 ≤ p < 0.5—poor relation between characters; 0.5 ≤ p < 0.75—medium
relation; 0.75 ≤ p < 0.95—strong relation; 0.95 ≤ p < 1.00—practically functional relation.
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To elucidate the possible response mechanisms of spelt wheat to drought stress, corre-
lations of RWC with other physiological parameters of tested cultivars under drought stress
conditions were analyzed. The RWC average for cultivars showed a negative correlation
with proline and anthocyanins contents (r = −0.52 **, −0.46 **, respectively) under drought
stress conditions, suggesting that decreased relative water content in leaves may have
induced proline accumulation. In addition, MDA, a marker of stress-induced damage, was
significantly negatively correlated with proline content (r = −0.21 **), which may imply the
enhancement of the defensive role of proline. Similar dependences were observed among
the cultivars tested, and a significantly negative correlation between RWC and proline
content was found in spelt wheat ‘Oberkulmer’ (r = −0.95 **), ‘Divimar’ (r = −0.97 **) and
common wheat ‘Bogatka’ (r = −0.99 **). However, the above dependence was not observed
in ‘Franckenkorn’, in which this correlation was weakly negative (−0.37 *). Interestingly,
in this cultivar, RWC was strongly negatively correlated with anthocyanins (r = −0.88 **).
This response suggests a relatively important role of anthocyanins in the anti-oxidative
defense. Therefore, the relative water content, proline, and anthocyanins content might be
associated with drought resistance in spelt wheat.

4. Discussion

Plants are known to respond to drought stress with a cascade of responses at molecular,
biochemical, and physiological levels [37]. The essential physiological response is a decrease
in photosynthetic efficiency, the result of stomata closure. The stomata closure process
is initiated rapidly (within 1 to 2 min) after the occurrence of the causative agent and is
completed within 5 min. Maintaining the balance between CO2 exchange and transpiration
is necessary to maximize the CO2 assimilation in the photosynthesis and, at the same time,
to reduce water loss [38]. The reasons for reduced photosynthesis efficiency are, among
others, the reductions of stomatal conductance and the CO2 assimilation rate regulated
practically concurrently [39]. These dependencies were presented in this study as the
experimental results revealed a positive correlation between parameters A, Gs, and E.

The obtained results showed the differences between the examined cultivars of spelt
wheat and between spelt and common wheat in response to drought. Spelt wheat ‘Franck-
enkorn’ and ‘Badengold’ cultivars were characterized by the weakest impact of drought on
gas exchange parameters. In turn, the strongest response to drought was characteristic of
the ‘Schwabenkorn’, also characterized by the greatest decrease in RWC.

It was shown that in a transgenic wheat genotype that contains a selective gene that
encodes proline biosynthesis, the decrease of the photosynthetic rate was lower than in
the wild (not transformed). This was accompanied by an increase in the concentration of
proline in drought conditions [40]. Similarly, in the presented research, ‘Franckenkorn’,
characterized by a significant accumulation of free proline and anthocyanins, and a rel-
atively modest decrease in the level of RWC, also showed the smallest decrease in the
intensity of photosynthesis in drought conditions. ‘Franckenkorn’ was also characterized
by a much lower level of lipid peroxidation (MDA), which may indicate the role of proline
and anthocyanins in alleviating damage and maintaining photosynthetic activity. Chen and
Li [41] confirmed that a high concentration of proline in the suspension cells of transgenic
plants prevented lipid peroxidation of the cell membranes. They emphasized that proline
plays an important role in the protective antioxidant system, and its presence reduced
the oxidative damage in transgenic wheat lines, resulting in comparatively greater plant
resistance to drought stress [41]. The opposite relation was found in the ‘Schwabenkorn’, in
which a strong negative correlation between RWC and the accumulation of free proline was
proved. This variety was characterized by the lowest RWC during drought with a relatively
high accumulation of proline and a significant increase in the level of lipid peroxidation. In
addition, the stress resulted in the greatest decrease in CO2 assimilation in this variety.

The level of free proline in wheat leaves increases due to drought [42,43] and wheat
cultivars with higher free proline content and lower lipid peroxidation (MDA) show
better performance under drought at various stages of growth [44,45]. As early as 1987,
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Raghavendra and Reddy [46] reported that proline acts as an osmoregulator and plays a
protective role for the photosynthetic apparatus. In turn, lipid peroxidation expressed as
MDA content indicates drought stress damage at the cellular level [47]. In this study, the
increase in proline and MDA content was variable and indicated differences in the ability
to cope with stress in tested cultivars.

It seems that the significant accumulation of anthocyanins correlated with the lack of
oxidative damage was an element of the drought stress coping strategy in the ‘Franckenkorn’
cv. These results are consistent with the results obtained in the studies on wheat [21]. The
authors of these studies showed that increased anthocyanins levels, as a component of
drought coping strategy, prevented the increase in ROS levels in wheat leaves subjected
to drought stress. The authors point out that anthocyanins facilitate plant survival when
competition is high and resources are limited, potentially making them ideal physiological
inducers of resilience and adaptation, mediated by their light screening properties, in a
unified stress resistance mechanism.

According to Pietragalla and Mullan [48], plant genotypes with the ability to maintain
full leaf turgor under drought minimize the effects of the stress, allowing for the proper course
of turgor-dependent processes, such as plant growth and the activity of the stomata and
complexes of photosystems I and II. This study reported differences in the RWC among the
tested cultivars. The drought stress caused a moderate decrease in RWC, the highest in the
‘Schwabenkorn’ cultivar and the lowest in the ‘Bogatka’ cultivar. Similar results were obtained
by Keyvan [49], who also showed significant differences between wheat cultivars in the level
of leaf hydration (RWC) and free proline accumulation under drought stress. Based on the
increased content of free proline and the inhibition of chlorophyll fluorescence, Dib et al. [50]
divided the analyzed durum wheat cultivars into drought-resistant and -sensitive.

The reduced assimilation of CO2 caused by drought may lead to a disturbance between
the supply and demand in the assimilation power of ATP and NADPH in the course
of photosynthesis. Under such circumstances, or if the antenna complexes supply too
much energy under drought conditions, the generation of reactive oxygen species may
occur. Consequently, this leads to an irreversible degradation of the components of the
photosynthetic apparatus and lipid peroxidation. The resulting metabolic situation forces
the plant to dissipate the excess energy absorbed by chlorophyll in several ways, one of
which is increased fluorescence [51,52].

The measurements of chlorophyll fluorescence parameters are subject to various
modifications depending on the type, duration, and intensity of the stress; therefore, it
allows the detection of changes in PSII which result from plant-perceived stress, even before
any visible symptoms of damage manifest. Chlorophyll fluorescence parameters can be
used as a criterion for selecting cultivars and species more resistant to stress factors [53]. As
early as 1985, Havaux and Lannoye [54] used the fluorometric method to select drought-
sensitive and resistant durum wheat cultivars. Our results show that spelt wheat cultivar
(‘Franckenkorn’) characterized by the lowest decrease in stomatal conductance and gas
exchange parameters exhibited a relatively large decrease in the fluorescence parameters.
‘Franckenkorn’ maintains open stomata, relatively high CO2 assimilation, and transpiration
with a simultaneous loss of leaf chlorophyll content and decline of PSII quantum yield in
the light-acclimated state. It could be a defense mechanism consisting of the dissipation of
energy absorbed by chlorophyll or a result of lost carboxylation capacity and/or increased
thermal dissipation.

A decrease in the maximum fluorescence (Fm) and the maximum PSII quantum yield
in the dark-acclimated state (Fv/Fm) was also observed in this cultivar. Gilmore and
Björkman [55] showed that Fm attenuation accompanies an increase in energy dissipation.
Zlatev [56] also revealed a decrease in the maximum fluorescence (Fm), the maximum PSII
quantum yield in the dark-acclimated state (Fv/Fm), as well as parameters taken under
light: Y (PSII) and ETR in two winter wheat cultivars under drought stress.

Only severe water deficit (RWC decrease of more than 30 percentage points) in the
leaf is the limit below which biochemical processes are significantly impaired [57]. There-
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fore, the observed decreases in the values of chlorophyll fluorescence parameters in the
‘Franckenkorn’ imply a slowdown in electron transport rate and the maximum PSII quan-
tum yield in the dark-acclimated state. This could indicate the triggering of a drought
defense mechanism, due to which high photosynthetic efficiency is retained. Water stress
can potentially lead to an increased susceptibility to photoinhibition if excess excitation
energy cannot be safely dissipated [58]. Genty et al. [59] demonstrated that the concentra-
tion of open PS II reaction centers and the efficiency of excitation capture by PSII centers
determine the quantum yield of non-cyclic electron transport, and that the deactivation
of excitation within PS II complexes by non-photochemical processes must influence the
quantum yield of non-cyclic electron transport. Regulation of thermal and photochemical
de-excitation pathways, together with the PSII recovery system, all contribute to a pho-
toprotective system that prevents photodamage to the photosynthetic apparatus [60]. It
has also been suggested that the inactivation of PSII, which causes reversible damage, can
prevent the largely irreversible damage to PSI [61]. Lack of a stomatal reaction likely caused
a lesser reduction of CO2 assimilation and transpiration in ‘Franckenkorn’ compared to
the other analyzed cultivars. However, it led to partial degradation of chlorophyll and
a reduction in the electron transport rate and the maximum photochemical yield of PSII.
Drought stress inhibits the synthesis of chlorophyll, leading to a decrease in the content
of chlorophyll-binding proteins a and b, leading to a preferential reduction of the PS II-
associated light-gathering pigment protein [62]. Therefore, the ‘Franckenkorn’ cultivar is
a very important material for studying the mechanism of drought resistance. As shown
in this study, genetic variations of drought stress resistance in spelt wheat cultivars might
be largely related to the induced changes in some important physiological parameters,
especially relative water content, proline level, and the antioxidant defense system.

5. Conclusions

The obtained results indicate differences in the response to drought in the examined
varieties of spelt. Drought caused a water deficit in the leaves, which influenced metabolic
changes and physiological activity. The ‘Schwabenkorn’ variety turned out to be the most
susceptible to drought. This sensitivity was manifested by the greatest decrease in the level
of RWC, stomatal conductivity, and CO2 assimilation, as well as an increase in the level of
MDA (damage). The high accumulation of proline in this cultivar could be caused by a
significant decrease in the level of RWC (up to 54%), indicating a strong water deficit in the
leaves. The ‘Franckenkorn’ variety was found the most resistant, showing a significantly
lower reduction of RWC than ‘Schwabenkorn’ (up to 72%), no damage to cell membranes
(no increase in the MDA level), and the smallest reduction in stomatal conductivity and CO2
assimilation. The accumulation of anthocyanins and proline appears to have played a role
in this case. The level of free proline in this cultivar under drought conditions was similar
to that in the sensitive ‘Schwabenkorn’, and the level of anthocyanins was significantly
higher. These changes may have contributed to reduced RWC (osmotic adjustment) and
limited damage (lipid peroxidation-MDA).

The obtained results also indicate that, among the spelt cultivars, ‘Badengold’ may
be considered more resistant to drought than the others, probably due to high proline
accumulation responsible for alleviating dehydration and protecting against lipid peroxida-
tion (slight MDA increase). Consequently, the extent of inhibition of the CO2 assimilation
rate was low. These results suggest that changes in water content in leaves, antioxidant
defense system, and the action of photosynthetic apparatus may contribute to the variations
in drought tolerance between cultivars of spelt wheat. The ‘Franckenkorn’ and ‘Baden-
gold’ cultivars, identified as drought-resistant based on physiological parameters, and the
‘Schwabenkorn’ cultivar, identified as susceptible, may be considered for plant breeding
programs aimed at enhancing drought resistance in economically important crops such as
common wheat.
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2014, 273, 55–72.

15. El Gataa, Z.; El Hanafi, S.; El Messoadi, K.; Samir, K.; Kehel, Z.; Tadesse, W. Genome wide association and prediction studies of
agronomic and quality traits in spring beard wheat (Triticum aestivum L.) under rain-fed environment with terminal moisture
stress. J. Cereal Sci. 2021, 101, 103278. [CrossRef]

16. Dinakar, C.; Djilianov, D.; Bartels, D. Photosynthesis in desiccation tolerant plants: Energy metabolism and antioxidative stress
defense. Plant Sci. 2012, 182, 29–41. [CrossRef] [PubMed]

17. Dodd, I.C.; Ryan, A.C. Whole-plant physiological responses to water-deficit stress. eLS 2016, 1–9.
18. Fábregas, N.; Fernie, A.R. The metabolic response to drought. J. Exp. Bot. 2019, 70, 1077–1085. [CrossRef]
19. Szabados, L.; Savouré, A. Proline: Multifunctional amino acid. Trends Plant Sci. 2010, 15, 89–97. [CrossRef]
20. Shah, A.; Smith, D.L. Flavonoids in agriculture: Chemistry and roles in, biotic and abiotic stress responses, and microbial

associations. Agron. J. 2020, 10, 1209. [CrossRef]

http://doi.org/10.3390/ijms21020397
http://doi.org/10.1007/s11104-018-3774-7
http://doi.org/10.1515/chem-2021-0074
http://doi.org/10.1126/science.aaz7614
http://www.ncbi.nlm.nih.gov/pubmed/32299946
http://doi.org/10.3390/ijms21217987
http://www.ncbi.nlm.nih.gov/pubmed/33121138
http://doi.org/10.15407/frg2018.03.241
http://doi.org/10.1016/j.jcs.2020.102960
http://doi.org/10.1071/FP02076
http://doi.org/10.1093/jxb/erq340
http://doi.org/10.1155/2012/217037
http://doi.org/10.1016/j.jcs.2021.103278
http://doi.org/10.1016/j.plantsci.2011.01.018
http://www.ncbi.nlm.nih.gov/pubmed/22118613
http://doi.org/10.1093/jxb/ery437
http://doi.org/10.1016/j.tplants.2009.11.009
http://doi.org/10.3390/agronomy10081209


Agronomy 2022, 12, 1822 17 of 18

21. Ma, D.; Sun, D.; Wang, C.; Li, Y.; Guo, T. Expression of flavonoid biosynthesis genes and accumulation of flavonoid in wheat
leaves in response to drought stress. Plant Physiol. Biochem. 2014, 80, 60–66. [CrossRef]

22. Bandurska, H. Drought Stress Responses: Coping Strategy and Resistance. Plants 2022, 11, 922. [CrossRef] [PubMed]
23. Razavi, F.; Pollet, B.; Steppe, K.; van Labeke, M.C. Chlorophyll fluorescence as a tool for evaluation of drought stress in strawberry.

Photosynthetica 2008, 46, 631–633. [CrossRef]
24. Mathobo, R.; Marais, D.; Steyn, J.M. The effect of drought stress on yield, leaf gaseous exchange and chlorophyll fluorescence of

dry beans (Phaseolus vulgaris L.). Agric. Water Manag. 2017, 180, 118–125. [CrossRef]
25. Callejo, M.J.; Vargas-Kostiuk, M.-E.; Rodríguez-Quijano, M. Selection, training and validation process of a sensory panel for bread

analysis: Influence of cultivar on the quality of breads made from common wheat and spelt wheat. J. Cereal Sci. 2015, 61, 55–62.
[CrossRef]

26. Frakolaki, G.; Giannou, V.; Topakas, E.; Tzia, C. Chemical characterization and breadmaking potential of spelt versus wheat flour.
J. Cereal Sci. 2018, 79, 50–56. [CrossRef]

27. Ruibal-Mendieta, N.L.; Delacroix, D.L.; Mignolet, E.; Pycke, J.-M.; Marques, C.; Rozenberg, R.; Petitjean, G.; Habib-Jiwan, J.L.;
Meurens, M.; Quetin-Leclercq, J.; et al. Spelt (Triticum aestivum ssp. spelta) as a Source of Breadmaking Flours and Bran Naturally
Enriched in Oleic Acid and Minerals but Not Phytic Acid. J. Agric. Food Chem. 2005, 53, 2751–2759. [CrossRef]

28. Evans, J.; Neeson, R.; Burnett, V.; Luckett, D.J.; Fettell, N.A. Phosphorus-use efficiency, growth and yield of spelt wheat (Triticum
aestivum ssp. spelta) compared with standard wheat (T. aestivum ssp. vulgare) in south-eastern Australia. J. Org. Syst. 2014,
9, 63–78.

29. Troccoli, A.; Codianni, P. Appropriate seeding rate for einkorn, emmer, and spelt grown under rainfed condition in southern Italy.
Eur. J. Agron. 2005, 22, 293–300. [CrossRef]

30. Heath, R.L.; Packer, L. Photoperoxidation in isolated chloroplasts. Arch. Biochem. Biophys. 1968, 125, 189–198. [CrossRef]
31. Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205–207.

[CrossRef]
32. Wang, H.; Arakawa, O.; Motomura, Y. Influence of maturity and bagging on the relationship between anthocyanin accumulation

and phenylalanine ammonia-lyase (PAL) activity in ‘Jonathan’ apples. Postharvest Biol. Technol. 2000, 19, 123–128. [CrossRef]
33. Balboa, K.; Ballesteros, G.I.; Molina-Montenegro, M.A. Integration of Physiological and Molecular Traits Would Help to Improve

the Insights of Drought Resistance in Highbush Blueberry Cultivars. Plants 2020, 9, 1457. [CrossRef] [PubMed]
34. Radzikowska, D.; Grzanka, M.; Kowalczewski, P.Ł.; Głowicka-Wołoszyn, R.; Blecharczyk, A.; Nowicki, M.; Sawinska, Z. Influence

of SDHI Seed Treatment on the Physiological Conditions of Spring Barley Seedlings under Drought Stress. Agron. J. 2020, 10, 731.
[CrossRef]

35. Michael, G. Biplots in Practice; Fundacion BBVA: Bilbao, Spain, 2010; p. 2011113.
36. Ward, J.H. Hierarchical grouping to optimize anobjective function. J. Am. Stat. Assoc. 1963, 69, 236–244. [CrossRef]
37. Farooq, M.; Hussain, M.; Wahid, A.; Siddique, K.H.M. Drought Stress in Plants: An Overview. In Plant Responses to Drought Stress;

Aroca, R., Ed.; Springer: Berlin/Heidelberg, Germany, 2012; pp. 1–33.
38. Kollist, H.; Zandalinas, S.I.; Sengupta, S.; Nuhkat, M.; Kangasjärvi, J.; Mittler, R. Rapid Responses to Abiotic Stress: Priming the

Landscape for the Signal Transduction Network. Trends Plant Sci. 2019, 24, 25–37. [CrossRef] [PubMed]
39. Flexas, J.; Bota, J.; Galmés, J.; Medrano, H.; Ribas-Carbó, M. Keeping a positive carbon balance under adverse conditions:

Responses of photosynthesis and respiration to water stress. Physiol. Plant. 2006, 127, 343–352. [CrossRef]
40. Gruszka-Vendruscolo, E.C.; Schuster, I.; Pileggi, M.; Scapim, C.A.; Molinari, H.B.C.; Marur, C.J.; Vieira, L.G.E. Stress-induced

synthesis of proline confers tolerance to water deficit in transgenic wheat. J. Plant Physiol. 2007, 164, 1367–1376. [CrossRef]
41. Chen, W.P.; Li, P.H. Membrane stabilization by abscisic acid under cold aids proline in alleviating chilling injury in maize (Zea

mays L.) cultured cells. Plant. Cell Environ. 2002, 25, 955–962. [CrossRef]
42. Nayyar, H. Accumulation of osmolytes and osmotic adjustment in water-stressed wheat (Triticum aestivum) and maize (Zea mays)

as affected by calcium and its antagonists. Environ. Exp. Bot. 2003, 50, 253–264. [CrossRef]
43. Zhu, X.; Gong, H.; Chen, G.; Wang, S.; Zhang, C. Different solute levels in two spring wheat cultivars induced by progressive

field water stress at different developmental stages. J. Arid Environ. 2005, 62, 1–14. [CrossRef]
44. Chandler, J.W.; Bartels, D. Drought avoidance and drought adaptation. In Encyclopedia Water Science, 2nd ed.; CRC Press: Boca

Raton, FL, USA, 2003; Volume 55, pp. 163–165.
45. Dhanda, S.S.; Sethi, G.S.; Behl, R.K. Indices of Drought Tolerance in Wheat Genotypes at Early Stages of Plant Growth. J. Agron.

Crop Sci. 2004, 190, 6–12. [CrossRef]
46. Raghavendra, A.S.; Reddy, K.B. Action of Proline on Stomata Differs from That of Abscisic Acid, G-Substances, or Methyl

Jasmonate. Plant Physiol. 1987, 83, 732–734. [CrossRef]
47. Shao, H.B.; Liang, Z.S.; Shao, M.A.; Wang, B.C. Changes of anti-oxidative enzymes and membrane peroxidation for soil water

deficits among 10 wheat genotypes at seedling stage. Colloids Surf. B 2005, 42, 107–113. [CrossRef] [PubMed]
48. Pietragalla, J.; Mullan, D. Physiological Breeding II: A Field Guide to Wheat Phenotyping; Pask, A., Pietragalla, J., Mullan, D., Reynolds,

M., Eds.; The International Maize and Wheat Improvement Center, CIMMYT: Mexico City, Mexico, 2012; pp. 25–27.
49. Keyvan, S. The effects of drought stress on yield, relative water content, proline, soluble carbohydrates and chlorophyll of bread

wheat cultivars. J. Anim. Plant Sci. 2010, 8, 1051–1060.

http://doi.org/10.1016/j.plaphy.2014.03.024
http://doi.org/10.3390/plants11070922
http://www.ncbi.nlm.nih.gov/pubmed/35406902
http://doi.org/10.1007/s11099-008-0108-7
http://doi.org/10.1016/j.agwat.2016.11.005
http://doi.org/10.1016/j.jcs.2014.09.008
http://doi.org/10.1016/j.jcs.2017.08.023
http://doi.org/10.1021/jf048506e
http://doi.org/10.1016/j.eja.2004.04.003
http://doi.org/10.1016/0003-9861(68)90654-1
http://doi.org/10.1007/BF00018060
http://doi.org/10.1016/S0925-5214(00)00089-2
http://doi.org/10.3390/plants9111457
http://www.ncbi.nlm.nih.gov/pubmed/33137914
http://doi.org/10.3390/agronomy10050731
http://doi.org/10.1080/01621459.1963.10500845
http://doi.org/10.1016/j.tplants.2018.10.003
http://www.ncbi.nlm.nih.gov/pubmed/30401516
http://doi.org/10.1111/j.1399-3054.2006.00621.x
http://doi.org/10.1016/j.jplph.2007.05.001
http://doi.org/10.1046/j.1365-3040.2002.00874.x
http://doi.org/10.1016/S0098-8472(03)00038-8
http://doi.org/10.1016/j.jaridenv.2004.10.010
http://doi.org/10.1111/j.1439-037X.2004.00592.x
http://doi.org/10.1104/pp.83.4.732
http://doi.org/10.1016/j.colsurfb.2005.01.011
http://www.ncbi.nlm.nih.gov/pubmed/15833661


Agronomy 2022, 12, 1822 18 of 18

50. Dib, T.A.; Monneveux, P.; Acevedo, E.; Nachit, M.M. Evaluation of proline analysis and chlorophyll fluorescence quenching
measurements as drought tolerance indicators in durum wheat (Triticum turgidum L. var. durum). Euphytica 1994, 79, 65–73.
[CrossRef]

51. Krause, G.H.; Weis, E. Chlorophyll fluorescence as a tool in plant physiology. Photosynth. Res. 1984, 5, 139–157. [CrossRef]
[PubMed]

52. Kalaji, H.M.; Jajoo, A.; Oukarroum, A.; Brestic, M.; Zivcak, M.; Samborska, I.A.; Cetner, M.D.; Łukasik, I.; Goltsev, V.; Ladle, R.J.
Chlorophyll a fluorescence as a tool to monitor physiological status of plants under abiotic stress conditions. Acta Physiol. Plant.
2016, 38, 102. [CrossRef]
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