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Abstract: Water deficit (drought) is still one of the most important stress factors affecting not only yields, but
also production quality. Breeders are focusing on breeding cultivars and crop lines that are more resistant to
water shortages. In addition to breeding, for example, for the size of the roots and changes in the color of the
leaves, focus on changing the morphotype i.e. long chaff, multirowed ear. It is predicted that wheat genotypes
with a morphotype change should be more drought tolerant. Therefore, our research focused on the study of
changes in the physiological parameters of wheat (cv. "‘Bohemia”) with a changed morphotype (genotypes "284-
17" [long chaff] and genotype "29-17" [multirowed ear]) in relation to exposure to drought. Pigment content,
photosynthesis and transpiration rate, water potential were measured in plants irrigated and affected by water
deficit. Water deficit was shown to have a statistically significant effect on transpiration rate, photosynthetic
rate, water potential and total chlorophyll content. Furthermore, the influence of the genotype on the observed
parameters and on the effect of water deficit was demonstrated. Due to the fact that cv. ‘Bohemia’, increases
during such periods of transpiration, so for this reason it is not suitable for dry areas. Genotype 29-17" appears
promising with respect to drought resistance.

Keywords: common wheat; Triticum aestivum L.; water deficit; drought; gas exchange; fluorescence; water
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1. Introduction

Drought, which is caused by low water availability [1], is one of the most important factors
limiting agricultural production, severely affecting crop yield [2,3]. As a result, it also affects food
production and supply [3]. According to Sekhon et al. [4], drought is secondarily affected by higher
air temperature and CO2 concentration, more intense solar radiation, low relative humidity and air
flow. In general, drought stress reduces osmotic pressure and disrupts water potential in plant cells,
causing oxidative stress and cell damage, reducing carbon fixation and primary metabolism [5-7].

These negative impacts result in reduced crop survival and yield. In response to drought stress,
plants activate their drought response mechanisms such as morphological and structural changes [8],
expression of drought tolerance genes, synthesis of hormones, and osmotic regulators to alleviate
drought stress, alteration in primary [9] and secondary metabolism [10], and imbalance in nutrient
uptake by maize [11].

The structural changes that are associated with a decrease in water potential include a reduction
in leaf area, which is associated with lower availability of assimilates [12,13]. In wheat, according to
Sewore et al. [14], there is significant flag leaf rolling due to drought. A similar phenomenon is
observed phenomenon is observed in maize. The mentioned changes in metabolism are related to a
decrease in water potential inside cells and tissues [15], which in turn results in stomatal closure.

According to Liu et al. [15] and Onyemaobi et al. [16], a decrease in turgor not only leads to
stomatal closure, a decrease in photosynthesis, for example, in wheat [17] and tomato [18], and
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changes in enzyme activity, especially RUBISCO [19], but also to an increase in membrane
permeability, denaturation and inactivation of proteins, metabolic disturbances, damage to the
photosynthetic apparatus [20], and nutrient deficiency.

In barley leaves, drought reduces the density of stomata in leaves, which could be one of the
signs of resistance to this stressor according to [21,22]. A similar phenomenon was also observed in
wheat [23]. Furthermore, drought exposure leads to photoinhibition, where the actual efficiency of
photosystem II (®PSII) is reduced at the same time [24] due to the reduction of RUBISCO activity.
Furthermore, the chlorophyll content decreases and the ratio of chlorophyll 4, b and carotenoids
changes [25], which subsequently causes changes in photosynthetic function [26,27]. On the other
hand, according to Yang et al. [9], a cascade of defense reactions is triggered, which includes the
formation of specific proteins such as LEA, dehydrins, AQP, OSM proteins, etc.

Common wheat (Triticum aestivum L.) is the world's most widely grown cereal and is therefore
also most affected by drought stress. One way to mitigate the effects of climate change is to find and
select suitable stress-tolerant genotypes. Breeding for drought tolerance therefore requires the
integration of different knowledge systems and methodologies from different disciplines of plant
sciences [28,29].

One way of breeding is to change the morphotype of plants, especially the ear. This is a group
of genes controlling the occurrence of so-called supernumerary spikelets, where, unlike in common
wheat, more than one spikelet can grow from a single node of the ear spindle [30-32]. Multi-rowed
ear in wheat is caused by the recessive gene WFZP-D (Wheat Frizzy Panicle) on the short arm of
chromosome 2D [33,34]. Another trait is the long chaff, which occurs in two tetraploid species,
Triticum polonicum L. (gene P1 on chromosome 7A) and T. ispahanicum Hesolt. (gene P2 on
chromosome 7B), as well as in the hexaploid T. petropaviovskyi Udac. & Migusch [35,36].

It is hypothesized that wheat genotypes with morphotype change should be more drought
tolerant. Therefore, our research focused on the study of changes in physiological parameters of
wheat with altered morphotype in relation to drought exposure. The proposed hypotheses were
whether there are genotypic differences to drought exposure, are plant physiological responses
influenced by genotype, and does drought affect the physiological responses of juvenile wheat plants.
The objective of this study was to determine genotypic differences in plant response to drought.

2. Materials and Methods

2.1. Plant Material and Experimental Conditions

Winter wheat plants were grown in 11 x 11 cm pots in a greenhouse experiment. The air
temperature during the experiment was maintained at 25 °C during the day and 19 °C at night, with
a natural light regime of 14 hours of light and 10 hours of darkness. The wheat plants were irrigated
to a level of 70% of the substrate moisture by volume (150 ml of water per container). A 2:1 mixture
of high organic matter garden substrate and silica sand was used as growing medium. The garden
substrate was fine (with no more than 10% of particles above 10 mm), kept the environment airy,
unsalted, with a pH of the aqueous solution between 5.5 and 6.5, and contained no weeds or pests.
Furthermore, it contained 55% of combustible matter in the dried sample and a maximum of 5% of
particles above 25 mm.

The experimental design included four variants (Table 1). The control (C) was irrigated
regularly. The other three treatments were stressed by water deficit induced by gradual drying of the
substrate: namely, (D1) 10 d no irrigated, 4 d watered, 10 d water deficit re-induced, 4 d watered;
(D2) 10 d watered and then stress induced until the end of the experiment; (D3) 10 d stressed and
then irrigated.
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Table 1. Scheme of the experiment.

Day of experiment
0 —5th 6th — 10t 10th — 14th 14th — 19t 19th — 24th  24th _ DBth
Control (C) irrigation irrigation irrigation irrigation irrigation irrigation

Variant

Drought 1 (D1) drought drought irrigation drought drought irrigation
Drought 2 (D2) irrigation  irrigation drought drought drought drought
Drought 3 (D3) drought drought irrigation  irrigation  irrigation  irrigation

The effect of short-term water deficit was monitored in breeding material and near-isogenic lines
of seeded wheat: (i)’Bohemia’; (ii) genotype "284-17" (long chaff); (iii) genotype 29-17" (multirowed
ear). Seed was obtained from Agrotest Phyto, Inc. Krométiz, Czech Republic. The experiment was
established at the stage of plant development 16.BBCH and lasted 28 days, when the physiological
parameters of the plants were measured: 0, 5, 10, 14,18, 22 and 28 days from the start of the
experiment.

2.2. Pigments Contents

Pigment content was determined according to the methodology [37]. From wheat leaves, the
following were extracted at 1 cm? targets were taken. Targets were placed in plastic vials and the 1
ml of dimethylformamide (DMF; Merck KGaA, Darmstadt, Germany) was added. Within 24 hours,
the pigments were extracted in cold, darkness under nonstop shaking. Twenty-four hours after
collection, the samples were spectrophotometrically were analysed using a UV-Vis Evolution 2000
instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA). As blank, pure dimethylformamide
was used.

2.3. Gas Exchange Parameters

Gas exchange rate was measured by a non-destructive method using the Integrated fluorometer
and gas exchange system — iFL (ADC Bioscientific Ltd., Hoddesdon, UK). Net photosynthetic rate
(Pn) was measured on a photosynthetically mature leaf, in the central part of the leaf blade. Gas
exchange rate and stomatal conductance (gs) were derived from Pn [38]. Gas exchange rate was
measured in the morning (8-13 h CET) at an irradiance density of 650 uM m s and temperature of
25°C, according to the methodology of Kuklova et al. [38].

2.4. Parameters of Fluorescence

Chlorophyll fluorescence parameters were analysed in juvenile wheat plants. These were the
maximum quantum yield of photosystem II (Fv/Fm), the ratio of maximum fluorescence to initial
fluorescence (Fm/Fo), and the ratio of variable fluorescence to initial fluorescence (Fv/Fo). Integrated
fluorometer and gas exchange system — iFL (ADC Bioscientific Ltd., Hoddesdon, UK) was used to
measure fluorescence parameters. Chlorophyll fluorescence parameters were measured: Fo, Fm —
minimum and maximum dark-adjusted fluorescence yield; Fv — variable fluorescence (Fv = Fm/Fo).
These parameters were used to calculate Fv/Fo (potential photochemical efficiency) and Fv/Fm
(maximum quantum efficiency of PSII) ratios, which are considered as indicators for the efficiency of
PSII in primary photochemical reactions. The fluorescence parameters were measured on five
selected fully expanded upper leaves. Leaves were acclimated to darkness for 30 min before
measurements were made. The measurement time was 5 sec and the irradiance was 3000 ©M m2 s,

2.5. Water potential

Water potential (yw) as the energy status of the water in the system was determined using the
dewpoint with a water potential meter WP4C (Decagon Devices Inc., Pullman, WA, USA). Leaves
were packed in plastic syringes and airtight sealed with parafilm. Then, samples were frozen at -
18°C. After the thawing of samples at room temperature, drop of liquid was extracted from the
syringe and used for measurements [39].
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2.6. Statistical Analysis

The experiments used four independent biological replicates. Each replicate was a sample of
plant material derived from a different pot. The variability of the differences in the parameters of
interest for all treatments was tested using multivariate ANOVA (p <0.05) and Tukey's post hoc test
for significant differences between treatments. Data were analysed using Statistica 13.5 software
(StatSoft, Tulsa, OK, USA). To test the dependence of physiological scores on trial variation and
genotype, a linear regression was constructed using artificial variables at a significance level of o =
0.05. ‘Bohemia’ control was chosen as the baseline group. The R software (v 4.0.5, The R Foundation,
Vienna, Austria) was used to calculate the model.

3. Results

3.1. Pigments Contents

Changes in the content of photosynthetically active pigments were studied in juvenile wheat
plants as a function of genotype and water deficit. The results obtained are presented in Table 2. It
shows that the effect of genotype on the content of pigments in leaves was demonstrated, with the
lowest content of total chlorophylls and carotenoids in cv. ‘Bohemia” (6.893 nM c¢cm? and 1.246 nM
cm?, respectively). On the other hand, genotype "284-17" had the highest pigment content. It had a
total chlorophyll content of 14.945 nM cm and carotenoid content of 2.486 nM cm2.

Further, the effect of variant on chlorophyll content was confirmed as the stressed variants
showed lower chlorophyll values compared to the control. The highest reduction in chlorophyll
content due to water deficit was found in variant D2, where the content was 1.685 nM cm2 (14.30%)
lower compared to the control. The least reduction in chlorophyll content was observed in variant
D3, where the chlorophyll content was inconclusively lower by 0.313 nM cm?2 (2.66%) compared to
the control. In the case of carotenoids, their content was conclusively the highest in variant D1 (2.013
nM cm?) and the lowest in D3 (1.784 nM cm2). No significant differences in carotenoid content were
found between D3, D2 and C.

The highest reduction in chlorophyll content due to water deficit was found in genotype "284-
17’, with a reduction of 2.901 nM cm or 17.46% in variant D2. Similarly, the chlorophyll content of
this variant was reduced in the ‘Bohemia” and genotype '29-17’, with a reduction of 0.736 nM or
10.15% in the case of the "Bohemia” and 1.236 nM cm2 or 10.51% in the case of genotype '29-17". The
lowest reduction in total chlorophyll content was found in variant D3, where the pigment content
decreased in the following order depending on the influence of genotype: genotype 284-17" (1.007
nM cm?; 6.06 %) > genotype "29-17" (0.412 nM cm2; 3.50 %) > ‘Bohemia” (0.013 nM cm2; 0.18 %).
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Table 2. Effect of variation on the content of photosynthetically active pigments (nM cm2), total chlorophylls (Chl:t) and carotenoids (Car), depending on wheat genotypes. Statistically
significant differences at the o = 0.05 significance level are indicated by letters.

"Bohemia’ '287-17 29-17
Variant Days Chltot Car Chliot Car Chliot Car

0 5.368 £ 0.133 0.889 +0.030 15.118 +0.059 2.271+0.031 9.027 +0.067 1.330 + 0.005
5 5.860 + 0.480 1.001 + 0.084 15.509 + 0.926 2.102 £0.130 11.277 +0.837 1.558 +0.153 &
10 7.027 +0.064 1.201 +0.014 15.279 +1.541 2.636 +0.223 11.801 +0.325 1.934 +0.041
14 7.596 +0.738 1.223 +0.124 16.698 +5.123 2.571 +0.637 4 11.944 +1.376 1.912 +0.268 b:c

C 18 7.962 +0.246 1.343 +0.042 17.232 + 0.596 2.789 £ 0.102 12.511 +0.549 1.923 +0.072
22 8.881+£0.483 < d 1.471 +0.057 17.490 + 0.795 2.862 +0.344 13.635 +0.317 2.085 +0.079
28 9.468 £0.434 2 1.524 +0.077 b < 19.948 + 6.642 ¢ 3.288 £0.207 ¢ 13.703 + 0.618 2.230 £ 0.021 b < d
0 5.368 + 0.133 0.889 +0.030 15.118 +£0.059 © 2.271 +0.031 9.027 +0.067 4 1.330 +0.005 @
5 5.266 + 0.448 0.890 + 0.048 14.496 + 0.295 2.355+0.076 11.012 +0.081 1.791 +0.034
10 5.086 +0.377 2 0.979+0.080 ® 14.065 +1.361 2.181£0.226 10.995 +1.589 1.797 +0.239
14 7.599 + 0.740 1.181+0.102 15.400 + 0.026 3.306 + 0.077 11.674 +0.021 3.214 + 0.044

DI 18 7.487 +0.180 1.148 +0.036 13.141 + 0.001 3.190 £ 0.162 11.666 + 0.027 3.213+0.042 ¢
22 7.293 +0.786 > < 1.182 +.0132 12.351 +0.015 3.130+0.126 10.388 + 0.004 2.902+0.017 4
28 8.638 +0.378 ® 1.425 £ 0.076 11.597 £ 0.011 2.580 + 1.002 9.683 +0.012 2.745+052 ¢ de
0 5.369 +0.133 0.889 +0.030 15.118 + 0.059 2.271+0.031 9.027 +0.067 1.330 + 0.005
5 5.860 +0.480 >« 1.001 +0.084 « 15.509 + 0.926 2.102£0.130 11.277 +0.837 1.556 +0.153
10 7.027 +0.064 1.201 £ 0.014 15.279 +1.541 2.636 +0.223 11.801 + 0.325 1.934 +0.041
14 8.090 +1.618 2 1.279 £ 0.318 13.923 +0.863 ® 2.201+0.132 11.232 £ 0.481 1.792 £ 0.078

D2 18 6.960 +0.010 2.472 £ 0.206 > 13.366 + 0.032 2.191£0.398 10.693 +1.018 ¢ 1.646 +0.160
22 6.898 +0.031 > b < d 2.576 +0.335 2 10.915 + 0.004 2.962+0.221 ¢ 10.307 + 0.532 1.591 £0.114
28 6.061 +0.173 1.097 £ 0.007 10.570 £ 1.227 2 1.803 £ 0.031 2 9.676 +1.158 1.597 £ 0.118
0 5.368 £ 0.133 P 0.889 +0.030 15.118 + 0.059 2.271£0.076 9.027 £ 0.067 1.330 + 0.005
5 5.266 + 0.448 0.890 + 0.048 14.496 +0.295 2.355+0.226 11.012 +0.081 ¢ 1.791 +0.034
10 5.086 + 0.377 0.979+0.080® 14.065 +1.361 2.181+0.180°" 10.995 +1.589 1.797 £ 0.239
14 8.605 +0.986 b« 1.465 +0.124 14.380 + 1.005 2.256 +0.015 11.224 +2.353 1.796 + 0.446

D3 18 8.711£1.313 ¢ d 1.456 +0.149 16.456 +2.241 ¢ 2.352£0.042 ¢ 11.860 + 0.929 1.714+0.101
22 9.151£0.356 * 1.493 +0.052 ¢ 16.959 +0.012 2.360 £ 0.184 12916 +1.963 ® 2.021+0.310
28 9.788 +1.784 2 1.617 +0.257 < 17.361 +2.708 ¢ 2.568 +0.327 13.443 +2.366° 2.046 + 0.320
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The carotenoid content was clearly influenced by variant and genotype, see Table 2. In the
"Bohemia’, the carotenoid content increased in the stressed D2 variant, where the carotenoid content
was 0.249 nM cm? or 20.61% higher compared to the control. On the other hand, their content
decreased by 0.116 nM cm (9.60 %) in the D1 variant. No significant difference was found between
control and D3 variant plants. On the other hand, in genotype '29-17’, the carotenoid content
decreased due to drought, with the most significant decrease observed in variant D2, which showed
a decrease of 0.317 nM cm2 (12.03%). On the other hand, the lowest decrease was found in variant D3
(0.297 nM cm% 2.66%). On the other hand, an inconclusive increase of 1.10% (0.029 nM cm-) was
recorded for variant D1. A similar trend was also observed in genotype '29-17, with a statistically
significant decrease in variant D2 (0.191 nM cm; 0.60%) and an inconclusive decrease in variant D3
(0.048 nM cm?; 2.66%). A significant increase in carotenoid content was determined in variant D1,
with an increase of 0.551 nM cm2 or 30.58%.

3.2. Gas Exchange Parameters

Stomatal conductance (gs) was affected not only by the experimental variant but also by the
genotype used. The highest average stomatal conductance was observed in plants of genotype "29-
17" (0.102 M m? s?) and the lowest in the control (0.073 M m? s?), while no significant differences
were found between genotype'284-17° and cv. ‘Bohemia’, see Table 3. The highest stomatal
conductance within the variants was exhibited by plants growing on variant D2, which had a gs value
of 0.090 M m?2 s'1. Plants from variants C and D1 showed similar values. In contrast, plants from
variant D3 had statistically significant lowest gs values, 26.67% lower than those of variant D2.

Stomatal conductance (gs) was affected not only by the experimental variant but also by the
genotype used. The highest average stomatal conductance was observed in plants of genotype "29-
17" (0.102 M m?2 s?) and the lowest in the control (0.073 M m?2 s?), while no significant differences
were found between genotype '284-17" and cv. ‘Bohemia’, see Table 3. The highest stomatal
conductance within the variants was exhibited by plants growing on variant D2, which had a gs value
of 0.090 M m? s. Plants from variants C and D1 showed similar values. In contrast, plants from
variant D3 had statistically significant lowest gs values, 26.67% lower than those of variant D2.

The effect of differential response to water deficit within the genotypes studied was
demonstrated, with genotype "29-17°, conclusively reducing stomatal conductance by 37.26%
compared to the control (0.133 M m? s?). A significant decrease in gs would be observed in this
genotype for all stressed variants. On the other hand, the genotype '284-17" increased the gs value by
37.29 % compared to the control (0.069 M m? s) and a similar trend was observed for the ‘Bohemia’
(0.092 M m< s, increase by 29.52 %). On the other hand, the lowest reduction in genotype '284-17"
was in the D3 variant (20.76 %) and in the "Bohemia” in the D1 variant (6.00 %).

Table 3. Effect of variation on the stomatal conductance (gs) - M m? s?, depending on wheat
genotypes. Statistically significant differences at the o= 0.05 significance level are indicated by letters.

variant days "Bohemia’ '284-17 '29-17
0 0.010+02 0.010+02 0.010+0>
5 0.138 £0.004 ¢ s 0.142 +0.003 < 0.220 +0.005 4
10 0.140+0.003 *'8 0.146 + 0.006 < 0.282 +0.005 f
C 14 0.097 £ 0.008 0.152£0.010 < 0.258 £ 0.015 «
18 0.097 +0.005 d-¢ 0.126 +0.009 b cd 0.131 +£0.007 <
22 0.050 + 0.004 b« 0.031+0.002 ® 0.041 +0.002 b
28 0.087 £0.003 ¢ de 0.019 £ 0.002 2 0.070 + 0.004 =
0 0.010£02 0.010+0> 0.010+0>
5 0.123 +0.006 © & 0.164 +0.030 4 0.231+0.005 d-¢
10 0.147 £0.009 « f 0.158 £ 0.005 < 0.270 +0.006 f
D1 14 0.015 +0.001 2 0.015+0.001 2 0.015 +0.001 =
18 0.160 + 0.009 & 0.119 +0.006 b < 0.217 +£0.009 4
22 0.025 +0.002 2 0.071 +£0.004 &b 0.028 +0.002 2-®
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28 0.042 +0.002 &b« 0.050 + 0.003 a-® 0.035 +0.003 a-»
0 0.010+02 0.010+0-= 0.010+02
5 0.138 +£0.004 & 0.142 +0.003 <4 0.220 + 0.005 4
10 0.140 +£0.003 f & 0.146 + 0.006 < 0.282+0.005 f
D2 14 0.020+0- 0.028 +£0.001 = 0.024 £ 0.001 =
18 0.251 £0.005 " 0.202 £ 0.035 0.026 £ 0.001 =
22 0.036 +0.002 >® 0.031 +0.003 >® 0.026 + 0.003 b
28 0.047 +0.003 b < 0.047 +0.003 > ® 0.033 +0.003 b
0 0.010+0- 0.010+0-= 0.010+0-2
5 0.123 £0.006 © f 0.164 +0.030 4 0.231 £ 0.005 f
10 0.147 = 0.009 f & 0.158 +0.005 0.270 £ 0.006 4
D3 14 0.026 +0.001 2 0.026 +0.001 2 0.020+02
18 0.023 +0.002 2 0.018 £0.001 2 0.020+02
22 0.042 +0.003 2 b ¢ 0.031 +0.002 >® 0.040 +0.004 2
28 0.075+0.003 b < d 0.020 + 0.002 2 0.050 + 0.003 2b

Rate of photosynthesis (Pn) was significantly affected at the a=0.05 significance level by the
variant experiment and genotype, as documented in Figure 1A, C, E. They show that the lowest Pn
during the experiment was exhibited by genotype "284-17", which had Pn of 7.842 oM m?2 s'.. On the
other hand, the highest rate of photosynthesis was recorded by the control plants of genotype 29-17
(12.213 oM m2 s1). Photosynthesis decreased as a function of the duration of exposure drought. After
rehydration, photosynthesis increased compared to the water deficit, but did not reach the values of
the control plants. The highest decrease in photosynthesis due to water deficit was found in the
"Bohemia’, where rate of photosynthetic decreased by 3.243 oM m2 s or 26.21% and 2.825 oM m2 s
or 22.83%, respectively. Similarly, the Pn decreased in these variants in the case of the genotype
"284-17°. On the other hand, in case of genotype 29-17°, the reduction in photosynthesis rate was
conclusively the lowest. In the case of variant D2 photosynthetic rate decreased by 1.060 eM m=2 s
(3.9%) and 1.126 oM m2 s (8.74%) for variant D1.
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Figure 1. Effect of experimental variation on leaf gas exchange rate of juvenile wheat plants, rate of
photosynthesis (Pn) - ©M m? s and rate of transpiration (E) - mM m? s, depending on wheat
genotype, with photosynthetic rates shown in graphs A (‘Bohemia’), C ('284-17"), and E (" 29-17).
Transpiration rates are shown in graphs B (‘Bohemia’), D ('284-17"), and F ("29-17"). The lines in the
graphs indicate the standard error (S.E.) values at the @ = 0.05 significance level.

The following were found statistically significant differences of transpiration rates (E) between
the treatments wheat genotypes in plants growing under control conditions, where the lowest rate of
transpiration was in genotype ‘Bohemia’ (1.656 mM m?2 s7) and the highest by genotype "284-17
(2.097 mM m s1), see Figure 1B, D, F. Under drought stress, the transpiration decreased depending
on the duration of drought stress and genotype.

The highest decrease in rate of transpiration was found for the genotype '284-17’, variant D3 a
decrease of 27.17% (1.308 mM m2 s?) and for variant D1 a decrease in transpiration of 0.358 mM m
s1or 26.93% was observed. In genotype '29-17’, the drought caused a decrease in rate of transpiration
for variant D1 by 0.542 mM m s or 25.86 %. On the other hand, the lowest decrease in transpiration
rate was found in genotype '29-17’, variant D1 (0.554 mM m s1; 19.95 D3 (decrease by 0.139 mM m-
251, 6.64%) increased for variants D2 and D3, with increases of 0.137 mM m-2 s or 8.24% and 0.243
mM m- s or 14,66 %, respectively.

3.3. Parameters of Fluorescence

The results presented in Figures 2A, C, E demonstrate that water deficit affects fluorescence
parameters (Fv/Fm) depending on the experimental variant. The results show that the Fv/Fm values
obtained were lower than the generally reported value of about 0.820 for all control plants of the
genotypes studied. However, this reduction was not statistically significant. In stressed plants, a non-
significant decrease of 0.001 in the Fv/Fm ratio value was observed compared to the control.
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Figure 2. Effect of experimental variation on parameters of fluorescence by juvenile wheat plants,
Fv/Fm and Fv/F0, depending on wheat genotype, with Fv/Fm shown in graphs A ("Bohemia’), C ("284-
1), and E (29-17") and Fv/FQ are shown in graphs B ('‘Bohemia’), D (284-17"), and F ('29-17"). The
lines in the graphs indicate the standard error (S.E.) values at the © = 0.05 significance level.

There were also no statistically significant differences in the value of the Fv/Fm ratio between
genotypes. Nevertheless, it can be stated that the lower fluorescence value was observed in the
"‘Bohemia’ (0.797) and the higher in genotype "29-17" (0.800). The control plants of cv. ‘Bohemia” and
genotype "284-17" had the lowest fluorescence at the beginning of the experiment (0.761, 0.774 and
0.803) and the highest fluorescence at the end of the experiment (0.816). On the other hand, for
genotype "29-17’, the lowest value of Fv/Fm ratio was detected at the end of the experiment (0.781)
and on the contrary, the highest value was detected on the 18t day of the experiment (0.811). A similar
trend was also found for the stressed variants of all genotypes studied, with variant D2 showing the
lowest Fv/Fm ratio values compared to the other stressed variants.

Since no conclusive differences between genotypes and variants were found, another
fluorescence parameter was used, which is the Fv/F0 ratio. The values obtained for this ratio are
shown in Figures 2B, D, F. Significant differences were found between the genotypes studied, with
the lowest value of the Fv/F0 parameter being found in the cv. "‘Bohemia” (3.963) and the highest in
genotype "29-17" (4.083). A decrease in Fv/FO values was observed in plants growing under water
deficit conditions compared to control plants.

The exception is the plants from variant D3, which had a higher ratio compared to the control
by 0.006. Plants from variant D2 had the lowest Fv/F0 ratio, which decreased by 0.049 to 3.991
compared to the control plants. No conclusive differences in Fv/FO were found among the control
plants of the genotypes studied within each measurement date. Differences were found only between
day 1 (3.328 and 3.578) and day 18 (4.329 and 4.512) for the cv. ‘Bohemia’and genotype 284-17".

In the case of genotype '29-17’, the lowest Fv/F0 value was determined on day the 5" (3.835) and
the highest on day 18 (4.353). Consistent with the Fv/Fm fluorescence results, it can be concluded that
the Fv/FOQ ratio also decreased in the stressed variants of all genotypes studied, with the lowest values
being achieved by the D2 variant compared to the other stressed variants. No conclusive differences
were found within genotypes between measurement dates, except on day the 18t%, when conclusive
differences were found within measurement dates.
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3.4. Water potential (yw)

Effect of water deficit on wheat plants was monitored based on water potential values (yw), see
Figure 3A-C. The measured values show a conclusive effect of genotype on this characteristic. Among
the genotypes studied, the cv. ‘Bohemia’ showed the highest water potential (-1.44 MPa) and the
genotype '284-17" the lowest (-1.54 MPa).
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Figure 3. Effect of experimental variant and time on plant water regime, as determined by water
potential (MPa) of leaves of juvenile wheat plants, as a function of wheat genotype, where water
potential values (yw) is shown in graphs A (‘Bohemia’), B ("284-17") and C ("29-17’). The lines in the
graphs indicate the standard error (S.E.) values at a significance level of @ = 0.05.

The water potential decreased with water deficit; thus, the effect of the variant was confirmed.
At a significance level of ©=0.05, the lowest water potential was the lowest in the D2 variant (-1.87
MPa) and the highest in the control plants (-1.14 MPa). Lower water potential was observed for
variant D1 compared to variant D3.

For all genotypes studied, a clear reduction in water potential due to water deficit was found in
D2 variant. For this variant, the most significant decrease was observed in the genotype "284-17
(reduction of 75.58%, -2.02 MPa), followed by genotype '29-17" (60.04%, -1.84 MPa) and the least
decrease in water potential was observed in the cv. ‘Bohemia’ (54.42 %, -1.74 MPa). On the other
hand, the lowest decrease in water potential was again the same for all genotypes. A statistically
significant difference between the control and stressed variant was not found in genotype 284-17".
In this case, the decrease in water potential compared to compared to the control was 0.75 % and its
value was -1.14 MPa. On the other hand, in the "Bohemia” as the highest, with a decrease of 25.60 %
(-1.41 MPa), and for genotype '284-17" - 23,59 % (-1.42 MPa).

3.5. Statistical analysis

From Table 4 shows that when changing the variant to D1, the total chlorophyll content is on
average 1,55 nM cm? lower than in the control plants. Similarly, a reduction in total chlorophyll
content can be found when changing the variant to D2. In this case, the chlorophyll content decreased
on average 1,61 nM cm=2 When assessing the effect of genotype, it can be noted that in the case of
genotype change under control conditions to genotypes '284-17" and 29-17’, the content of of total
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chlorophyll by an average of 8,03 nM cm and 4.14 nM cm higher than in in the case of the variety
"Bohemia’. Statistical analysis shows that water deficit and genotype have a statistically significant
effect on total chlorophyll content.

Table 4. Di,d1+ B2Di, d2 + B3Di, d3 + y1Di, vl + y2Dji, v2 + &i) using dummy variables (coefficient
significant at o = 0.05 significance level is indicated in bold).

total t
coefficient transpirationphotosynthesis Fv/Fm Fv/FO ota carotenoids " © e?
chlorophylls potential
constant 1.705 11.005 0.796 3.98 7.811 1.256 1,089
D1 (d1) -0.244 -1.678 0.0002 0.0017 -1.553 0.143 -0,416
D2 (d2) -0.086 -0.785 -0.0017  -0.0540 -1.608 -0.072 -0,725
D3 (d3) -0.017 -1.655 0.0007 0.0050 -0.462 -0.109 -0,282
genotype } ;
28417 (v1) 0.021 2.095 0.0025 0.0720 8.030 1.242 0,099
BEMOYPE 4183 1.499 00039 00201 4137 0.638  -0,063

"29-17 (v2)

The carotenoid content, a statistically significant effect of genotype was found, with genotype
under control conditions to genotypes 284-17" and "29-17’, the content of carotenoids was on average
1.24 nM cm2and 0.64 nM cm2higher than in the case of the variety "Bohemia’. Rate of photosynthesis
was significantly affected by water deficit, when changing the variant to D1, D2 and D3, the value of
photosynthesis rate was on average 1.68 eM m2 s, 0.799eM m2 s and 1.65 eM m?2 s lower than the
control, respectively. Similarly, it was shown effect of genotype on changes in photosynthetic rate.
Differences were found between genotypes '284-17" and "29-17" compared to the cv. "Bohemia’,
where both new cultivars the rate of photosynthetic was on average 2.09 oM m2s?and 1.5 eM m?2 s-
1lower.

If the transpiration rate is changed to D1, its value is on average 0.24 mM m? s lower than the
control. If we change the genotype to genotype '284-17’, the rate of transpiration is on average 0.18
mM m?2 sThigher than in control cv. "‘Bohemia’. It follows that the water deficit and genotype have a
statistically significant effect on transpiration rate.

Evaluation of the effect of genotype and water deficit on fluorescence parameters there was no
statistically significant effect.

4. Discusion

The obtained results of the content of photosynthetically active pigments confirm the
conclusions of Radzikowska et al. [40] by spelt, Sayed [41] in cereal crops and Zhang et al. [42] by
carrot, because the cv. 'Bohemia’ showed the lowest chlorophyll content compared to the other
monitored genotypes. At the same time, it was confirmed that the observed genotypes of wheat
responded differently to the influence of water deficit by reducing the chlorophyll content, see the
work of spelt and maize [43,44], when among the genotypes observed, it decreased the least the
content of chlorophyll a and b in the leaves due to the drought in the cv. '‘Bohemia' and, on the other
hand, the most genotype "284-17". As a result of the water deficit, the chlorophyll content in the leaves
and the ratio of a to b decrease. This reduction can be caused not only by the degradation of
chlorophyll, the formation of chlorosis, but above all by the inhibition of chlorophyll synthesis, but
also by the formation of reactive oxygen species, which is also confirmed in their work on legumes
[45,46] and chives [47]. For all monitored genotypes, the content of total chlorophylls increased after
subsequent rehydration, but the values of the control plants were not reached. This conclusion is
confirmed by, for example, [48,49]. Similarly, to the chlorophyll content in the leaves, the carotenoid
content was influenced by genotype, with genotype 284-17" showing the highest carotenoid content
and the cv. 'Bohemia’ the lowest. Genotypic differences in pigment content are reported, for example,
in Catharanthus roseus by Ababaf et al. [50]. Carotenoids, as plant pigments, are involved in reducing
the concentration of reactive oxygen species and free radicals, as evidenced by Ramel et al. [51] and
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Hou et al. [52]. Changes in the concentration of carotenoids due to water deficit are confirmed by
works, for example, in maize [53] and soybeans [54]. As a result of the water deficit, the content of
carotenoids increased in variant D2, when it was the variant with the most pronounced stress, but
this is a genotypic characteristic. Only the cv. 'Bohemia’ responded to the most pronounced drought
stress by increasing carotenoid concentrations. This conclusion is confirmed by Ababaf et al. [50] in
Catharanthus roseus and Taheri et al. [55] in Anchusa italica. The increase in carotenoid concentration
in stressed plants may be due to the late accumulation and degradation of carotenoids.

The reduced content of photosynthetically active pigments in leaves (non-stomatal inhibition of
photosynthesis) due to water deficit contributed to the reduced CO: assimilation. However,
photosynthesis is not only limited by the pigment content, but also by stomatal conductance, which
decreases due to stomatal closure. This conclusion is confirmed, e.g., by [56]. According to [57], the
decrease in photosynthesis is due to stomatal closure, a relatively fast process that also reduces water
loss. The decrease in stomatal conductance due to water deficit was observed in all genotypes studied
within the first few days after induction of stress. The above conclusion is also supported by Figures
2 and 3, which conclude that stomatal closure occurs within 4 days of stress. Furthermore, the effect
of genotype on stomatal conductance was found, with genotype 29-17" having the highest. Water
deficit resulted in a decrease in photosynthetic rate in all genotypes studied, with the cv. 'Bohemia’
and genotype 284-17" showing the lowest photosynthesis.

This agrees with the findings of e.g., [40] who compared sown and spelt varieties and also [58]
for durum wheat. Reduction of CO: assimilation due to stomatal closure (stomatal inhibition) leads
to limited growth of aboveground biomass, disruption of sink-source relationship and distribution
of ATP, NADPH. Photosynthesis is therefore one of the metabolic processes that is affected by water
deficit [56,59,60]. At the onset of water deficit, it is likely that the stomatal inhibition of photosynthesis
was due to a reduction in stomatal conductance, which was subsequently supplemented by non-
stomatal inhibition caused by reduced pigment content, altered electron transport within
photosystem II (PSII), and possibly altered enzyme activity, especially Rubisco [59,60]. The
photosynthetic rate increased after the re-watering, as also confirmed in maize [61] and Lupinus albus
by Pinheriro et al. [62]. The increase in photosynthesis and transpiration rates is due not only to turgor
recovery but also to cell growth and new tissue. Similar to photosynthesis rate, transpiration rate was
limited by water deficit. The above reduction is not only related to the progressive loss of turgor, but
subsequently to the closure of stomata [11,15,20], reducing nutrient uptake. The relationship between
stomatal conductance and gas exchange (photosynthesis, transpiration) that was confirmed in our
research is also in agreement with the results in maize [63,64], wheat [65-67] and soyabean [68]. The
reduction in transpiration due to drought was further confirmed by the work Further, the effect of
genotype on this characteristic was confirmed in agreement with the work of Wasaya et al. [49],
Bakhshandeh et al. [69] and Poudel et al. [70].

One of the important parameters that can be used to determine the level of resistance/sensitivity
to stresses are fluorescence parameters. The reported characteristics of Fv/Fm - the maximum
quantum yield of PSII [71] and Fv/FO (non-QA- electron transfer) [72] are the main indicators of the
degree of damage to PSII by stressors [73]. Fv/Fm is a measure of the maximum photochemical
efficiency of PSII when all reaction centers are open, when its value is in the range of 0.83. Consistent
with work [74] in bean, [75,76] in wheat a decrease in Fv/Fm fluorescence ratio values has been
demonstrated in plants stressed by water deficit. The decrease in fluorescence may be a way of
defense mechanism of the plant due to increased heat and energy dissipation, reduction in
carboxylation activity. Thus, the effect of drought is to reduce electron transfer during
photosynthesis. Furthermore, according to the results of [77], photoinhibition occurs, which reduces
fluorescence. A decrease in Fm has been shown, as also stated by e.g. Gilmore and Bjorkman [78],
Zlatev [79]. However, the effect of genotype on fluorescence changes was not confirmed, the above
is in contradiction with the results of spelt who detected changes in Fv/Fm ratio in the context of
comparison between sown wheat and spelt varieties. Nevertheless, lower fluorescence was detected
in the cv. '‘Bohemia’ and higher in the genotype "29-17'.


https://doi.org/10.20944/preprints202309.1707.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2023 doi:10.20944/preprints202309.1707.v1

13

The Fv/Fo ratio is a useful parameter for determining the degree of sensitivity or resistance of a
given genotype to a stressor. It has been shown that the cv. 'Bohemia’ is more sensitive to drought
stress and the genotype '29-17' is tolerant. This confirms the results of [80,81]. This parameter was
adversely affected by stress, with partial chlorophyll degradation and reduced electron transfer rate.
According to [82,83], the above parameter is influenced by increased Fo, which is related to the
inactivation of PSII and the change in the acceptor of reduced plastoquinone. The increase in FO is
accompanied by a decrease in Fm at high stress levels, indicating degradation of the PS II light-
harvesting complex, as reported by [83]. The above was confirmed for the D3 variant.

The water deficit effect on juvenile wheat plants resulted in a decrease in leaf water potential.
This reduction was due to the gradual dehydration of the tissues and the gradual loss of turgor and
closure of stomata. The reduction of leaf water potential due to drought in wheat has been confirmed
by, for example [84] and, in the case of osmotic stress [85]. Furthermore, the effect of genotype was
confirmed, with the highest decrease in water potential due to drought observed in the cv. 'Bohemia’
and the lowest in the genotype 284-17". Genotypic differences in stress response have been confirmed
in wheat by, for example [84,86]. In the case of genotype 284-17’, osmotic adaptation to water deficit
may be involved, where osmotic adaptation is one of the important physiological adaptations of
plants to stress. Osmotic adjustment leads to maintenance of cellular turgor tension and increased
water transport based on changes in the concentrations of substances inside the cell and external
solution. The influence of osmotic adjustment as an adaptation to water deficit has also been reported,
e.g., by [87-89].

5. Conclusions

The obtained results indicate differences in drought response of the studied sown wheat
genotypes. The content of photosynthetically active pigments (chlorophyll 2 and b, carotenoids) was
influenced by genotype, with genotype '284-17" having a higher content of chlorophylls and
carotenoids and cv. ‘Bohemia’ the lowest. The chlorophyll content decreased under the effect of water
deficit, i.e., most significantly after the irrigation period (D2). The carotenoid content increased only
in the ‘Bohemia” variety due to water deficit (D2). In contrast, the carotenoid content of the newly
bred genotypes (genotypes 284-17" and '29-17") decreased due to the water deficit. Drought and
subsequent rehydration affected the primary metabolism of juvenile wheat plants. Wheat plants
reduced photosynthetic rates due to stomatal closure and reduced substomal CO: levels caused by
water deficit. The above effect was observed in genotype '29-17" and cv 'Bohemia'. The rate of
transpiration in genotype '284-17" decreased because of water deficit. On the contrary, in genotype
'29-17" and cv. ‘Bohemia’, rate of transpiration increased under water deficit. This effect is
inappropriate with respect to drought tolerance. Among the genotypes studied, genotype 29-17
showed higher photosynthetic and transpiration rates compared to genotype '284-17" and the cv.
‘Bohemia’. In all genotypes studied, the there was a clear reduction in water potential due to water
deficit, most markedly in genotype "284-17’, followed by genotype '29-17" and least markedly in
water potential decreased in the cv. ‘Bohemia’. Genotype 29-17" appears to be promising with regard
to drought resistance.
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