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Abstract: The heterogeneity of grain quality can lead to limited predictability of qualitative and
quantitative characteristics of the wheat yield, especially with an increase in the importance of
drought and salinity caused by climate change. This study was undertaken with the aim of cre-
ating basic tools for phenotyping and assessing the sensitivity of genotypes to salt effects at the
level of some wheat kernel attributes. The study considers 36 variants of the experiment, including
four wheat cultivars—Zolotaya, Ulyanovskaya 105, Orenburgskaya 10, Orenburgskaya 23;
three treatment variants—control (without salt) and two salts exposure (NaCl at a concentration of
1.1 g L~! and Na,SOy at a concentration of 0.4 g L~1); as well as three options for the arrangement of
kernels in a simple spikelet—left, middle, and right. It has been established that the salt exposure had
a positive effect on the percentage of kernel fulfilling in the cultivars Zolotaya, Ulyanovskaya 105,
and Orenburgskaya 23 compared to control. The kernels of the Orenburgskaya 10 variety matured
better in the experiment with Na,SO4 exposure, while the control variant and NaCl gave the same
effect. When exposed to NaCl, significantly greater values of weight, transverse section area, and
transverse section perimeter of the kernel were noted in the cv Zolotaya and Ulyanovskaya 105.
Cv Orenburgskaya 10 responded positively to the use of Na;SO,. This salt caused an increase in
the area, length, and width of the kernel. The fluctuating asymmetry of the left, middle, and right
kernels in the spikelet was calculated. In the cv Orenburgskaya 23 the salts affected only the kernel
perimeter among parameters examined. The indicators of the general (fluctuating) asymmetry were
lower in the experiments with the use of salts, i.e., kernels were more symmetrical than in the control
variant, both for the cultivar as a whole and when compared taking into account the kernel location in
spikelet. However, this result was unexpected, since salt stress inhibited a number of morphological
parameters: the number and average length of embryonic, adventitious, and nodal roots, flag leaf
area, plant height, dry biomass accumulation, and plant productivity indicators. The study showed
that low concentrations of salts can positively affect the fulfilling of kernels (the absence of a cavity
inside the kernel) and the symmetry of the left and right sides of the kernel.

Keywords: wheat kernel; salt effect; NaCl; NapySOy; kernel phenotype; fluctuating asymmetry

1. Introduction

Wheat is the most important crop in the world; it provides the main food in most
regions of the planet and is sown on more than 220 million hectares [1]. A variety of
genotypes and growing conditions allows breeders to create varieties with different types of
resistance, different features of ontogenesis, and, hence, different qualitative characteristics
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of the most valuable wheat product—single-seeded fruits or caryopses (kernels) [2]. The
formation of a kernel is a complex process that includes many transformations of various
tissues in the developing wheat fruit. These processes occur over several weeks and include
both the death of a number of tissues and the formation of new tissues that form the kernel
(caryopsis) and its integuments [3,4]. The impact of abiotic factors on such a system should
hypothetically cause significant changes both in the formation processes themselves and in
the storage processes in specialized tissues such as the endosperm and the aleurone layer.

The structure of the wheat spike creates a deceptive feeling of the presence of bilateral
symmetry [5]. The features of the spiral geometry characteristic of the reproductive organs,
as well as for the entire wheat plant as a whole, become apparent only with a detailed study
of ontogenesis and the sequential transformation of the phenotypic pattern of the flowering
organ from the primary tubercle to a full-fledged multi-spikelet inflorescence, traditionally
described as a spike (ear) [6]. The very sequence of laying flowers in spikelets makes
it obvious that there is a certain underlying asymmetry in this seemingly ideal model—
the kernel. The performance of asymmetry in the spikelets and spikes of several wheat
genotypes with different characteristic arrangement of kernels in the ear was described
earlier [7]. The physical reasons for the asymmetry of kernels were predicted at the
beginning of the 20th century [8] and have not yet been experimentally confirmed due
to the complexity of the qualitative setting of the experiment and the lack of an explicit
experimental approach [9]. Meanwhile, a higher degree of symmetry is considered by
breeders as an indication of a genetic advantage [10].

Climate change in the near future will lead to a significant reduction in yields due to
increased adverse impacts such as drought, excessive humidity, and primary and secondary
soil salinization [11]. Currently, salinity is of concern due to the fact that sodium salts
are not able to form stable insoluble compounds and often cause an increase in osmotic
potential and accumulation of ions to critical concentrations that damage plant roots when
accumulated by groundwater during reclamation and irrigation [12]. Additionally, in some
cases, salinization can occur due to the use of road de-icing agents, which are then washed
out into the environment [13,14]. In regions close to large saline lakes, seas, or oceans, this
effect can be caused by climate change causing salt transport by wind [15], droughts [16],
and storms from the sea leading to salinization of coastal wetlands [17,18].

Wheats with a different genotype and origin may show different tolerance and sensi-
tivity to salinity [19-21]. The effects of the action of salts on seedlings, on plant biomass, on
the ability for effective photosynthesis are exceedingly well studied; changes are shown at
the ultrastructure level of the nucleus, plastids, and cytoskeleton [22,23]. Salinity causes in-
tracellular processes characteristic of oxidative, osmotic, and toxic stress. Cells cannot cope
with the excess supply of toxic sodium ions; as a result, intra- and intercellular transport in
various parts of the plant is disrupted. A specific system of various transporters causes a
redistribution of other ions, disrupting the processes of synthesis, transport, and accumula-
tion of primary metabolites and stored compounds. Additionally, significant damage is
observed in the activity of a number of important enzymes and gene expression [19,24].
However, the final results for evaluating the productivity, namely, the quality characteristics
of the grains and the yield, are important. Selection and forecasting require both qualitative
and quantitative evaluation methods capable of predicting the consequences of using a
variety or breeding line. It is possible that the assessment of the phenotype of kernels in
the spike can become reliable evaluation criterion in the future agronomic studies of wheat
cultivated in saline areas.

The present study was carried out to apply the previously estimated indicators of
quantitative determination of the degree of kernel asymmetry in two cultivars of soft wheat
and two cultivars of durum wheat when cultivated in the field under salinity conditions
due to sulfate and sodium chloride. In addition, the goal was to evaluate the quality
indicators and the fluctuating asymmetry in the kernels.
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2. Results
2.1. Salt Exposure Effect on Morphological Parameters of Wheat Plants

Due to the presence of moisture in the root layer and precipitation that fell in the
initial period of development (shooting-tillering) of spring wheat, the root systems of the
studied cultivars were well developed. They consisted of both primary (embryonic and
adventitious) and secondary (nodal) roots. The embryonic roots were subject to a more
significant decrease under the influence of salinity, with the greatest manifestation in the cv
Orenburgskaya 23 and Zolotaya (Table 1). The cv Orenburgskaya 10 was more stable in this
indicator. In the first two cultivars, not only their number decreased, but also the average
length. In the cv Ulyanovskaya 105, only the number of embryonic roots decreased.

Table 1. Characteristics of the root system of spring wheat cultivars under salt stress caused by
different salts.

Cultivar Experiment Variant Numbef;;:.ryomc R;Z:gth, em Alcizzf[lst;;;::s Nodal Roots, pcs.

Control 44+14 52+3.0 1.5+07 07+0.3
Orenburgskaya 23 NaCl—1.1gL~! 33+14 45431 22406 1.5+ 0.6
NaySO;—0.40 g L1 39+1.0 40+21 1.9+03 1.0+ 04
control 47+£12 43+20 50+23 38+13
Ulyanovskaya 105 NaCl—1.1gL~! 39+12 51433 26+14 28+15
NapS0;—0.40 g L1 40+£1.6 48+25 25+11 1.7+0.7
control 48+18 35+17 54420 1.3+05
Orenburgskaya 10 NaCl—1.1gL™! 47409 41+20 28+13 09+03
NaySO;—0.40 g L1 59+1.6 49+22 47+25 25+1.2
control 51+13 55+23 42+20 1.7+0.7
Zolotaya NaCl—1.1gL~! 42+08 44+26 23+£05 0.8+0.3
NapS0;—0.40 g L1 39+12 52429 48+0.6 1.6 £0.6

LSD o5 0.62 0.08 0.67 0.72

LSD o5A (Cultivar) 0.51 0.74 0.55 0.53

LSD 5B (Experiment variant) 0.44 0.62 0.48 0.42

LSD osAB 0.44 0.62 0.48 0.42

LSD—least significant difference test (p = 0.05). Arithmetic mean =+ standard deviation, p = 0.05.

Under the influence of various salinity options, the number of adventitious roots
decreased in cultivars Ulyanovskaya 105, Orenburgskaya 10, and Zolotaya. Salt exposure
caused a decrease in the number of nodal roots in the cv Ulyanovskaya 105.

Differences in the suppressive effect of chloride and sulfate salinization are insignifi-
cant and are not clearly marked, taking into account the least significant difference (LSD)
for the 5% significance level.

A decrease in plant height as a factor in the inhibitory effect of salt stress was mani-
fested in three cultivars (Table 2). In cultivars Orenburgskaya 23 and Ulyanovskaya 105,
it was noted under the influence of NaySOy treatment. In the cv Orenburgskaya 10, both
types of salinity contributed to the decrease in plant height. The decrease in the length of
the spike in cultivars Orenburgskaya 23, Ulyanovskaya 105, and Orenburgskaya 10 was
largely due to the negative effect of chloride salinity. For the cv Zolotaya, no negative
effects of additional salinization on the length of the spike were noted, and even a positive
effect of chloride salinization on this indicator was noted.
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Table 2. Influence of different salinity variants on the morphological parameters of spring wheat
cultivars in the earing phase.

Cultivar Experiment Variant Plant Height, cm Spike Length, cm

control 46.7 6.8 8.410.6
Orenburgskaya 23 NaCl—1.1gL~! 491+62 6.5+0.7
NaySO;—0.40 g L1 431465 8.0+1.1
control 55.6 £10.4 6.8 +09
Ulyanovskaya 105 NaCl—1.1gL~! 57.6 £8.3 62+14
NaySO; — 040 gL~ ! 51.0 + 6.9 7.6+09
control 60.0 9.9 6.6 0.7
Orenburgskaya 10 NaCl—1.1gL~! 520£79 53+09
NaySO,_0.40 g L1 47.0 £ 6.6 58 £0.8
control 61.6 £6.0 6.8 0.6
Zolotaya NaCl—1.1gL~! 63.4 +10.5 7.8 +0.8
NapSO; 040 g L1 62.0 +9.8 6.6 + 1.0

LSD o5 3.82 0.41

LSD @5A (Cultivar) 3.12 0.33

LSD (5B (Experiment variant) 2.70 0.29

LSD ¢sAB 2.70 0.29

LSD—least significant difference test (p = 0.05). Arithmetic mean =+ standard deviation, p = 0.05.

2.2. Effect of Salts on Fulfilling (Plumpness) of Kernels

The study revealed that out of 251 kernels examined in cv Zolotaya plants, only
50 kernels were incompletely matured or had damage. In the control variant, the percentage
of unmatured kernels was 33% from the sampling (38 out of 114 kernels), while in the
variants with the treatment by salts, the result differed in a positive direction—10% with
NaySOy4 and 7% with NaCl. When comparing the percentage of matured, well-filled kernels
among the left and right kernels in spikelet, it turned out that the left kernels have a greater
percentage in all salinity options: 73% in the control (61% of the maturing in the right
kernels), 94% when exposed to NaCl (89% of the right kernels), and 92% under exposure to
NaySOy (88% of the right kernels).

A similar result in maturation was noted in the cv Ulyanovskaya 105. Thus, in the
variant with application of NaCl, 98% of the kernels (130 out of 133 kernels) were matured,
under NaySO4 exposure 91% of the kernels (150 out of 164 kernels) were matured, and in
the control variant 72%. In total, 466 kernels were examined in the study, and 401 of them
(86%) were maturing (well-filled). Upon a detailed examination of the left and right grains,
it should be noted that in the experiment with NaCl exposure, 100% of the left grains and
95% of the right kernels were maturing, while under exposure to Na;SO4—93% of the right
kernels and 88% of the left kernels, and in the control 73% of the left kernels and only 65%
of the right kernels were maturing.

Cultivar Orenburgskaya 23 matured better in the variant with exposure to NaCl
(92% of matured or 96 of 104 kernels), in the experiment with exposure to Na;SO,—88%
(78 of 89 kernels), and in the control variant 83% (95 of 115 kernels). In total, in the sample
of 308 kernels examined, 269 matured, well-filled kernels (87%) were noted. The proportion
of the distribution of matured grains relative to their location in the spikelet after exposure
to salts on wheat plants was as follows: in the variant with NaCl, 93% of the right and 93%
of the left kernels were maturing; in the variant with Nay;SO4,—90% of the right and 83%
of the left kernels; and in the control variant without salt impact—77% right and 84% left
kernels were maturing.

Approximately the same result in maturation of kernels is observed in the cv Oren-
burgskaya 10 in the control variant and the variant with the use of NaCl—69% and 68%,
respectively. However, the best result was obtained in the experiment with Nay;SO4, where
fully matured kernels accounted for 78%. In general, the sampling consisted of 147 kernels,
of which 42 were damaged or unmatured. Salt exposure caused greater maturation of the
right kernels in spikelets (71% of the right and 57% of the left ones in the variant with NaCl,
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and 86% of the right and 69% of the left ones in the variant with Na;SOy), while in the
control variant more left kernels in spikelets were matured (72% of the left and only 58 %
right ones).

2.3. Effect of Salts on the Main Parameters of Kernels

The Kruskal-Wallis test confirmed the hypothesis of the effect of salts on the weight,
area, perimeter, and width of the kernel, except for the length of the kernels in the cv
Zolotaya (Table 3). The weight of kernels in the cv Zolotaya plants exposed to NaCl
(average kernel weight 0.0305 + 0.0123 g) and NaySO4 (0.0281 £ 0.0143 g) does not
have significant differences; however, it is significantly higher than in the control variant
(0. 0199 +£ 0.0141 g). The differences with the control in terms of kernel area are similar: the
average area in the control variant was 15.22 + 0.54 mm?, while when exposed to NaCl it
was 18.73 + 0.76 mm?, and to Na,SO, was 17.41 + 0.59 mm? (Figure 1). According to the
“perimeter” parameter, there are significant differences in kernels only between the control
(23.16 & 0.53 mm) and plants exposed to Nap;SOy (25.20 & 0.55 mm), in contrast to NaCl
(24.84 £ 0.57 mm), and in the kernel width—only between the control (2.92 + 0.07 mm)
and NaCl (3.41 £ 0.09 mm)-exposed plants.

Table 3. Confirmation of the hypothesis about the significant effect of salts on the parameters of
kernels in different wheat cultivars.

Kernel Weight Area Perimeter  Length Width
Orenburgskaya 10 - + + + +
Zolotaya + + + - +
Ulyanovskaya 105 + + + + +
Orenburgskaya 23 - - + - _

Confirmation was made by the Kruskal-Wallis analysis of variance (p = 0.05), where “+” there is influence,
“~“ no influence.

Exposure to salts did not have a significant effect on the weight of kernels of the cv
Orenburgskaya 10 (control—0.0262 £ 0.0024 g, NaCl—0.0254 + 0.0017 g,
NaySO4—0.0311 + 0.0024 g); however, an effect on other parameters was noted. Sig-
nificant differences were observed both in the area of kernels due to the effect of salts
(NaCl—17.94 £ 0.67 mm?, NaySO4—20.97 4 0.89 mm?), and in width (NaCl—3.07 + 0.89,
NapSO4—3.47 £ 0.12). The values of the kernel perimeter in the control variant sig-
nificantly differ from the results with salt exposure (control—23.97 + 0.69 mm, NaCl—
27.60 £ 0.65 mm, NapySO;—26.12 £ 0.55 mm). A shorter kernel length was noted in the
control variant—7.07 £ 0.16 mm, and a longer length in the experiment with Na,SO,—
7.61 £ 0.13 mm; there were significant differences between these variants.

The differences between the control and NaCl in kernel weight (control
0.0232 £ 0.0008 g, NaCl 0.0266 + 0.0008 g) were noted in the cv Ulyanovskaya 105. Ac-
cording to the parameter “kernel area”, the values of the control variant and exposure to
NaySO,4 were similar (control—16.21 4 0.35 mm?, Na;SO4—16.15 + 0.28 mm?), but both
values were less than in the variant with NaCl (17.60 & 0.32 mm?). There were also no
differences between the control and NaCl in terms of such an indicator as the perimeter of
the kernels (control—20.40 + 0.29 mm and variant with NaCl—20.32 + 0.31 mm), while
a greater result was achieved in the experiment with NaySO4 (21.77 £ 0.32 mm). The
kernel length values differed in the experiment with Na;SOy (5.94 £ 0.05 mm) and NaCl
(6.22 £ 0.06 mm), and salinity factors did not affect the kernel width (control—3.38 % 0.05 mm,
NaCl—3.57 + 0.04 mm, and Na,SO4—3.42 £+ 0.04 mm).

The least influence of salts on the parameters of kernels was noted in the cv Oren-
burgskaya 23. Thus, there was no significant effect on the weight of the kernel (control—
0.0231 £ 0.0010 g, NaCl—0.0251 + 0.0009 g, Na;SO4—0.0248 + 0.0011 g), transverse
section area, length, and width of kernels. However, there was an effect on the perimeter of
the kernel transverse section, where the values differed significantly between the control
(21.26 4 0.29 mm) and the variant with NaCl (22.91 4+ 0.38 mm).
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Figure 1. The examined kernel parameters in various wheat cultivars exposed to salt treatment in
field conditions. The results are represented as radar charts. Significant differences are indicated in
blue, non-significant differences in orange.

2.4. Effect of Salts on the General Asymmetry of Kernels

It has been established that the average value of the general (fluctuating) asymmetry
in the cv Zolotaya was higher in the control variant; moreover, more even kernels were
observed in the variants with Na,SO4 and NaCl exposure (Table 4). The Kruskal-Wallis
method revealed significant differences between the control variant and NaySO4 exposure
on this trait.

Table 4. Average values of the general (fluctuating) asymmetry of kernels in wheat cultivars with

different salt exposure variants.

Control NaCl NaySOy4
Zolotaya 0.140 £ 0.055 0.111 £ 0.047 0.095 £+ 0.05
Orenburgskaya 10 0.115 £ 0.009 0.109 £ 0.009 0.134 + 0.011
Ulyanovskaya 105 0.109 + 0.008 0.106 £ 0.007 0.107 + 0.007
Orenburgskaya 23 0.111 £ 0.009 0.099 £ 0.008 0.097 £+ 0.008

Arithmetic mean =+ standard deviation, p = 0.05.
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2.5. Effect of Salts on the Asymmetry of Left, Right, and Middle Kernels

In the control variant, cv Zolotaya had no significant differences (Kruskal-Wallis
method) in the overall asymmetry between the left, right, and middle kernels (Figure 2).
In the variant with NaCl exposure, the left kernels (0.131 & 0.042) did not differ from
the right ones; however, the left kernels significantly differed from the middle ones
(0.068 £ 0.038). The result of the experiment with Na;SO,4 exposure did not reveal any
differences between the left kernels (0.109 £ 0.060) and the right ones (0.103 £ 0.044);
however, both left and right kernels differed from the middle ones (0.060 & 0.021). In
general, kernels looked more symmetrical in the experiment with Na;SOy.
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Figure 2. Average values of the total (fluctuating) asymmetry of kernels for wheat cultivars with
different salinity variants, depending on the location in the spikelet.

In the cv Orenburgskaya 10, there were no differences between the left, right, and
middle kernels in terms of overall asymmetry in the control variant, as well as in the
experiment with Nay;SOy4, where the asymmetry level was 0.129 & 0.069 for the left kernel,
0.146 + 0.049 for the right kernel, and 0.099 £ 0.045 for the middle one. In the experiment
with NaCl, the middle (0.077 &£ 0.024) and right (0.129 £ 0.045) kernels differed, but did
not differ from the left ones.

The right, left, or middle kernels in the spikelet were evaluated (arithmetic
mean =+ standard deviation, p = 0.05). Light green color indicates variants that have
significant differences with other experimental variants that were established after apply-
ing the Kruskal-Wallis method.

The Kruskal-Wallis analysis of variance did not reveal the effect of the kernel arrange-
ment in the cv Ulyanovskaya 105 and Orenburgskaya 23 on the asymmetry level in the
control variant and in the experiment with Na;SO4 exposure. Therefore, there were no
differences between kernels. However, in the cv Ulyanovskaya 105, the asymmetry of the
left (0.088 =+ 0.010) and right (0.134 £ 0.014) kernels in the experiment with NaCl has sig-
nificant differences, and in the cv Orenburgskaya 23 the asymmetry of the middle kernels
(0.068 £ 0.029) significantly differs from the extreme ones. The most symmetrical kernels of the
cv Ulyanovskaya 105 were noted in the right row of the spikelet in experiment with Na;SO;.
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2.6. Scale of Fluctuating Asymmetry

Fluctuating asymmetry coefficients range from 0.016 to 0.315 in this study (Table 5). Ina
recent study of the fluctuating asymmetry in wheat cultivars Zlata, Agata, and Rubezhnaya,
a scale for measuring the strength (degree) of asymmetry was proposed [7]. However, the
upper interval ended with asymmetry values from 0.150 to 0.184, so it could not include
newly obtained data. Using the initial data from the previous work (278 asymmetry
coefficients for three experiment variants) and the current 461 coefficients for all experiment
variants, the following measurements were proposed, which are shown in Tables 5 and 6.

Table 5. Scale of indicators of overall asymmetry.

Asymmetry Range Degree of Asymmetry
0.010-0.070 Very low
0.071-0.131 Low
0.132-0.192 Middle
0.193-0.253 High
0.254-0.314 Very high

The arithmetic means were calculated for five asymmetry indices in 739 kernels of cv Zlata, Agata, Rubezhnaya,
Ulyanovskaya 105, Orenburgskaya 10, Orenburgskaya 23, Zolotaya, and average asymmetry values obtained
were divided into 5 classes manifesting the degree of asymmetry.

Table 6. Distribution of the number of kernels in the sampling according to the degree of asymmetry.

Cultivar Salinity Degree of Fluctuating Asymmetry Total Kernels,
Variant Very Low Low Middle High Very High Pieces
Control 3 15 10 6 2 36
Zolotaya NaCl 9 16 11 1 0 37
NaySOy 15 18 5 2 0 40
Total kernels, pieces 27 49 26 9 2 113
Control 6 13 9 3 0 31
Orenburgskaya 10 NaCl 11 12 9 1 1 34
Na,SOy 3 14 4 5 2 28
Total kernels, pieces 20 39 22 9 3 93
Control 10 18 9 3 1 41
Ulyanovskaya 105 NaCl 7 24 7 4 0 42
Na,SOy 7 25 9 3 0 44
Total kernels, pieces 24 67 25 10 1 127
Control 10 20 10 3 1 44
Orenburgskaya 23 NaCl 13 21 6 1 3 44
NaySOy 16 14 3 4 0 37

Total kernels, pieces

=

39 55 19 8 125

Bold type indicates the numbers corresponding to the total number of kernels in the experiment variant.

2.7. Determination of the Main Factors of Sampling Variability

Principal component analysis identified four main factors (components) that explain
the cumulative variance of sampling. The sampling variability of 51.98 % is explained by
the influence of the first component, which consists of kernel size parameters: transverse
section area, transverse section perimeter, length, width, length of the symmetry axis (kernel
thickness), and index 4. The second component (14.77 %) is responsible for the left-sided
shape displacement (index 2 and index 5), and the third one (10.06 %) is responsible for the
right-sided displacement (index 1 and index 6). The fourth component consists of index 3,
which is responsible for the displacement of the grain width under the hollow triangle of
the groove, and explains 9.34 % of variance of the sampling. Altogether, four components
explain the variability of 86.15 % from the sampling size.

3. Discussion

The study of the effect of salt stress on the parameters of roots and aboveground
biomass is consistent with data from other studies. As in our case, salt treatment led to
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a decrease in aboveground biomass and root length of wheat [25,26]. However, it was
unexpected that with the suppression of the vegetative organs in comparison with the
control variant, we will achieve an improvement in the studied parameters of the grain.
When simulating salt stress in the studied varieties, a greater yield of the proportion of
mature kernels was observed, and the values for weight, area, perimeter, width, and
symmetry of wheat caryopses were also significantly higher.

There are basically two types of changes in the degree of asymmetry in response to
stress—either an increase in asymmetry, or no reaction at all. In our case, low salt con-
centrations in 5 out of 36 variants (Figure 3) “worked uniquely”’—significantly reduced
the asymmetry. Previously, such an effect was observed only when studying the leaves of
different cohorts of Quercus ilex, it turned out that plants living in more stressful places
(excessive moisture conditions) are more symmetrical [27]. In rodents Peromyscus manicula-
tus, it was found that after a natural disaster (destruction of a forest reserve by a tornado),
fluctuating asymmetry in the length of the femur became lower [28].

kernel formation model Q] %)
@ hypothetical @ @
deviations from the model l

Figure 3. Scheme for testing the hypothesis about the stability of the dimension of conditional
elements of the kernel during the formation of a kernel with manifested asymmetry, as well as
hypothesis about the relationship of low-quality kernels (insufficient plumpness (fulfillment)) with
the asymmetry of kernels. Designations: a—initial stage of kernel (caryopsis) formation, after the
formation of the aleurone layer and endosperm; b—idealized model for the formation of symmetrical
and asymmetric kernels in spikelets; c—large kernel from the lower tier with a manifested asymmetry;
d—medium-sized kernel from the upper layer with a relatively symmetrical shape; e—small kernel
of the upper tier with a relatively symmetrical shape; f—a small kernel from the upper tier with a
manifested asymmetry and a lesion of the smoothed shape of the surface; g, h—asymmetric kernels
from the lower tier of the spikelet with a manifested increase in one half and a decrease in the second
one; i, j—small asymmetric kernels from the upper tier of the spikelet with a manifested increase in
one half and a decrease in the second one.
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Often, external stresses led to an increase in the asymmetry of individual plant organs.
Thus, the fluctuating asymmetry of birch leaves is affected by environmental pollution due
to emissions from copper smelters [29], height of growth [30], excess nitrogen on Betula
pubescens [31], interspecific hybridization on the leaves of Betula nana, B. pubescens, and
B. pendula [32]. Leaf asymmetry is enhanced by exposure to electromagnetic fields in
soybean when placed under high-voltage power lines generating pulsed magnetic fields
from 3 to 50 mG [33], in Salix borealis due to exposure to leaf beetles Melasoma lapponica
around the copper smelter [34], in a population of Clarkia tembloriensis due to inbreeding [35],
in Phaseolus vulgaris due to water deficiency [36], in Dimorphotheca sinuata due to UV
exposure [37], in Lythrum salicaria due to excess nutrients [38].

There are also works that have shown that the above dependence is not always the
case. The impact of stresses (water deficit, pathogen attack, and competition) on Salix sericea
and Salix eriocephala slightly changed the fluctuating leaf asymmetry. However, this study
found a strong negative correlation between plant biomass and fluctuating asymmetry,
i.e., plants with symmetrical leaves are better able to protect themselves from stress [39].
Mountain birch does not have asymmetry associated with insect damage [28] and pollution
concentration, but is sensitive to cold conditions of the year [40]. No relationship has
been found between a wide NaCl concentration gradient on Glycine max and fluctuating
asymmetry [41], nor between asymmetry and fitness components in Brassica cretica [42].

Heterospermia of cereal grains is an important quality indicator that can significantly
affect the properties and composition of the resulting product and products of its process-
ing [43]. The reasons that cause the appearance of different-quality seeds (grains) can be
genetic, that is, characteristic of the variety, but can be induced by cultivation features:
humidity, temperature, nutrient composition, acidity, predominant air movement, and
the spectral composition of light and its intensity. Additionally, a similar effect should be
expected from features associated with the location: gravitropism or exposure to a magnetic
field or atmospheric pressure. A special factor may be the impact of pests and diseases, in
which the parameters of symmetry and asymmetry of grains (kernels) in the spike will be
significantly distorted.

Meanwhile, the predictability of qualitative indicators is extremely important for
creating modern foundations for predictive phenotyping and analysis of factors causing
changes in the qualitative and quantitative characteristics of grain, which is a prospect for
the near future [44,45]. If the heterogeneity of the upper, smaller kernels in each spikelet,
and the lower, respectively, larger kernels, can be used, for example, by separating small and
large kernels using sieves or using differences in their mass, then taking into account and
eliminating changes in characteristics associated with symmetry and asymmetry of kernels
conditionally upper and conditionally lower in each spikelet mechanically is currently not
possible. Nevertheless, qualitative differences between both small and large kernels and
between relatively symmetrical and asymmetric kernels are obvious. They are caused by
differences in the ratio of the volume of the germ, endosperm, and aleurone layer, which
allows us to predict the quality of flour for specific purposes [46]. Obviously, in small
grains, the ratio of protein to starch will be higher than in large ones, since the larger
the volume of the endosperm, the more starch in the grain and the smaller the number
of cells of the aleurone layer, which is one layer of cells around the endosperm [47]. It
is likely that the noted effects may be accompanied by a change in the biosynthesis or
distribution of some plant hormones, for example, auxins [5]. With pronounced genetic
or adverse effect-induced asymmetry, unevenness already occurs at the level of each
kernel (grain), which can create problems not only during processing, but also during
storage. Thus, a grain with cavities can have altered respiration [48], and consequently lipid
and protein oxidation [49], which can affect the duration of viability during storage and
subsequent germination [50]. The development of kernels (grains), which are characterized
by a significant degree of asymmetry, causes disturbances in the development of the root
system [51] and subsequently can affect the plant as a whole.
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The contribution of climate change and increased effects of environmental stressors
have had and will continue to affect the development and productivity of plants. The need
for a transition to the digitalization of agriculture, especially for such a fundamental crop
as wheat, is very urgent [52,53]. Therefore, identifying the effects of each individual factor
is critical to the development of projected grain production. By analyzing the relationships
between traits and environment conditions, 3D X-ray micro computed tomography (CT)
images find that the grain-to-grain distance, aspect ratio, and porosity are more likely
affected by the genome than environment [44].

Earlier, we made sure that the degree of manifestation of asymmetry indices is ex-
pressed differently in different varieties of wheat [7]. The phenomenon of peculiarities
in the formation of right and left seeds is widespread. In the present work, we studied
which parts of the kernel can be used to understand the structural basis for changes of ideal
morphology. For this, an idealized model based on conditional cylinders, reflected in the
diagram in the form of circles, was considered (Supplementary Material Figures S1 and S2).
In cases where no differences in the shape and diameter of the circles from the idealized
model were noted in the studied specimen, yellow coloring was used. Where significant
deviations from the idealized model were noted, this is indicated in orange in those circles
that had differences. Although some kernels could be considered symmetrical and corre-
sponding to the idealized model, slight deformation in the region of the groove (crease)
was observed. Thus, it was found that larger kernels were characterized by an increase
in area due to an enlargement in the circle area in the upper part of the corresponding
part of the kernels (Supplementary Material Figure S1). In asymmetric kernels of medium
size, there was an increase in the area of the circle in the lower part of the kernel (Figure 3
and Supplementary Material Figure S2). Asymmetric kernels from the upper parts of the
spikelets were smaller, but generally consistent with the idealized model.

Interestingly, in unfulfilled kernels, the asymmetry of the parts is preserved. We also
raised the issue of comparing the asymmetry factor and kernel fulfillment. Asymmetry
did not have a significant effect on the preservation of all components of the kernel fine
structure in comparison with symmetrical kernels. While a looser distribution of starch
grains was observed in unfulfilled kernels, non-binding components of the cytoplasm
and the formation of cavities were observed. Such a structure improves the access of
oxygen to internal structures and, accordingly, makes it problematic and very limited to
use accelerated selection using immature grains, since their storage even for a short time is
unlikely to be possible due to the rapid loss of germination.

In this paper, we expected to see the negative effect of salinity, a priori assuming
that salinity is undesirable, as widely reported in long-term studies [11,54,55]. However,
it was found that the characteristics of the kernels studied were rather good than bad.
Meanwhile, it is worth considering the probable causes of the noted effect, which should be
taken into account when looking for ways to reduce the negative effects of salinity, usually
mitigated by the use of salt-tolerant varieties and the application of specific fertilizers and
agrichemicals [56]. A possible reason could be that the salt concentration was not high
enough to cause a noticeable drop in yield. In addition, the influence of salt ions and their
interaction with plant roots and the soil-absorbing complex could cause the priming effect,
i.e., the triggering of a cascade of protective reactions in plants, leading to their better
adaptation to the high temperatures and drought characteristic of this region. It is also
necessary to take into account the soil and root-associated microflora, which, with the
addition of NaCl, could be modified in a way that provides benefits for the growth and
development of the root system in this particular case.

This study of the differences in wheat kernel will be greatly helpful for accelerated
breeding if we can automatically discover wheat phenotype in a nondestructive and
fast manner in perspective [44]. Salinity, as a damaging factor that causes oxidative,
osmotic, and toxic effects, is a rather complex stress. Further experiments will likely require
simplifying the models inducing osmotic and oxidative stresses, for example using paraquat
or hydrogen peroxide to trigger oxidative effects [57] and PEG to simulate drought [58].
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4. Materials and Methods
4.1. Plant Material

Materials for the study were obtained from the Federal State Budgetary Scientific
Institution “Federal Scientific Center for Biological Systems and Agrotechnologies of the
Russian Academy of Sciences” (Orenburg).

The following varieties of wheat were taken as objects of study:

- Zolotaya—spring hard wheat, a variety of hordeiforme;

- Orenburgskaya 10—spring hard wheat, a variety of hordeiforme;
- Orenburgskaya 23—soft spring wheat, Lutescens variety;

- Ulyanovskaya 105—soft spring wheat, Lutescens variety.

The experiment was carried out in the central zone of the Orenburg region (fields
coordinates—51°46'41.928000” N, 55°19/14.292000” E, 51°46/43.074000” N, 55°19/14.598000" E,
51°46'43.338000" N, 55°1922.620000" E 51°46'42.120000” N, 55°19'22.404000" E).

The soil is southern carbonate low-humus heavy loamy chernozem, pH of the soil
solution is 7.0-8.0 (pH meter brand—Ecotest, Moscow, Russia).

Sowing varieties were carried out on a black fallow. Site preparation consisted of non-
moldboard loosening after harvesting the previous crop, early spring harrowing, four-fold
cultivation during the summer, and autumn deep loosening of the fallow. In the year of
sowing the experiment, spring harrowing of the site and pre-sowing cultivation to the
depth of seeding were carried out.

Sowing was carried out using a seeder SN-16 in an ordinary way to a depth of
6-8 cm with a seeding rate of 4.5 million seeds per ha, followed by post-sowing rolling
with ring-spur rollers. The area of plots under each variety was 50 m?, each variety was
sown in three repetitions (Supplementary Materials Figure S3).

To start the experiment on salt stress, in two non-adjacent repetitions for each variety,
microplots of 0.50 m? were selected, which included three rows of sowing with a row
spacing of 15 cm with a row length of 111 cm. The total number of microplots in the
experiment for each variety was 30 (Supplementary Materials Figure S3).

For watering, the solutions of two salts, NaCI and Na,;SO4, were used. Salt solutions
were prepared by dissolving NaCl in water at a concentration of 1.10 g L~!, and Na,SOj at
a concentration of 0.40 g L~!. The plots were irrigated once, in the phase of full shoots. The
control was irrigated with water, simultaneously with the watering of the experimental
variants. The water consumption rate was 30 L per m?, which corresponds to the monthly
rainfall rate in the region. After watering, the plots were mulched with dry soil.

In the tillering phase, 10 plants were selected for each wheat cultivar to analyze the
root system of wheat plants. In the earing phase, 10 plants of each wheat cultivar were
selected for accounting the height of the plants and the length of the spike.

In the phase of full maturing of the wheat grain in the plots, 5 spikes were randomly
selected, the kernels of which were used for further analysis (Supplementary Materials
Figure 54).

4.2. Preparation of Material for Primary Analysis

All available spikes were disassembled into simple ones, keeping their placement
order on the main spike axis. Next, the kernels were extracted and glued due to double-
sided tape onto a white sheet of A4 paper while maintaining the order of the kernels in
the spike. Each sheet of paper contained kernels of only one cultivar with a specific salt
exposure variant. Images were scanned by a professional Epson Perfection V550 Photo
scanner with a resolution of 600 dpi. The resulting images were processed in the Image]
program [59]. The transverse section area (mm?), transverse section perimeter (mm), length
(mm), and width (mm) of kernels were measured by the program. Then, the mass of
each kernel was measured on electronic scales (p = 0.0001 g). In total, 1173 kernels were
examined in the study (Supplementary Material Table S1).

A sulfficient sample size was collected to compare fluctuating asymmetry indices
according to the algorithm proposed earlier for horticultural crops [60].
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It was assumed that the volume of the general population of kernels tends to infinity
N — oo, therefore, Student’s criterion was taken as 505 = 1.96. It was assumed that the
minimum value of the asymmetry index in general population (xmin) can be equal to zero,
which corresponds to a completely symmetrical kernel, and the maximum value (Xmax)
is approx. 0.2 (based on the information on the fluctuating asymmetry scale proposed
earlier [7]. Using the 6-sigma rule, the value of the standard deviation & was determined:

& = (Xmax — Xmin) /6 = (0.2 — 0)/6 = 0.333

Allowable error A = 0.035 (corresponds to the class interval on the fluctuating asymme-
try scale) or A = 0.017 (corresponds to half of the class interval on the fluctuating asymmetry
scale) proposed earlier [7].

Allowable accuracy (k) was calculated by the following formula:

k=2

N

o
k=0.035/0.333 =1.05 or k = 0.017/0.333 = 0.51

The sample size (N) was calculated using the following formula:
N =ty /K 1

N =(1.96 x 1.96)/(1.05 x 1.05) = 3.69, the minimum sample size for a sample to obtain
a reliable value is 4 kernels.

Or

N = (1.96 x 1.96)/(0.51 x 0.51) = 14.77, i.e., this ideal sample size, minimizing the
experimental error, is 15 kernels.

After data on kernel parameters were entered into the SPSS Statistics 25 program,
the “random number generator” function was turned on and the SPSS program ran-
domly selected 15 matured left, right, and middle kernels for each of the four varieties in
three salinity options (the algorithm is given in the Supplementary Material Table S1 about
the number of kernels) where the number of mature kernels exceeded 15 pieces. If the
number of mature kernels was less than 15, for example, 6 pieces (Zolotaya, control, middle
from the Supplementary Material Table S1), then all 6 kernels were taken.

458 transverse slices of kernels were prepared, of which 113 sections were from the cv
Zolotaya, 93 sections were from the cv Orenburgskaya 10, 125 sections were from the cv
Orenburgskaya 23, and 127 sections were from the cv Ulyanovskaya 105. Sections were
made from the middle part of the kernels. The sections were glued with double-sided
adhesive tape on a white A4 sheet; then, the images were scanned on an Epson Perfection
V550 Photo with a resolution of 600 dpi. In the Image] program by means of the “segmented
line” tool the length of the central axis of the kernel cut, the distance from the control points
of the left and right sides of the kernel to the axis to establish asymmetry indices were
measured, in millimeters. Index 1 is the ratio of the distance from the top of the kernel to
the central axis to the total distance between the tops. Index 2 is the ratio of the distance
along the widest part to the central axis to the total distance of width. Index 3 is the ratio
of the distance from the edge of the kernel under the triangle to the central axis to the
total distance. Index 4 is the ratio of the distance from the edge of the triangle to the
axis of symmetry to the total length of the triangle. Index 5 is the ratio of each segment
extending 45° from the axis of symmetry to the length segment from the triangle to the
bottom (Figure 4).

Fluctuating asymmetry (FA) indices were calculated by the formula of Wilsey et al. (1998) [30].

Ly — L] N Ly — Ly

FA = 7 7
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Figure 4. Distances between the control points of the left and right sides of the kernel to the
axis of symmetry. Fluctuating asymmetry indices: 1a,b—arm lengths from the intersection of the
perpendicular to the tangent (axis of symmetry) to the shares of halves of the wheat kernel on
the median section; 2a,b—arm lengths of the perpendicular to the widest sections of the shares of
halves of the wheat kernel; 3a,b—segment lengths of maximum distance of the inner corners of the
crease (ventral furrow) from the intersection point of the symmetry axis with the flat part of the
ventral furrow between the halves of the shares of wheat kernel; from 4a,b—the arm lengths of the
perpendicular at the point of intersection of the symmetry axis with the flat part 