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Abstract. The high-quality grain use when sowing is a necessary condition for obtaining a high
yield. Along with the standard tests regulated by the ISTA (International Seed Testing
Association), there are promising introscopic techniques for the seed material quality
controlling - methods of microfocus radiography and gas discharge visualization
(electrophotography). The effect of structural and functional characteristics of the seeding
material on the wheat productivity and diseases resistance was studied out on the experimental
field of the Vavilov All-Russian Institute of Plant Genetic Resources. Ten accessions of soft
wheat with the ‘parametric passport’ (including more than thirty optical parameters, including
gas discharge images, morpho- and densitometric analysis of X-ray patterns) were used as an
experimental seeding material. Unviable wheat seeds, in comparison with healthy ones, were
characterized mainly by a smaller area, form coefficient, standard deviation of three-dimensional
fractality by isoline, entropy by isoline, higher brightness and standard deviation of the isoline
radius of the gas discharge images. Morpho- and densitometric indices of unviable seeds differed
in reduced values of the circle factor, roundness, minimum and maximum average brightness, but
in greater elongation and optical density of the X-ray patterns projection. The intensity of wheat
affection by diseases has varied depending on the structural and functional characteristics of
seeds. It was noted, that the brown rust development decreased with an increase in the entropy by
isoline, the contour irregularity and the average radius of the isoline.

Key words: disease resistance, gas discharge imaging, microfocus radiography, seed material,
soft wheat, yield structure.
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INTRODUCTION

The environmental safety of food production is one of the main requirements for
agricultural products in modern conditions of the global agro-industrial sector. In Russia
the concept of agricultural production development are revising and shifting it towards
reducing the external anthropogenic impact on agrocenoses and creating favorable
conditions for realizing their own potential (Pavlyushin & Lysov, 2019).

Smart farming system - this is an innovative technology that helps to improve the
quality and quantity of agricultural products in the country (Bharath et al., 2020). A
necessary condition for obtaining high yields of wheat and improve its quality is use
complete grain when seeding (Sramkovaa et al., 2009; Shpilev et al., 2018; Ricachenevsky
et al., 2019). At the same time, the seed material is often of poor quality now. The part
of grain crops’ substandard seeds can reach up by 40% (Arkhipov et al., 2013a). In this
regard, there are a number of standard tests regulated by ISTA (International Seed
Testing Association), as well as promising introscopic methods for seed quality control
(Pearson et al., 2007; Huang et al., 2015; Abud et al., 2018; Arruda et al., 2018;
Severiano & Pinheiro, 2018).

The problem of the grain harvest preserving and protecting it from harmful
organisms during storage is very relevant in agriculture, since a large number of
agricultural products are stored without providing the necessary conditions for this. An
important aspect of obtaining high-quality products is to determine the degree of grain
contamination before it is stored by direct visual observation or using instrumental
methods that reveal the hidden forms of seeds infection by diseases and damage by pests
(Dumitru et al., 2020).

It is obvious that the phytosanitary control of crops with the use of advanced
technologies and modern plant protection products is a necessary condition for high
grain yields obtaining. It is notable that the seed material’ phytosanitary condition, which
would prevent the infectious diseases emergence and development and contributed to
the improvement of crops, needs for the most attention (Gagkaeva et al., 2009; Firsova
et al., 2019).

Instrumental high-tech analysis methods comply with modern requirements for
identification of the seed material quality. They take into account the features and defects
of the internal structure on which the viability of seeds depends. The possibilities and
advantages of such methods and their extended informativeness are described in detail
in the work of Musaev et al., 2017. The method of microfocus radiography through the
seeds internal structure visualizing allows us to identify such signs as: the presence of
internal injury, the biological degree of the germ and endosperm plumpness, the presence
of diseases infection, infestation and damage by pests. For vegetable crops and their
selection without germination, it is possible to determine the separateness, singleness,
self-fertility. Differences between varietal-population and hybrid seeds (experiments
with radish) are also well detected using microfocus radiographs by the degree of
plumpness of internal structures.

The analysis of digital images of agricultural crops’ seeds is an important tool not
only for the study of their heterogeneity, but also serves as the basis for the creation of
automatic seed sorters (separators) that allow to obtain the seed material with improved
sowing qualities compared to the initial ones (Sandeep et al., 2013). The analysis of a
combine grain yield monitoring system is given in the work of Risius (2014). The
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developed system comprised a yield meter, GNSS receiver and a computer installed with
customized software, which, when assembled on a local rice combine, mapped real-time
rice yield along with grain moisture content (Sirikun et al., 2021).

The method of soft-beam microfocus radiography has been successfully used for
many years both in Russia (Arkhipov et al., 2016; Potrakhov et al., 2019; Priyatkin et
al., 2019) and abroad (Burg et al., 1995; Moreira et al., 1999; Gomes-Junior et al., 2012;
Silva et al., 2012 and 2013; Franco et al., 2015). X-ray densitometry is a promising
method for non-destructive evaluation of the seed’s internal morphology of various
crops and has great potential for development in the field of seed testing (Gomes-Junior
et al., 2012). The Agrophysical Research Institute has developed highly informative
methods for conducting radiography of seeds and plants, as well as modern technical
means for their implementation (Musaev et al., 2020). Image analysis has been used
recently both to the seed quality assess and to some aspects of seed physiology clarify.
X-rays can be used successfully to identify physical abnormalities and their occurrence
correlation with the physiological potential of seeds (Pereira da Silva et al., 2020). It can
be used to detect various structural seeds defects, such as crack, enzymomycosis
depletion, internal germination, hidden pest infestation, mechanical injuries and germ
defects, empty grain, etc. (Haff & Slaughter, 2004; Panchal et al., 2014).

A promising direction for assessing the biological objects’ general condition is the
gas-discharge visualization (GDV) method, which allows recording and analyzing the
gas-discharge glow induced in biological objects and their structures. This method gives
the opportunity to control the quality of plant raw materials, in particular, fruits, seeds
and grains (Priyatkin et al., 2006a).

The gas-discharge visualization technique is an important part of a complex
methodology for the seed material quality assessing, as it combines together the seeds
assessment using morphometric and automated radiographic methods (Arkhipov et al.,
2014). It allows to obtain the data about the biological and economic suitability of seed
material, to predict the field germination of seeds and their potential productivity
(Priyatkin et al., 2006b).

A preliminary analysis of the characteristics of the seeds’ gas-discharge glow is an
essential addition to the main standardized methods for the seed quality assessment
(Arkhipov et al., 2016). The study of the seed surface characteristics is carried out in the
wavelength ranges from near ultraviolet to near infrared, including using several light
sources with different wavelengths, which allows multispectral images obtaining
(Olesen et al., 2015). In the last 10 years, data have emerged on the possibility of using
the terahertz imaging method to determine the varietal purity of seeds (Lu et al., 2005),
the quality of seed material (Ge et al., 2014), as well as the early prediction of laboratory
seed germination (Jiang et al., 2016).

The data on the possibility of using the terahertz imaging method to determine the
varietal purity of seeds (Lu et al., 2005), the quality of seed material (Ge et al., 2014), as
well as the early prediction of laboratory seed germination (Jiang et al., 2016) have
obtained for the last 10 years.

However, the system analysis studies of changes in wheat productivity and
resistance to pathogens depending on the seeds structural and functional characteristics
have not been conducted. Earlier, the effectiveness of wheat stimulating treatments with
microbiological biopreparations, was evaluated using the above methods of introscopic
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analysis of wheat grain, and the quality of the newly harvested crop and changes in wheat
diseases resistance were analyzed (Kolesnikov et al., 2019, 2020a, 2020b).

The aim of the work is to reveal the dependence of the soft wheat productivity
elements and diseases resistance on the structural and functional characteristics of seeds.

The indicators of the grains’ structural and functional activity, associated with the
hidden heterogeneity of the seed material, for the first time in the Leningrad region
conditions were analyzed, and the interrelations in the change of the productivity
elements and wheat diseases resistance were revealed by more than 30 optical
parameters, including gas-discharge glow, morpho- and densitometric analysis of
radiographs. The practical value of the work lies in the development of tools for
programming the yield and increasing the wheat diseases resistance through the selection
of high-quality seed material when determining its latent heterogeneity by microfocus
radiography and gas-discharge visualization.

MATERIALS AND METHODS

The field experimental study the influence of structural and functional
characteristics of soft wheat seed material on the wheat productivity and diseases resistance
was carried out at the scientific and production base ‘Pushkin and Pavlovsk Laboratories
of VIR’ of the Vavilov All-Russian Institute of Plant Genetic Resources (VIR). 10
cultivars of spring wheat (Triticum aestivum L.) from the collection of the wheat genetic
resources Department of VIR were used as plant experimental material: Omskaya 18,
k-58220; Kolkhoznitsa, k-30177, — ,

Saratovskaya 29, k-40599; Leningradka, b U U U b

k-47882; Moskovskaya 35, k-48762; ' :

HD 2329, k-58775; Leningradskaya 97, - - :V “v GUU
k-62935;  Tulunskaya 12,  k-64361; - JU P ot e ST
Rostan’, k-64391; Ester, k-64544. w - .

All grains of each of the 10 wheat - L S
cultivars had a ‘parametric passport’ (for ~

more than 30 optical parameters, N o -
. . . " Dt ~—
including gas - discharge glow, morpho- z z — s - e
and densitometric analysis of X-rays) - - '5
when assessing the impact of seed A dnd A

quality on wheat productivity and
disease resistance. The sample size for
each cultivar was 105 grains (Fig. 1).

To take into account the individual characteristics of the seeds, a separation mesh
was used. The area of the accounting plot for one sample was 1.3 m” Samples for plots
were sown manually by an rows seeding method with row spacing of 15 cm and a
distance in a row of 1-2 cm. Seed depth: 5-6 cm (Fig. 2).

Gas-discharge and X-ray characteristics of wheat seeds used as seed material were
determined on the experimental equipment of the Plant Biophysics sector of the AFI
Federal State Budgetary Institution.

Hardware and software of the method of gas-discharge visualization
(electrophotography) of wheat seeds is presented by the serial device ‘GRV-Camera’
analysis of digital gas-discharge images ‘GRV Scientific Laboratory’.

Figure 1. Soft wheat grains used as seed
material with a ‘parametric passport’.
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Figure 2. The beginning of the field experience for the study of the wheat yield and disease
resistance dependence on the structural and functional characteristics of wheat seeds.

The method of gas-discharge visualization (electrophotography) of wheat seeds
was carried out by the use of serial device ‘GRV-Camera’ in complete with software for
the analysis of digital gas-discharge images ‘GRV Scientific Laboratory’. Developer and
manufacturer of hardware and software complex - LLC ‘Biotechprogress’. This method
allows to record and quantify the characteristics of the corona discharge that occurs when
the seed is placed in a high-intensity electromagnetic field (Fig. 3).

The initial
sample

Gas-discharge image
' of the seed

Software processing

Figure 3. The algorithm for wheat seeds analysis by gas-discharge visualization.

When using the gas-discharge visualization method, wheat seeds were
characterized by the following indicators: glow area (cm?), total glow intensity (relative
units), shape coefficient (relative units), average contour radius (pixels), normalized
standard deviation of the contour radius (pixels), contour length (pixels), entropy
calculated from the contour (relative units), fractality calculated from the contour
(relative units), X-ray images were obtained on a serial mobile X-ray diagnostic unit
PRDU-02 (CJSC ‘ELTECH-Med’). The analysis of digital X-ray images of wheat seeds
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was performed by the use the tablet scanner EPSON Perfection V200 Photo and software
‘Agrus-Bio’ produced by LLC ‘ArgusSoft’ (Fig. 4).

The initial m
sample

The card —
s ready-made
T sample for X-ray The X-ray image
—_ photography
= i\ Software processing

N

Figure 4. The algorithm for wheat seeds analysis by microfocus radiography.

When using the microfocus X-ray method, wheat seeds were characterized by the
following indicators: the area of the X-ray projection of the seed (cm?), the perimeter of
the X-ray projection of the caryopsis (cm), the length of the X-ray projection of the seed
(cm), the width of the X-ray projection of the seed (cm), the roundness of the X-ray
projection of the seed (relative units), the elongation of the X-ray projection of the seed
(relative units), the deviation of the brightness of the X-ray projection of the seed (units
of brightness), the optical density of the X-ray projection of the seed (relative units) and
the integral optical density of the X-ray projection of the seed (relative units).

Wheat productivity was studied in three times replication in the phases of germ
shoot development, earing-flowering and maturation according to a set of indicators. In
the germ shoot development phase, wheat cultivars were evaluated according to the
generally accepted indicator - field germination (%). In the ear—flowering phase, the
complex of plant indicators: the productive and total bushiness (pcs.), the plant phase
(score, on the Zadox scale (Eucarpy), the flag and pre-flag leaf area (cm?), the plant
height (cm), the spike length (cm), the spikelets number per spike (pcs.), the spike
weight (g) was studied. In addition, the number and length of roots (main germ root,
germ and coleoptile roots) extending from the epicotyle were determined. The number
and length of wheat nodal roots were taken into account. The roots’ and plants’
vegetative part weight was calculated (Kolesnikov, Kremenevskaya et al., 2020;
Kolesnikov, Novikova et al., 2020).

In the maturation phase (phase of full ripeness) the wheat yields structure was
studied by the indicators: the number of spikelets per spike, pcs.; the spike length, cm;
the spike weight; the grains number per spike, pcs.; the grains weight, the 1,000 grains
weight. The potential (biological) yield of a single wheat plant was calculated by the
indicators: the productive bushiness and grain weight per one plant spike (g plant). The

1796



wheat cultivars’ potential yield (Y,) in relation to the sowing area (t ha™") was calculated
by the productive bushiness, the grains weight per spike and the number of plants sown
per 1 m’. The assessment of the plant damage degree by diseases was carried out in the
main phases of wheat ontogenesis (Kolesnikov, Kremenevskaya et al., 2020;
Kolesnikov, Novikova et al., 2020).

The size of pathogens’ infectious structures formed on leaves during pathogenesis
(spots, pustules, etc.) was calculated using ocular and objective micrometers. The
pustule area values for rust fungi and the spots area for powdery mildew were determined
by the ellipse area formula (Fig. 5).

Sn = mmab

LLLLLLL
T

Sn — the pustules area
m — the scale coefficient of microscope
a, b — the ellipse half-axises values

LLLLLed
TTTTerd

Figure 5. The wheat brown rust uredopustules’ size calculation.

Statistical analysis of the experimental results was carried out in the PC programs
SPSS 26.0, Statistica 10.0, Excel 2019. The calculations were performed by the use of
parametric statistical methods (based on the mean M and their standard errors + SEM,
95% confidence intervals, and Student's ¢-fest). The relationships between the indicators
were analyzed using Spearman's rank correlation. When identifying the most important
factors that affect the dependent variable and constructing numerical dependencies, the
method of nonlinear regression analysis was used.

RESULTS AND DISCUSSION

The possibility of the wheat seeds quality controlling using non - destructive testing
methods: gas-discharge visualization and microfocus radiography for programming
wheat yield and predicting changes in the intensity of wheat damage by diseases was
studied as a result of the conducted research.
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Identification of soft wheat non-viable and healthy seeds by gas-discharge
visualization

The area of gas-discharge characteristics of soft wheat seeds was compared with
the following signs of field germination: the seeds did not shoots (non - viable seeds -
NVS); the seeds have shoots (viable (healthy, fulfilled) seeds -VS); the seeds have
shoots, but the plants died (conditionally viable seeds - CVS). A slight decrease in the
area of the gas-discharge image (GDI) of non-viable seeds that did not germinate,
compared with viable seeds that sprouted, was found in 40% of the studied wheat
cultivars (Saratovskaya 29, k-40599 - by 0.9%; Leningradskaya 97, k-62935 - by 8.0%;
Tulunskaya 12, k-64361 - by 0.8%; Ester, k-64544 - by 0.1%). The greatest differences
in the seeds GDI area change in the direction of decrease were noted in the CVS
compared to the VS. This tendency was found in 80% of cultivars. The CVS was
characterized by the GDI smaller area compared to VS (significantly by 12.0%,
t = 2.4 - Saratovskaya 29, k-40599; by 14.0%, t = 2.6 - Leningradka, k-47882; by 6.7%,
t=9.0 - Tulunskaya 12, k-64361; by 19.0%, t=3.1 - Ester, k-64544, and by 1.01% -
Moskovskaya 35, k-48762; by 0.9% - HD 2329, k-58775; by 0.6% - Leningradskaya 97,
k-62935; by 1.2% - Rostan’, k-64391).

Compared with viable seeds, non-viable seeds were characterized mainly by large
values of the brightness index of the gas-discharge image. This pattern was found in 70%
of cultivars. The decrease in the average intensity of the gas discharge image brightness
was revealed on the UVS of 30% cultivars (Moskovskaya 35, k-48762 - 2.1%;
Leningradskaya 97, k-62935 - 1.2%; Tulunskaya 12, k-64361 - 5.0%) and on the CVS
of 70% cultivars (significantly by 3.6%; t=2.9 - Leningradskaya 97, k-62935; 7.8%;
t=12.0 - Tulunskaya 12, k-64361; 15.1%; t = 3.0 - Ester, k-64544, and also by 1.2% -
Saratovskaya 29, k-40599; by 3.4% - Leningradka, k-47882; by 0.9% - Moskovskaya
35, k-48762). It should be noted that in the work of Arkhipov et al (2016), a negative
correlation between this indicator and the parameters: seedling length (cm), the wheat
flag leaf area, was found. The revealed regularity makes it possible to use the brightness
indicator of the gas-discharge visualization for express selection of seeds with the best
sowing qualities (Cater & Batic, 1998; Zanco, 2016).

The GDI shape coefficient may reflect the ‘thinness’ of grains caused by
enzymomycosis depletion (Arkhipov et al., 2016). The shape coefficient is the ratio of
the GRV image glow external contour’ perimeter in a square to its area. In 40% of
cultivars a decrease in the shape coefficient values on the CVS, compared to the VS, was
recorded (significantly by 2.8%; t=2.8 - Leningradka, k-47882; by 8.9%; t=2.8 -
Omskaya 18, k-58220; by 2.1%; t=3.0 - Ester, k-64544, and also by 1.1% -
Saratovskaya 29, k-40599). The shape coefficient values on the CVS decreased in 40%
of cultivars compared to VS (by 10.3% - Kolkhoznitsa, k-30177; by 13.1% -
Saratovskaya 29, k-40599; by 9.5% - Moskovskaya 35, k-48762; by 3.1% - HD 2329,
k-58775. In the work of Arkhipov et al (2016), the positive correlation with the
parameter ‘GDI shape’ and ‘the 1,000 seeds weight” was found.

In comparison with VS, a decrease in three - dimensional fractality along the isoline
of the gas-discharge image was found on 40% of the NVS cultivars (significantly by
2.8%;t=2.9 - Leningradka, k-47882; by 8.9%; t = 7.7 - Omskaya 18, k-58220; by 2.1%;
t=3.1 - Ester, k-64544, and also by 1.1% - Saratovskaya 29, k-40599). A similar
tendency was found in 40% of cultivars with the CVS (by 10.3% - Kolkhoznitsa,
k-30177; by 13.1% - Saratovskaya 29, k-40599; by 9.5% - Moskovskaya 35, k-48762;
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by 3.1% - HD 2329, k-58775). Supposedly, the fractal parameter depends on the seeds
size characteristics. In the work of Arkhipov et al (2016) a positive correlation between
this indicator and the 1,000 seeds weight was found. No such studies have been
conducted in the world.

The standard deviation (SD) of GDI fractality was reduced in NVS (70% of
cultivars) and CVS (60% of cultivars) compared to healthy seeds.

Reliable reduction in the gas discharge image contour irregularity of the NVS
compared to VS was detected in 50% of cultivars (by 33%; t = 13.8 - Leningradka
k-47882; 29.7%; t = 18.3 - Moskovskaya 35, k-48762; 19.9%; t =12.5 - Omskaya 18,
k-58220; 3.2%; t = 2.8 Tulunskaya 12, k-64361; 3.1%; t = 2.5 - Ester, k-64544) and 30%
cultivars with CVS (by 84,5%; t=5.0 - HD 2329, k-58775; 34.4%; t=2.5 -
Leningradskaya 97, k-62935; 19.9%; t = 3.2 - Tulunskaya 12, k-64361.

The isoline average radius displays the ‘width’ of the glow around the object, the
normalized SD of the isoline radius makes it possible to estimate the unevenness of the
glow width along the contour (Arkhipov et al., 2016).

In NVS of 40% of cultivars, a decrease in the isoline average radius in comparison
with VS was observed (significantly by 6.0%; t =2.3 - Moskovskaya 35, k-48762; by
4.7%; t= 3.6 - HD 2329, k-58775; by 12.9%; t = 5.1 - Leningradskaya 97, k-62935; by
4.3%;t = 2.5 - Ester, k-64544). This tendency was also revealed in the remainder of 60%
of cultivars when analyzing the isoline average radius of the CVS compared to the VS
(significantly by 24.0%; t=7.5-Leningradka, k-47882; by 13.4%; t=2.3-HD 2329,
k-58775; by 9.2%; t = 2.3-Leningradskaya 97, k-62935; by 28.4%; t = 19.1 - Tulunskaya
12, k-64361; by 10.0%; t = 8.3 - Rostan’, k-64391, and also by 6.4% - Ester, k-64544).

The increase in values of normalized SD GRI isoline radius on the CNV was
detected in 60% of cultivars (significantly by 10.2%; t = 2.8 to Omskaya 18 k-58220;
11.3%; t=2.5 - Leningradka, k-47882 and 2.8% - Kolkhoznitsa, k-30177; 2.2% -
Saratovskaya 29, k-40599; 5.4% - Tulunskaya 12, k-64361; 4.4% - Rostan’, k-64391)
and on the CVS in 30% cultivars, compared to VS (by 11.3% - Kolkhoznitsa, k-30177;
8.9% - Saratovskaya 29, k-40599; 12.4% Moskovskaya 35, k-48762).

The entropy values along an isoline were reduced on the NVS and the CVS,
compared to healthy seeds. This regularity was revealed in 60% of the cultivars on the
NVS (significantly by 3.5%; t = 3.8 Kolkhoznitsa, k-30177; 0.8%; t = 4.1 - Saratovskaya 29,
k-40599; 1.1%; t=3.1 - Omskaya 18 k-58220; 0.7%; t=6.8 - Leningradskaya 97,
k-62935; 1.1%; t=2.4 - Tulunskaya 12, k-64361) and in 30% of the cultivars on the
CVS (2.5% Moskovskaya 35, k-48762; 0.9% Leningradskaya 97, k-62935; 4.9% - Ester,
k-64544). In the work of Arkhipov et al. (2016) the positive correlation between this
indicator and the seed germination energy was revealed.

The isoline length is an important indicator of seed quality. In our experience, the
greatest decrease in the indicator was registered in the group of CVS, compared with the
VS. This pattern was found in 60% of cultivars (significantly by 11.6%; t=2.8 -
Leningradka, k-47882; by 9.7%; t=2.3 - HD 2329, k-58775; by 5.2%; t="7.6 -
Tulunskaya 12, k-64361; by 3.6%; t = 4.7 - Rostan’, k-64391; by 5.7%; t= 2.7 - Ester,
k-64544). Only 30% of cultivars were characterized by reduced values of the indicator
on NVS. It should be noted that in the work of Arkhipov. et al (2016) a positive
correlation between the isoline length and the 1,000 seeds weight was noted.

Previously, the GDI characteristics, obtained on wheat seeds that had no visible
signs of damage - ‘seemingly healthy’, having a weak and strong degree of infection
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caused by the spike fusariose agent Fusarium spp., was studied by Priyatkin and
co-authors (2006). It was revealed that ‘seemingly healthy’ seeds were characterized by
the maximum values of the GDI parameters: brightness distribution, shape coefficient
and three-dimensional fractality compared to infected seeds. GDI of ‘seemingly healthy’
seeds were distinguished by a more rugged contour and a variety of brightness spectrum
than infected grains. When studying the seeds of common spruce (Picea abies L.) by
gas-discharge imaging, it was noted that the NVS did not shown a gas-discharge glow,
in contrast to the seeds that subsequently sprouted, which can be explained by the fact
that the gas-discharge imaging method is sensitive to humidity and electrical conduction
of the object. In NVS, humidity and electrical conduction are lower due to the absence
of the germ and endosperm, so the initialization of gas-discharge glow under the
specified modes of the GRV-Camera device did not occur (Arkhipov et al., 2013).

Identification of non-viable and viable soft wheat seeds by microfocus
soft-beam radiography

One of the indicators, characterizing the ‘endosperm fullness’, is of the seed
projection area. The most decrease in the grain projection area on the CVS compared to
the VS was recorded. This regularity was found in 50% of cultivars (significantly by
5.4%; t=2.8 - Leningradka, k-47882; by 8.3%; t=2.4 - Moskovskaya 35, k-48762;
by 12.3%; t = 11.4 - Tulunskaya 12, k - 64361, by 4.2% - Saratovskaya 29, k-40599, by
2.2% - Leningradskaya 97, k-62935). A decrease in the projection area of NVS
compared to VS was recorded in 40% of cultivars (significantly by 3.3%; t=2.4 -
Saratovskaya 29, k-40599; by 2.1%; t = 2,3 - Omskaya 18, k-58220; by 5,6%; t=2.2 -
Leningradskaya 97, k-62935; by 2.6% - Rostan’, k-64391).

The most expressed decrease in the seed projection perimeter on the CVS compared
to the VS was registered. This pattern was found in 50% of cultivars (significantly by
7.8%; t=12.3 - Tulunskaya 12, k-64361; by 3.1%; t=2.1 - Leningradskaya 97,
k-62935; by 0.8% - Saratovskaya 29, k-40599; by 0.1% - Leningradka, k-47882;
by 1.6% - Moskovskaya 35, k-48762). A decrease in the NVS projection perimeter
compared to the VS was registered only in 30% of cultivars (significantly by 0.7%;
t=2.1-Omskaya 18, k-58220; by 2.7%; t = 3.2 - Leningradskaya 97, k-62935, and also
by 0.9% - Saratovskaya 29, k-40599).

The most reduction in the seed projection length was recorded in the CVS compared
to the VS. This pattern was found in 40% of cultivars (significantly by 9.5%,
t = 2.5 - Leningradka, k-47882; by 12.5%, t = 2.5 - Moskovskaya 35, k-48762; by 6.2%,
t=9.0 - Tulunskaya 12, k-64361, and also by 1.8% - Leningradskaya 97, k-62935). A
decrease in the NVS projection length in comparison with healthy seeds was also
recorded on 40% of cultivars (significantly by 1.0%, t = 4.3 - Saratovskaya 29, k-40599;
by 1.0%, t=2.3 - Leningradka, k-47882; by 7.7%, t = 14.3 - Omskaya 18, k-58220; by
8.4%, t=22.3 - Rostan’, k-64391).

The most decrease in the seed projection width was registered in the CVS compared
to the VS. This was found on 50% of cultivars (significantly by 7.2%, t=9.4 -
Moskovskaya 35, k-48762; by 2.7%, t=5.1 - Tulunskaya 12, k-64361; by 5.0% -
Saratovskaya 29, k-40599; by 1.5% - Leningradka, k-47882; by 2.4% - HD 2329,
k-58775, by 0.2% - Leningradskaya 97, k-62935). A decrease in the NVS projection
width compared to VS was also recorded on 50% of cultivars (significantly by 2.5%,
t = 18.0 - Saratovskaya 29, k-40599; by 0.5%, t = 2.6 - Omskaya 18, k-58220; by 1.9%,
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t=16.3 - HD 2329, k-58775; by 2.9%, t = 12.2 - Leningradskaya 97, k-62935; by 2.9%,
t=6.2 -Rostan’, k-64391).

The most decrease in the seed projection’ average chord was registered in the CVS
compared to the VS. This pattern was found on 60% of cultivars (significantly by 10.2%,
t = 9.3-Saratovskaya 29, k-40599; by 6.4%, t =2.4 - Leningradka, k-47882; by 3.4%,
t = 2.2 - Leningradskaya 97, k-62935; by 8.0%, t=15.5 - Tulunskaya 12, k-64361; by
3.11%, t=6.5 - Rostan’, k-64391). A decrease in the NVS projection’ average chord,
compared with healthy seeds, was also recorded on 30% of cultivars (significantly by
3.8%, t = 26.2 - Kolkhoznitsa, k-30177; by 3.4%, t = 9.5 - Leningradskaya 97, k-62935;
6.8%, t = 44.1 kHz - Saratovskaya 29, k-40599).

70% of the NVS wheat cultivars in was characterized by greater elongation of the
seed projection compared to VS (significantly by 1.8%, t =24.9 - Saratovskaya 29,
k-40599; 2.1%, t=5.3 - Leningradka, k-47882; 2.4%, t=31.6 - Moskovskaya 35,
k-48762; 1.6%, t=16.9 - HD 2329, k-58775; 2.8%, t = 8.9 - Tulunskaya 12, k-64361;
0.5%, t=2.2 - Rostan’, k-64391; 0.8% t = 5.2 - Ester, k-64544). A decrease in the of the
CVS projection elongation, in comparison with the VS, was recorded in 50% of the
cultivars.

The most decrease in the seed projection size was recorded on NVS. This pattern
was found in 50% of cultivars (significantly by 1.5%, t = 9.8 - Saratovskaya 29, k-40599;
by 0.3%, t=22.7 - Omskaya 18, k-58220; by 2.1%, t=2.8 - HD 2329, k-58775; by
0.1%, t= 5.6 - Leningradskaya 97, k-62935; by 5.9%, t =12.8 - Rostan’, k-64391). A
decrease in the CVS size was shown by 30% of cultivars.

Smaller values of the NVS projection’ circle factor compared to VS were detected
in 70% of wheat cultivars (significantly by 1.3%, t = 9.8 - Kolkhoznitsa, k-30177; 1.5%,
t=8.8 - Saratovskaya 29, k-40599; 0.3%, t=9.8 - Leningradka, k-47882; 0.3%,
t=9.1 - HD 2329, k-58775; 0.2%, t = 9.8 - Leningradskaya 97, k-62935; 0.1% t = 12.8
- Tulunskaya 12, k-64361; 0.3%, t = 13.8 - Rostan’, k-64391). In the case of CVS, the
tendency of circle factor decrease was observed only in 40% of cultivars.

The most increase in the values of the seed projection ellipse factor was registered
on the CVS compared to the VS. This tendency was found in 60% of cultivars. In the
same time, the NVS were characterized by lower values of the indicator in 50% of
cultivars.

A decrease in the values of the seed projection roundness on the NVS and CVS,
compared with the VS, was revealed. This trend was identified in 60% (reliably by 2.7%;
t = 85.9 - Kolkhoznitsa, k-30177; by 1.9%; t = 104,8 - Saratovskaya 29, k-40599; 5.9%;
t =40.4 - Moskovskaya 35, k-48762; 0.6%; t = 3.9 - Leningradskaya 97, k-62935; 0.5%;
t = 3.4 - Tulunskaya 12, k-64361; 3.2%; t = 103.2 - Ester, k-64544) and 70% of cultivars
(significantly by 5.2%; t = 3.3 - Leningradskaya 97, k-62935; 3.3%; t = 5.7 - Tulunskaya
12, k-64361; 22.1%; t=42.1 - Rostan’, k-64391, by 5.0%; t=5.7 - Kolkhoznitsa,
k-30177; by 6.2% - Saratovskaya 29, k-40599; by 7.0% - Leningradka, k-47882),
respectively.

A lower average brightness of the NVS projection was marked in 40% of wheat
cultivars compared to the VS (significantly by 0.8%, t =2.2 - Saratovskaya 29, k-40599;
1.7%, t=3.7 - Omskaya 18 k-58220; 3.7%, t=2.6 - Rostan’, k-64391 and reliably by
6.4%, t=2.6 - Moskovskaya 35, k-48762; 3.7%, t=11.3 - Rostan’, k-64391; 7.0%,
t=0.9 - Leningradka k-47882; 1.5%, t = 2.9 - Saratovskaya 29, k-40599).
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The NVS and CVS were distinguished by a greater SD of the seed projection’
average brightness compared to VS. This dependence revealed in 40% of the cultivars
(significantly by 2.7%, t=4.0 - Moskovskaya 35, k-48762; 3.6%, t=59 -
Leningradskaya 97, k-62935; 3.3%, t = 7.5 - Tulunskaya 12, k-64361; 5.6%, t = 14.6 -
Rostan’, k-64391 and 13.6%, t=2.4 - Leningradka, k-47882; 6.9%, t=2.6 -
Leningradskaya 97, k-62935; 4.8%, t = 2.3 - Saratovskaya 29, k-40599).

The decrease in the minimum average brightness of the NVS projection compared
to the VS was revealed in 60% of cultivars (significantly by 0.5%, t=6.0 to
Saratovskaya 29, k-40599; 0.2%, t=2.3 - Leningradka k-47882; 2.4%, t=5.5 -
Omskaya 18 k-58220; 1.9%, t=2.7 - HD 2329, k-58775; 9.8%, t=2.3 - Rostan’,
k-64391; 0.6%, t = 10.9 - Ester, k-64544, and by 0.7% Moskovskaya 35, k-48762). The
tendency of the minimum average brightness decreasing in 30% of cultivars on the CVS
in comparison with VS was identified.

In 50% and 60% of wheat cultivars with NVS and CVS, seed projections were
characterized by a lower maximum brightness compared to VS.

A decrease in the brightness interval in the NVS and CVS (compared to the VS)
was registered. This trend was identified in 50% (significantly by 0.6%, t=14.5 -
Leningradskaya 97, k-62935, by 8.6% - Saratovskaya 29, k-40599; 2.7% Moskovskaya 35,
k-48762; 0.6% - Tulunskaya 12, k-64361; 0.3% - Ester, k-64544) and in 70% of cultivars
(significantly by 20.5%, t=2.6 - Moskovskaya 35, k-48762; 22.3%, t=4.6 -
Leningradskaya 97, k-62935; 10.9%, t = 7.8 - Tulunskaya 12, k-64361; 2.4%, t =2.6 -
Rostan’, k-64391, by 9.5% - Saratovskaya 29, k-40599; 10.5% - Leningradka k-47882;
by 0.9% - Ester, k-64544).

An increase in the optical density of the NVS and CVS projection in comparison
with VS was determined. This tendency was revealed in 50% (0.4% - Saratovskaya 29,
k-40599; 0.2% Moskovskaya 35, k-48762; 0.7% - in Omskaya 18 k-58220; 0.1% HD
2329, k-58775; 1.6% - Rostan’, k-64391) and 40% of the cultivars (significantly by
2.4%, t=2.3 - Moskovskaya 35, k-48762; 1.5%, t=12.0 - Rostan’, k-64391, and
0.7% - Saratovskaya 29, k-40599; 2.9% - Leningradka k-47882).

A growth of the integral optical density values on the NVS compared to the VS in
60% of cultivars was marked (significantly by 8.0%, t = 2.5 - Moskovskaya 35, k-48762;
5.7%, t=2.8 - Tulunskaya 12, k-64361, by 0.6% - Kolkhoznitsa, k-30177; 4.0% -
Leningradka k-47882; 1.8% - HD 2329, k-58775; 2.1% - Ester, k-64544). In 40% of the
cultivars with CVS, a tendency to increase the integral optical density in comparison
with VS was revealed.

The identification of wheat productivity and intensity of diseases development
dependences on gas-discharge characteristics of seed material

The data about the yield structure and diseases development intensity on wheat
cultivars of different origin are presented in the Table 1. For the period of phytosanitary
monitoring of wheat as diseases causative agents were identified: brown rust (Puccinia
recondita Rob. ex Desm. f. sp. tritici Eriks.), wheat leaf blotch (Stagonospora nodorum
Castell.et Germano) and powdery mildew (Blumeria graminis Speer.). Samples from the
European part of the Russian Federation had better indicators of yield structure than
samples from the Asian part of the Russian Federation. The maximum grain weight per
plant was marked on the sample Rostan’, k-64391 from Eastern Europe (Belarus) -
2.36 £ 0.15 g plant.

1802



Table 1. The yield structure and the intensity of plant pathogens development on cultivars with
different origin

'gl) G a G o 'gb?ﬂ 5 E 8 8/\ 8 E‘\’?
. = o °5 3% 5o g E-s E8<
Origin R} 55 g &g =g 8*§ &5< %EB
L~ =R 2%20 E£&a o 2 T)gﬁ ° 5.3
28 E£ BEE4L E§ sEe BZE 3oR
n'2 z & z & O & A ASE AT E
Russia, the 7.60* £ 13.61 + 19.80 + 1.73 28.40 + 80.89 + 1.34+
European part  0.06 0.08 0.26 0.08 2.13 1.4 0.13

(749~ (1344 (1931- (159 (2493~ (7821-  (0.97-
7.71) 13.78)  2029)  1.87) 31.86)  83.55)  L.71)
Russia,the 653+ 1273+ 1809+ 169+  17.76+ 8648+ 2.63+
Asianpart  0.06 0.10 0.26 0.08 1.77 1.69 0.29
(641- (1254~ (17.53- (152-  (1331- (8322~ (217-
6.66)%*  1291)  18.66)  1.87) 2220)  89.73)  3.08)
Eastern Europe 6.95+ 1527+ 2438+ 236+ 1484+ 8614+ 002+
(Belarus) 0.08 0.14 0.51 0.15 2.29 1.89 0.02
(675~ (1498  (2349-  (2.08- (748~  (80.79-  (0.00—
7.15) 1557)  2527)  2.64) 22.19)  9148)  0.77)
South Asia 648+ 1139+ 1644+ 166+ 035+ 8956+ 580+
(India) 0.11 0.20 0.62 0.14 0.16 3.13 1.54
6.18- (1095~ (15.12- (122 (0.10- (8096  (4.50—
6.77) 11.83) 1774  2.11) 1238)  98.16)  7.09)

* — Mean and standard error of mean; ** — 95%-confidence interval.

The cultivars from the European part of the Russian Federation in comparison with
the samples from the Asian part had the best indicators of yield structure and the highest
values of the GDI area and the of the seeds GDI glow average intensity (Fig. 6).
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Figure 6. The area (a) and the average glow intensity of GDI (b) of soft wheat seeds with different
origin. The graphs show the average values of the indicators and standard error of mean. The
same letters mark the values of the indicator that are not significantly different according to the
Scheffe criterion. F — Fisher criterion according to the single-factor analysis of variance.
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The highest values of the area and the glow average intensity of the seeds GDI were
found in wheat cultivars from the 2™ climatic zone of the Russian Federation, adapted
to warmer growing conditions, compared with samples from the 3™ climatic zone
(Table 2). Natural and climatic factors can have a significant impact on the intensity of
the wheat diseases development (Kolesnikov et al., 2009), to modify the plant resistance
manifestation, in particular, associated with both the expression of plant resistance genes
and pathogens virulence genes (Naseri & Sasani, 2020a; Naseri & Sabeti, 2020b).
Naturally changing environmental conditions can develop a genetic adaptation to these
conditions in plants. Our studies have shown that the least development of brown rust
was recorded on cultivars from the third climate zone of the Russian Federation, which
can be explained by the low virulence and aggressiveness of local phytopathogen
populations in relation to wheat cultivars from another climatic zone.

Table 2. The yield structure and the intensity of plant pathogens development on cultivars from
different climatic zones

7 2 _ e = -
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Q 3 L L~ g2 < © T<< B % )

£E E£ SEiEy 322 gif zi%

&8 Z& B8 S8 A% 8%2 8% FE
The second climate zone  7.60+  13.61+ 19.80 + 1.73+ 2840+ 80.89+ 1.34+
of the Russian Federation  0.06* 0.08 0.26 0.08 2.13 1.46 0.13
(Leningrad, Moscow, (749- (13.44- (19.31- (1.58- (24.93— (78.21- (0.97-
Saratov region). 7.70)**  13.78)  20.30) 1.87) 31.86) 83.56) 1.71)

The third climate zone of  6.53+ 1273+ 18.09+ 1.69+ 17.76+ 8648+ 2.63+
the Russian Federation 0.06 0.10 0.26 0.08 1.77 1.69 0.29
(Irkutsk, Omsk region, (6.41-  (12.54-1 (17.53-1 (1.52— (13.31- (83.22- (2.17-
Krasnoyarsk region) 6.61) 2.91) 8.66) 1.86) 22.20) 89.73)  3.08)

— Mean and standard error of mean; ** — 95%-confidence interval.

The tendency of increase of most indicators of wheat productivity with a reduction
in the GDI area, SD of isoline radius of seeds GDI, average chord, and elongation with
the increase of entropy along isoline GDI, the isoline GDI length was revealed by the
correlation analysis method. In particular, the grains number per spike of the cultivar
HD 2329, k-58775 increased with a growth the GDI brightness average intensity
(r =0.6; P=0.01), the entropy along isoline (» = 0.4; P = 0.03), the isoline average
radius (r =0.4; P=0.01) and decrease in shape coefficient (» =0.6; P = 0.01),
normalized SD of the isoline radius (» = —0.6; P = 0.004). The spikelets number per
spike of the HD 2329, k-58775 cultivar increased with a growth in the GDI brightness
average intensity (» = 0.4; P = 0.02) and a decrease in the isoline radius SD (» =—0.5;
P =10.008), the shape coefficient (» =—0.6; P =0.001). A positive dependence was
found between the GDI area of wheat grain used as a seed material and the flag leaf area
of HD 2329, k-58775 wheat cultivar. This pattern is typical for 42% of the seed material
and reflects the associated growth of indicators.

The data on the equity distribution of positive and negative correlation coefficients
that characterize the relationships between wheat productivity indicators, diseases

1804



development intensity and gas-discharge characteristics of wheat seeds were obtained
during the research.

In particular, the increasing tendency in 45.4% of productivity indicators with a
decrease in the seeds GDI area, was revealed. Wheat affect by brown rust have increased
with the growth of the GDI area. In the same time, for wheat leaf blotch and powdery
mildew the opposite trend was revealed. A positive correlation between 36.3% of
productivity indicators and the average intensity of seed glow dominated. Inverse
relationship was typical for 18.1% of the indicators. The wheat affect by brown rust have
increased with the increase of the optical index, while affect by wheat leaf blotch and
powdery mildew declined.

The increase in the seeds GDI shape coefficient values led to a growth of 36.3% of
the indicators: plant height, plant vegetation phase, productive tillering, total tillering
and a decrease of 45.5% of the indicators - spikelets number per spike, spike length,
spike weight, grains number per spike and biological yield. The development intensity
of the wheat leaf blotch and the brown rust pustules number have decreased with the
indicator increasing, while powdery mildew —increased.

An increase in the entropy values along the seeds GDI isoline caused an increase
in the values of 63.6% of productivity indicators and a decrease in the intensity of brown
rust development, but led to an increase in plant damage by wheat leaf blotch. A decrease
in the values of fractality along the seeds GDI isoline caused an increase of 63.6% of
productivity indicators and an increase in plant damage by powdery mildew and wheat
leaf blotch, but a decrease in damage by brown rust.

There was a tendency of increase of 36.4% of wheat productivity indicators with a
decrease in the values of SD of fractality along the seeds GDI isoline. The development
intensity of powdery mildew and wheat leaf blotch was negatively correlated with the
values of this indicator, and brown rust was positively correlated.

A positive correlation was found between the brown rust development and the
optical index. The opposite trend was revealed for the powdery mildew development on
wheat.

The predominance of the growth tendency of 54.5% of productivity indicators with
a decrease in the normalized SD of seeds GDI isoline radius was noted. A similar
positive correlation for 36.4% of wheat productivity indicators was revealed. The wheat
damage by brown rust decreased, while powdery mildew affect increased with the
optical index growth.

There was a tendency of the predominance of growth of 36.4% of productivity
indicators with an increase in the size of the GDI contour irregularity. The wheat damage
by powdery mildew and leaf blotch decreased with the optical index increase, while
brown rust affection increased.

An increase in the length of the seeds GDI isoline accompanied by a decrease in
the values of 81.8% of productivity indicators, an increase in the brown rust development
and a decrease in leaf blotch and powdery mildew.

Identification of the productivity and wheat diseases intensity dependence on
the X-ray characteristics of seed material

The plants yield of the Saratovskaya 29, k-40599 cultivar increased with the growth
in the seed projection width (» =0.3; P =0.02), the brightness deviation (» = 0.4;
P =0.01) and the integral brightness (» = 0.5; P = 0.01). On the Ester, k-64544 cultivar,
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an increase in plant yield with a decrease in the maximum and interval seeds brightness
was noted (» =—-0.5; P =0.01 and » =—-0.4; P = 0.01). The spike weight grew with an
increasing of the seed projection width (Saratovskaya 29, k-40599 - r = 0.5; P = 0.003),
of the values of average brightness deviations (Saratovskaya 29, k-40599 r = 0.4;
P =0.01; Tulunskaya 12, k-64361 - r = 0.3; P = 0.04).

The number of seedlings leaves of the Ester cultivar, k-64544 increased with a
growth of the average chord (» = 0.4; P = 0.03) and a decrease of the seed projection
optical density (» = 0.5; P = 0.001). An increase in the values of the circle factor of seeds
projection of the Omskaya 18, k-58220 cultivar led to an increase in plant height
(r=0.4; P =0.03).

The spike length increased with a growth in the seed projection perimeter and width
(Kolkhoznitsa, k-30177: »=0.5; P =0.02; »=0.6; P =0.03, respectively) and a
decrease in the seed projection maximum and interval brightness (Ester, k-64544:
r=0.4; P=0.03; » =0.3; P = 0.04, respectively).

The grains number per spike increased with a growth in the ellipse factor values
(Kolkhoznitsa, k-30177 - r = 0.4; P = 0.03; Rostan’, k-64391 - » = 0.4; P = 0.04) and
decreased with an increase in the seeds roundness (Rostan’, k-64391 - r=-0.5;
P =0.01).

The spikelets number per spike increased with a growth of length (Omskaya 18
k-58220 - » = 0.6; P = 0.008) and width of seeds (Saratovskaya 29, k-40599 - r = 0.5;
P =0.03) and reduction in the maximum brightness (Ester, k-64544 - r=-0.7;
P =0.001).

Plants of the Ester, k-64544 cultivar grew faster with decreasing of the brightness
deviation, the maximum brightness, interval brightness of seed (r =-0.4; P = 0.03;
r=-0.7, P =0.004; r =-0.4; P =0.03), while on cultivars Kolkhoznitsa, k-30177 -
with decreasing the seeds elongation (r = —0.4; P = 0.04), Saratovskaya 29, k-40599 -
with decreasing the integral brightness (» = —0.5; P = 0.02).

The total and productive bushiness of plants of the Ester, k-64544 cultivar
decreased with a growth of maximum and integral brightness (» =-0.6; P =0.01;
r=-0.4; P =0.03 and r = -0.5; P = 0.03; r = —0.6; P = 0.02, respectively). A decrease
in the productive bushiness of the Leningradka, k-47882 cultivar with increasing of
integral luminance was observed (» =—0.5; P = 0.03).

The flag leaf area of the HD 2329, k-58775 cultivar decreased with a growth of the
roundness (» = —0.6; P = 0.02) and the optical density of seeds (» =—-0.4; P = 0.01).

Wheat seeds can be both a direct source of infection during the growing season,
and have an indirect effect on the complex of plants adaptive reactions to environmental
factors, including resistance to diseases. The genes of plant defensins, which inhibit, in
particular, the development of phytopathogenic micromycetes, are expressed in various
plant organs, including seeds (Andersen et al., 2018). The powdery mildew development
increased with a decrease in the seed projection width (Kolkhoznitsa, k-30177 - » =—0.3;
P =0.04), the average chord (Leningradskaya 97, k-62935 - » =-0.5; P = 0.02), the
brightness deviation (Saratovskaya 29, k-40599 - r=-0.6; P =0.01) and with an
increase in the optical density of the seed projection (Saratovskaya 29, k-40599 —r = 0.4;
P =0.02), and in the integral brightness (Saratovskaya 29, k40599 - » = 0.6; P = 0.01).

The brown rust development decreased with an increase in the seed ellipse factor
(Saratovskaya 29, k-40599: r = —0.5; P = 0.03), roundness (Ester, k-64544: r = —0.6;
P =0.01) and with a decrease in the average brightness, brightness deviation, and
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integral brightness of seeds (HD 2329, k-58775 -r =0.7; P = 0.003; » = 0.5; P = 0.02;
r = 0.4; P =0.04, respectively). The pathogen’s pustules number increased on wheat
leaves with an increase in average brightness, brightness deviation, and integral
brightness (HD 2329, k-58775 - r = 0.6; P = 0.04; r = 0.6; P = 0.01; » = 0.5; P = 0.03;
respectively) and decreased with an increase in the optical density of seeds (HD 2329,
k-58775—r = -0.7; P = 0.004).

The equity distribution of positive and negative correlation coefficients that
characterize the dependences between the wheat productivity indicators, the intensity of
diseases development and the X-ray characteristics of wheat seeds were analysed during
the experiment.

Positive correlations dominated in relation to the seed projection area and to 63.6%
of wheat productivity indicators. The perimeter of the seed projection influenced on the
increase and decrease of 45.4% of wheat productivity indicators. The wheat leaf blotch
development in most cultivars increased with a growth of the indicator values, while
powdery mildew and brown rust (according to the pustules number) - decreased. The
dominant tendency was an increase in the values of 54.5% of wheat productivity
indicators with an increase in the seeds length. The wheat leaf blotch development
increased with a growth in the optical index values in 70% of cultivars, while brown rust
and powdery mildew - decreased in 80% of cultivars.

A significant increase in the values of 81.8% of productivity indicators with an
increase in the width of the seed projection was revealed. In particular, the wheat yield
increased with a growth in the optical index in 60% of cultivars. The wheat leaf blotch
development in most cultivars increased with a growth of the indicator values, while
powdery mildew and brown rust (according to the pustules number) - decreased.

An increase of 63.6% of productivity indicators with a decrease in the values of the
seed projection’ average chord was observed. The wheat leaf blotch development in most
cultivars increased with a growth of the indicator values, while powdery mildew and
brown rust (according to the pustules number) - decreased. A predominantly inverse
correlation between 54.5% of productivity indicators and the seed projection’ elongation
was found. The yield of 70% of cultivars decreased with an increase in the optical index
value. The growth of the average size of the seed projection caused an increase in the
values of 81.8% of productivity indicators. The yield of 70% of cultivars increased with
a growth in the value of this optical indicator. The development of wheat diseases in
most cultivars increased with increasing the indicator values.

A positive correlation was found between of 45.5% of productivity indicators and
the values of the seed projection circle factor. An increase in wheat yield was observed
in 70% of cultivars with a growth in the values of this optical indicator. The brown rust
development decreased with an increase in the indicator of 60% of cultivars, and
powdery mildew increased in 70% of cultivars. An increase in the values of the seed
projection’ circle factor caused an increase in 72.7% of productivity indicators. A
tendency of increase the wheat biological yield with a growth in the optical index in 80%
of wheat cultivars and an increase in plant damage by powdery mildew was revealed.
An increase in the seed projection roundness led to a decrease of 45.5% of wheat
productivity indicators. Besides this, negative correlations between this optical indicator
and biological yield were found in 60% of cultivars. The degree of wheat powdery
mildew damage decreased with an increase in the seed projection roundness, which was
found in 60% of cultivars.
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The prevailing tendency was a decrease of 54.5% of wheat productivity indicators
with an increase in the average brightness of the seed projection. The wheat biological
yield increased with a decrease in the values of the optical index, which was typical for
70% of the studied cultivars. The wheat leaf blotch and powdery mildew development
increased with an increase in the average brightness of the seed projection. This
dependence was typical for 80% of the studied cultivars.

The nature of the SD of the seed projection brightness dependence on the
productivity indicators varied. Positive dependences prevailed in relation to the plant
development phase, the flag leaf area and the spike weight, negative ones - to the plants
height, the spike length. Wheat damage caused by leaf blotch and powdery mildew
increased with a growth in the brightness of the seed projection, while by brown rust (by
the pustules number) - decreased.

The growth of the minimum brightness of the seeds projection was accompanied
by an increase of 36.3% of the productivity indicators: the productive bushiness (marked
on 80% of cultivars), the total bushiness (marked 90% of cultivars), the spike length
(noted on 60% of cultivars), the biological yield (noted by 60% of cultivars) while
reduced of 45% of the indicators: the number of seedlings leaves, the plants height, the
flag leaf area, the spikelets number per spike, the grains number per spike. The
development of wheat leaf blotch and brown rust mainly increased with a growth in the
minimum brightness of the seed projection, while powdery mildew decreased.

A predominantly inverse correlation between of 45.5% of productivity indicators
and the maximum brightness of the seed projection was determined. The yield of 60%
of cultivars decreased with an increase in the value of the optical index. The plants
damage by leaf blotch mainly increased with a growth in the indicator, while by powdery
mildew decreased.

For 72.7% of productivity indicators, inverse correlations with the integral
brightness of the seed projection were marked. At the same time, a decrease in biological
yield with an increase in the optical index was recorded in 70% of cultivars. The intensity
of wheat affects by leaf blotch increased with a growth in the integral brightness of the
seed projection, while by powdery mildew - decreased.

The predominance of positive correlations between the values of the integral
brightness of the seed projection and of 45.4% of productivity indicators was noted. This
dependence is also characteristic of the wheat biological yield, which increased in 60%
of cultivars with a growth in the integral brightness of the seed projection. The brown
rust and powdery mildew development decreased with an increase in the optical index,
while leaf blotch increased.

CONCLUSIONS

The application of the latest achievements of biophysics, including instrumental
methods of non - destructive testing of the structural and functional characteristics of
seeds-gas - discharge imaging and soft-beam X-ray microscopy, was analyzed.
Nonviable wheat seeds in compare to healthy (completed) differed mainly smaller area,
shape factor, standard deviation (SD) of three-dimensional fractality along the isoline,
entropy along the isoline, higher brightness and standard deviation of the gas discharge
image (GDI) isoline radius. Morpho - and densitometric parameters of non-viable wheat
seeds were characterized mainly by reduced values of the circle factor, roundness,
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minimum and maximum average brightness, but by greater elongation and optical
density of the X-ray projection. Wheat seeds, which gave the seedlings, died later, had a
smaller area, SD of three-dimensional fractality along the isoline, average radius of the
isoline, entropy along the isoline, GDI isoline length, average chord and roundness of
the radiographs projection, but greater values of ellipse factor of the projection
radiographs. The revealed tendency of increase of most of the wheat productivity
indicators with a reduction in area GDI, SD of the seeds GDI isoline radius, the chord
average, elongation, the average brightness of the projection, the integral brightness of
the projection and with the increase of entropy along the GDI isoline, the length of the
GDI isoline, area, size, length and width of seeds, the factor of projection circle.

The intensity of wheat diseases varied depending on the structural and functional
characteristics of wheat seeds.

In particular, it was noted, that the development of brown rust decreased with an
increase in the entropy along the isoline, the contour irregularity and the average radius
of the isoline. An increase in the values of the average GDI intensity, fractality along the
contour, and irregularity of the seed contour led to a decrease in the intensity of powdery
mildew development. The development of wheat leaf blotch increased with a decrease
in the average radius of the isoline, the irregularity of the GDI contour, and an increase
in the normalized SD of the isoline radius, the SD of fractality. The obtained data indicate
the possibility of more effective cultivation and protection of soft wheat from diseases
using a complex of introscopic methods for seed material assessment (microfocus
radiography, gas-discharge visualization).

The experimental data indicate the possibility of more effective cultivation and
protection of soft wheat in forecasting the biological usefulness of vegetative plants
using the methods of microfocus radiography and gas discharge visualization of seed
material.

As a result of the conducted research, the complex of indicators of the seeds
gas-discharge glow, morphometric and optical parameters of their radiographs, which
are an additional tool for the express assessment of the quality of seed material, has been
identified. This information makes it possible to obtain a more complete description of
the biological and economic suitability of the seed material, and, possibly, in the future,
to predict the seeds field germination and potential yield, identify the main seeds defects,
predict the development of diseases and possible changes in plant resistance to diseases

The question of the relationship between the characteristics of gas-discharge glow
with the indicators of plant bioproductivity and the mechanisms of a gas discharge
formation when placing a seed in a high-intensity electromagnetic field still needs
careful study with the involvement of scientists in the field of physics of living systems.

ACKNOWLEDGEMENTS. This work was carried out within the framework of the state task
according to the VIR thematic plan for project No. 0662-2019-0006 ‘Search, maintenance of
viability and disclosure of the potential of hereditary variability of the world collection of VIR
cereals and cereals for the development of an optimized genebank and rational use in breeding
and crop production’.

The authors express their deep gratitude to the head of the Department of wheat genetic
resources VIR E.V. Zuev for many years of productive cooperation and assistance in research.

1809



REFERENCES

Abud, H.F., Cicero, S M. & Gomes, F.G.J. 2018. Radiographic images and relationship of the
internal morphology and physiological potential of broccoli seeds// Acta Scientiarum.
Agronomy 40, €34950. doi: 10.4025/actasciagron.v40i1.34950

Andersen, E., Ali, S.,, Byamukama, E., Yen,Y. & Nepal, M. 2018. Disease Resistance
Mechanisms in Plants. Genes 9, 339 pp. 10.3390/genes9070339

Arkhipov, M.V., Pryatkin, N.S., Gusakova, L.P., Borisova, M.V. & Kolesnikov, L.E. 2016.
Methodology for studying the characteristics of gas-discharge glow of seeds//
Methodological guide (recommended for publication by the Scientific Council of the AFI,
protocol No. 1 of February 18, 2016). St.-Petersburg: AFI, 52 pp. (in Russian).

Arkhipov, M. V., Priyatkin, N.S., Krueger, E.D., Kurtener, D.A. & Bondarenko, A.S. 2014. Seed
Assessment Using Fuzzy Logic and Gas Discharge Visualization Data. European
Agrophysical Journal 1(4), 124—133.

Arkhipov, M. V., Priyatkin, N.S., Velikanov, L.P., Bondarenko, A.S. & Zhigunov, A.V. 2013a.
Identification of empty and plump seeds of spruce fir by X-ray and gas discharge
visualization methods. Agrophysica 1(9), 8—12.

Arkhipov, M.V.,  Velikanov, L.P., Zheludkov, A.G., Gusakova, L.G., Alferova, D.V.,
Potrakhov, N.N. & Priyatkin, N.S. 2013b. Possibilities of using biophysical methods in
agrophysics and crop production. Biotekhnosfera 6(30), 40—43 (in Russian).

Arruda, N., Silvio, M.C. & Gomes, F.G.J. 2018. Radiographic analysis for the evaluation of
polyembryony in Swingle citrumelo seeds. Journal of Seed Science 40(2), 118-126.
http://dx.doi.org/10.1590/2317-1545v40n2175172

Bharath, S., Kumar, K.V., Pavithran, R. & Malathi, T. 2020. Detection of Plant Leaf Diseases
using CNN. International Research Journal of Engineering and Technology (IRJET) 7(5),
5535-5539.

Burg, W.J., Jalink, H., Zwol, R.A. van, Aartse, JW. & Bino, R.J. 1995. Non-destructive seed
evaluation with impact measurements and X-ray analysis. Acta Horticulturae 362, 149—157.

Cater, M. & Batic, F. 1998. Determination of seed wvitality by High Frequency
Electrophotography. In: Phyton: annales botanicae 38(2), 225-336.

Dumitru, 1., Stoica, C., Pila, M., Mirel, F. & Stanciu, S. 2020. Management and Quality Control
of Grain Seed. Research on The Influence of Storage Conditions. Education Excellence and
Innovation Management: A 2025 Vision to Sustain Economic Development during Global
Challenges, pp. 8336-8344.

Firsova, Ye.V., Khronyuk, V.B. & Yereshko, A.S. 2019. The screening of phytosanitary state of
seeds and plants of soft winter wheat. Bulletin of Altai State Agricultural University
12(182), 11-17 (in Russian).

Franco, KK.D.M., Yokaichiya, F., Kardjilov, N. & Ferraz, A.C. 2015. Microfocus X-ray
imaging of Brazil nuts for quality control. Semina: Ciencias Agrarias, Landrina 36(4),
2565-2575. https://doi.org/10.5433/1679-0359.2015v36n4p2565

Gagkaeva, T.Yu., Levitin, M.M., Sanin, S.S. & Nazarova, L.N. 2009. Fusarium head blight of
small cereals and causal organisms associated with this disease on the territory of Russia
during 2004-2006. Aepo XXI. 4-6, 3—5 (in Russian).

Ge, H., Jiang, Yu., Xu, Z., Lian, F., Zhang, Y. & Xia, S. 2014. Identification of wheat quality
using THz spectrum Optics Express 22(10), 12533-12544
https://doi.org/10.1364/0OE.22.012533

Gomes-Junior, F.G., Yagushi, J.T., Belini, U.L., Cicero, SSM. & Tomazello-Filho, M. 2012.
X-ray densitometry to assess internal seed morphology and quality. Seed Science and
Technology 40(1), 102—107(6). http://doi.org/10.15258/sst.2015.43.3.16

1810



Haff, R.P. & Slaughter, D. 2013. Real-time X-ray inspection of wheat for infestation by the
granary weevil, Sitophilus granarius (L). Transactions of the American Society of
Agricultural Engineers 47. 10.13031/2013.16022

Huang, M., Wang, Q.G., Zhu, Q.B., Qin, J.W. & Huang, G. 2015. Review of seed quality and
safety tests using optical sensing technologies. Seed Science and Technology 43, 337-366.
https://doi.org/10.15258/sst.2015.43.3.16

Jiang, Y., Ge, H., Lian, F., Zhang, Y. & Xia, S. 2016. Early detection of germinated wheat grains
using terahertz image and chemometrics. Scientific Reports 6,21299. doi: 10.1038/srep21299

Kolesnikov, L.E., Vlasova, E.A. & Kolesnikova, Yu.R. 2009. Effect of Natural Climatic Factors
on the Dynamics of Pathogenesis of Wheat Disease Pathogens. Russian Agricultural
Sciences 35(2), 90-93.

Kolesnikov, L.E., Popova, E.V., Novikova, L.1., Priyatkin, N.S., Arkhipov, M.V.,
Kolesnikova, Yu.R., Potrakhov, N.N., Van Duijn, B. & Gusarenko, A.S. 2019.
Multifunctional biologics which combine microbial anti-fungal strains with chitosan
improve soft wheat (Triticum aestivum L.) yield and grain quality. Agricultural Biology
54(5), 1024-1040.

Kolesnikov, L.E., Kremenevskaya, M.1., Razumova, LE., Kolesnikova, Yu.R.,
Ambulatova, E.V. & Yazeva, E.O. 2020a. The biological basis for the use of protein growth
stimulant made from cattle split for wheat foliar feeding and disease suppression. Agronomy
Research 18(S2), 1336—1349. https://doi.org/10.15159/AR.20.082

Kolesnikov, L.E., Novikova, L.I., Popova, E.V, Priyatkin, N.S., Zuev, E.V., Kolesnikova, Yu.R.
& Solodyannikov, M.D. 2020b. The effectiveness of biopreparations in soft wheat
cultivation and the quality assessment of the grain by the digital x-ray imaging. Agronomy
Research 18(4), 2436-2448. https://doi.org/10.15159/AR.20.206

Lu, Meihong, Zhang, Yan, Sun, Jinhai, Chen, Sijia, Li, Ning & Shen, Jingling. 2005.
Identification of maize seeds by terahertz scanning imaging. Chinese Optics Letters 3(51),
239-241.

Moreira, M.L., Aclst, van A.C., van Eck, J.W. & Hoekstra, F.A. 1999. Pre-harvest stress cracks
in maize (Zea mays L.) kernels as characterized by visual, X-ray and low temperature
scanning electron microscopical analysis: effect on kernel quality. Seed Science Research
9,227-236.

Musaev, F., Bukharov, A., Kozar, E. & Beletskiy, S. 2017. Modern instrumental methods to
control the seed quality in root vegetables. Vegetable crops of Russia 73-77.
10.18619/2072-9146-2017-4-73-77.

Musaev, F., Potrakhov, N. & Beletskiy, S. 2020. History and prospects of the application of
sX-ray in seed production and seed studies. E3S Web of Conferences 224. 04035.
10.1051/e3scont/202022404035.

Naseri, B. & Sasani, S. 2020a. Cultivar, planting date and weather linked to wheat leaf rust
development. Cereal Research Communications 48. 10.1007/s42976-020-00035-y

Naseri, B. & Sabeti, P. 2020b. Analysis of the effects of climate, host resistance, maturity and
sowing date on wheat stem rust epidemics. Journal of Plant Pathology 103(1), 197-205.
doi: 10.1007/542161-020-00709-w

Olesen, M.H., Nikneshan, P., Shrestha, S., Tadayyon, A., Deleuran, L.Ch., Boelt, B. &
Gislum, R. 2015. Viability prediction of Ricinus cummunis L. seeds using multispectral
imaging. Sensors (Basel) 15(2), 4592-4604.

Panchal, K.P., Pandya, N.R., Albert, S. & Gandhi, D.J. 2014. A X-ray image analysis for
assessment of forage seed quality. International Journal of Plant, Animal and
Environmental Sciences 4(4), 103—109.

Pavlyushin, V.A. & Lysov, A.K. 2019. Phytosanitary safety of agro-ecological systems and
remote phytosanitary monitoring in plant protection. Current problems in remote sensing
of the earth from space 16(3), 69-78. doi: 10.21046/2070-7401-2019-16-3-69-78

1811



Pearson, T.C., Cetin, A.E., Tewfik, A.H. & Haff, R.P. 2007. Feasibility of impact-acoustic
emissions for detection of damaged wheat kernels. Digital Signal Processing 17, 617-633.
doi:10.1016/j.dsp.2005.08.002

Pereira da Silva, P., Barros, A.C.S.A., Filho, .M., Gomes, F.G.J. & Nascimento, W.M. 2020.
Morphological study of squash seeds at different stages of maturation through the use of
X-ray. Revista Ciéncia Agronomica 51(3), €20196580.

Potrakhov, N.N., Arkhipov, M.V., Tukalov, Yu.A., Priyatkin, N.S., Gusakova, L.P. &
Zhuravleva E.V. 2019. The new methodological approaches while carrying an integrated
assessment of seeds quality. Bulletin of the State Nikitsky Botanical Gardens 132, 114-119.
(In Russian) https://doi.org/10.25684/NBG.boolt.132.2019.15

Priyatkin, N.S., Korotkov, K.G., Arkhipov, M.V. & Gusakova, L.P. 2006a. Experience of gas
discharge visualization technique in terms of food safety problem solution. Health is the
basis of human potential: problems and ways to solve them 11(2), 808-809 (in Russian).

Priyatkin, N.S.,  Arkhipov, M.V.,  Gusakova, L.P.,  Pishchik, V.N.,  Kuznetsova, T.A.,
Kuznetsova, M., Potrakhov, N.N., Staroverov, N.E. & Kolesnikov, L.E. 2019. Influence of
bacterial infection on physical characteristics and sowing qualities of zea mays seeds //32nd
ISTA Congress. Seed Symposium Hay Fyona, Denmark; Kunosoth Keshavalu, India;Mc
Evan Marian, UK; Nagel Manuela, Germany; Wagner marie-Helene, France; Walcott Ron,
USA; Waterworth Wanda, UK. p. 86.

Priyatkin, N.S., Korotkov, K.G., Kuzemkin, V.A. & Dorofeeva, T.B. 2006b. Investigation of
environment effects on the plant state on basis GDV technique Izvestiya vuzov.
Instrumentation 49(2), 67-72.

Ricachenevsky, F.K., Vasconcelos, M.W., Shou, H., Johnson, A.A. Theodore, Sperotto, R.A.
Editorial: Improving the Nutritional Content and Quality of Crops: Promises,
Achievements, and Future Challenges// Frontiers in Plant Science 06 June 2019.
https://doi.org/10.3389/fpls.2019.00738

Risius, N.W. 2014. Analysis of a combine grain yield monitoring system. Graduate Theses and
Dissertations. 13799. https://lib.dr.iastate.edu/etd/13799

Sandeep, V.V., Kanaka, D.K. & Keshavulu, K. 2013. Seed image analysis: its applications in
seed science research. International Research Journal of Agricultural Science 1(2), 30-36.

Sirikun, C., Samseemoung, G., Soni, P., Langkapin, J. & Srinonchat, J. 2021. A Grain Yield
Sensor for Yield Mapping with Local Rice Combine Harvester. Agriculture 11(9), 897.
10.3390/agriculture1 1090897

Severiano, R.L. & Pinheiro, P.R. 2018. X-ray test on passion fruit seeds submitted to different
aryl removal methods. Comunicata Scientiae 9(3), 356—362. doi: 10.14295/CS.v9i3.2706

Shpilev, N.S., Torikov, V.E. & Klimenkov, F.I. 2018. Improvement of the Original Seed
Production of Grain Crops. Vestnik of the Bryansk State Agricultural Academy 3(67), 3-5
(in Russian).

Silva, V.N., Cicero, S.M. & Bennett, M. 2012. Relationship between eggplant seed morphology
and germination. Revista Brasileira de Sementes 34(4), 597-604.

Silva, V.N., Cicero, S.M. & Bennett, M. 2013. Associations between X-ray visualised internal
tomato seed morphology and germination. Seed Science and Technology 41(2), 225-234.

Sramkovaa, Z., Gregovab, E. & Sturdika, E. 2009. Chemical composition and nutritional quality
of wheat grain. Acta Chimica Slovaca 2(1), 115-138.

Zanco, J.J. 2016. Biophotonics in the characterization of seeds submitted to high dynamic
dilutions. PhD Thesis, Federal University of Santa Catarina, Lages, Brasil, 238 pp.

1812



