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INTRODUCTION

Global climate change has led to a number of problems related to the stability of
agricultural resources, which raises concerns about the future of global food security
[1-3]. Climate change is accompanied by population growth, which is projected to
reach 20 billion by 2050. At this rate of population growth, one billion hectares of
land that are not currently used in agriculture must be used to meet projected food
needs [4]. In turn, the transformation of natural ecosystems into agricultural land
involves changes in the microclimate [5—7]. A number of researchers suggest that to
ensure global food security, agricultural production should include elements of
perennial, although currently almost two-thirds of the world sown area is allocated
for annual crops [3, 8-11].

An urgent problem of modern agricultural production, along with climate
change, is the reduction of soil fertility. Modern methods of land use do not meet the
requirements of balanced nature management, which leads to increased degradation
processes (water, wind erosion); loss of soil fertility (reduction of humus content, soil
compaction, imbalance of nutrients, etc.) [12]. There is evidence that the soil is
destroyed 95 times faster than it is restored [13], and high plowing of agricultural
land is not identical to high yields. Thus, with the same crop production technologies,
the profit from 1 hectare of crop rotation area on high-yielding lands is 3-5 times
higher than on low-yielding lands [14]. It should be noted that in Ukraine the share of
plowed land is the highest in the world — more than 50% of the entire territory of the
country and almost 80% of the area of agricultural land [12].

There is a lot of research on the importance of perennial crops in the process of
soil fertility improving. Thus, the results of research by Ukrainian scientists show that
in crop rotations with a high accumulation of row crops without perennial grasses in
the soil root mass remains 10-15 times less than in grassland crop rotation. With
increasing duration of the use of perennial grasses, the number of plant residues in the
soil also grows [15]. The main difference between perennial grasses and annual field

crops is that perennial grasses die in late autumn and field grasses — in summer. As a
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result, plant residues fall into different decomposition conditions. The predominance

of anaerobic conditions in the decomposition of the residues of perennial grasses
leads to the formation of humus, while the residues of annual crops decompose under
anaerobic conditions, are intensively mineralized and do not serve as a source of
organic matter [15]. The introduction of perennial grasses in strip crops of cereal
grasses allows more efficient use of natural and artificial components of the
agrosystem [16].

A number of researchers believe that to resolve the contradiction between the
balanced use of nature and providing the population of the planet with sufficient food
grain in the long run is possible due to the gradual increase in the grain area share of
perennial grasses [13]. Long-term agricultural production provides a solution to a
number of key ecosystem advantages compared to annual sowing systems [16—18].
Perennial crops do not need to be sown annually, they do not require annual tillage or
herbicide application, and have significant potential for adaptation to climate change
[9]. Due to the biological features of different types of perennial grasses, the
mineralization process of soil organic matter are regulated [16]. Thickened cuticle,
epidermis, sclerenchyma of stems improve the plant ability to adapt to different living
conditions [19]. But, unambiguously, annual cereals are now more productive than
perennials. Because they spend a third of their energy on seeds and spare substances
in it, while perennial grasses invest more of their energy in the root system and
vegetative mass necessary for long-term existence. [13]. Therefore, in order to correct
‘... a small mistake at the dawn of agriculture 10 000 years ago’ (Picasso), it is
important to conduct fundamental selection and research work to obtain perennial
grasses that could compete with annual crops. New types of cereals need significant
advantages to take a prominent place among long-known crops in modern production
[11].

The first domestic perennial wheat for food purposes was obtained in 1937 by
M.V. Tsytsyn [17]. Perennial wheat of M34085 variety was stable, did not split and
at the same time belonged according to the cycle of its development to both spring

and winter forms, and according to the nature of flowering — to both self- and cross-
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pollinated plants. Along with perennity, the variety was resistant to lodging, drought,

soil salinity and fungal diseases. Under the conditions of South Kazakhstan, the yield
of perennial wheat was higher: from the area sown with perennial wheat, two yields
were obtained: the first — 1.44 t/ha, the second — 0.32 t/ha, that is, in the amount of
vegetation 1.73 t ha, at a time when the yield of winter wheat was 0.8 t ha, and spring
— 0.75 t/ha [20]. Milling and nutritional properties of M34085 variety were as
follows: flour yield — 78%, crude fibre content — 57.8%, bread volume of 100 mg —
407 ml, bread porosity — 67 points [17]. But later research work with perennial wheat
was stopped.

Since the second half of the twentieth century, researchers in the United States
and later in other countries, the selection and cultivation of perennial grasses as crops
that meet the requirements of biological, energy-saving, environmental systems of
agriculture, have gained widespread recognition. Due to increased investment in
public funding and private charities, large-scale studies of the possibility of using
perennial cereals for food purposes [17, 18]. In 1983, breeders from Rodeil Institute
of Organic Production (USA) used Thinopyrum intermedium wheatgrass to develop
perennial cereals [19]. Wheatgrass, along with high viability, may contain a large
amount of fibre in the grain and has a low gluten content (at the level of barley flour)
[18]. In terms of whiteness and fibre content, perennial wheat flour can be described as
a high-grade bakery one [22]. Since 1988, researchers from Rodeil Institute have been
conducting selection cycles to increase yields and improve the quality characteristics of
intermediate wheatgrass [23].

At Earth Institute (USA) in 2003, under the leadership of Dr. Lee De Haan, a
program was launched to create a variety of intermediate wheatgrass (Kernza®) for
food purposes. Intermediate wheatgrass is a distant relative of wheat (the name,
which is a trademark, comes from a combination of ‘kern’ — from the ‘kern’ and ‘za’
— from ‘Konza’ — an Indian word which the name Kansas comes from) [24]. Several
stages of selection and combination of the best plants were carried out on the basis of
their yield, seed size, disease resistance and other characteristics, which improved the

population of perennial wheat. At this stage, the results showed great potential both
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for plant breeding and for obtaining products with good taste and nutritional
properties [25]. Although the grain harvest of perennial wheat cannot compete with
corn or soybeans, its harvest has tripled over the past 10 years to 900 pounds of acre
grain in Wisconsin fields [26].

Recently, Utah, Minnesota, and Kansas have established breeding programs that
are coordinated with each other, but develop plant types that are uniquely adapted to
each of the different regions. Large-scale multifunctional studies of perennial grasses
use are being conducted under the direction of J. Culman at Colorado State
University, Land Institute, the University of Minnesota, Cornell University, Ohio
State University, the University of Iowa, the University of Wisconsin, the University
of South Dakota, the University of California, (Davis, California ) [27-29].

Experiments of co-cultivation of Kernza® with legumes are also carried out to
ensure the intensification of crops and the use of Kernza® for dual use — for food
grain and fodder [24]. According to Picasso (2018), Kernza® leaves and stems have a
high nutritional value for cattle, especially in,spring and autumn, which makes it an
important dual-purpose crop [30]. A five-year project using mini-rhizotrons has been
launched in the United States, which is why researchers are studying the following
questions with Kernza®: at what soil depth does Kernza® receive nutrients and water
?; how does the composition and function of the microbial community change with
the soil depth?; how much Kernza® root mass dies away and grows in a year? [31,
32].

In addition to the United States, perennial wheat is being developed in France,
where scientists are testing Kernza® performance on a wide range of different
environmental parameters, including the potential range of plant adaptation to local
conditions, and studying markets for the crop. Joint research by Belgian scientists
with the University of Kansas has also begun. A group of researchers in Poland is
working to assess the potential of a perennial grain system with additional feed
collection. A number of researchers are studying the potential adaptation of Kernza®
to the Mediterranean environment, namely the effect of perennial and annual cereals

biomass on soil microorganisms. Research on perennial wheat is also conducted at
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the University of Copenhagen (Denmark) together with the International Center for

Organic Food Systems Research in Canada [33, 34].

Scientific research has confirmed that perennial wheat is a promising crop with
high productive potential. Kernza® is only in the fourth selection cycle, and natural
selection of main crops lasts at least 5 000 years. In the next decade, yields are
expected at the level of traditional crops, but with the advantage of long-term use
[26]. Kernza® plants develop a deep, dense root system, which helps to restore the
soil, accumulate carbon; prevents erosion processes; provides plants with water and
nutrients more efficiently than the root system of annual plants. Due to the peculiarities
of the root system of perennial wheat, nutrient losses in the soil are slowed down.
Thus, in the soil under Kernza® sowing in the second year of cultivation, nitrate
leaching was reduced by 86% compared to the annual wheat [26].

Thus, a review of the literature shows that the cultivation of perennial wheat has
a number of significant advantages over annual cereals. The main one is to resolve
the contradiction between balanced nature management and providing the world
population with sufficient food grain .in the long run. However, the problem of
growing perennial wheat in Ukraine remains unsolved, and to implement this crucial
problem, the following tasks should be solved:

— to develop optimal agronomic measures for growing perennial wheat on an
organic background in order to obtain several crops: for food and feed purposes — to
assess the adaptability of perennial wheat to soil and climatic conditions of different
regions, including the possible effect of winter temperatures on vernalization;

— to study the biological features of perennial wheat (competitiveness to weeds,
resistance to pathogens and pests), to find out the peculiarities of crop formation and
to determine the quality of grain;

— to determine the effect of perennial wheat growing on the content of macro-
and microelements in the soil, its structure, the direction of microbiological and

erosion processes.
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1. AGROECOLOGICAL PROSPECTS OF THE USE OF PERENNIAL

GRASSES IN THE WORLD AND UKRAINE

Modern agricultural technologies and markets focus mainly on a limited number
of annual cereals. The main attention in the technologies of their cultivation is
focused on leveling the increase in yield to social, ecological and market
consequences. However, today food security and agriculture are entering an epoch
characterized by scarce and depleted resources, climate change, and price volatility.
To adapt to these conditions, agricultural technology, science and markets should be
modified to provide sufficient food for a growing population while meeting the
economic, social and ecological challenges of the twenty-first century. Current
technologies used for growing crops require excessive water consumption, a
significant amount of synthetic pesticides and mineral fertilizers and are characterized
by increased levels of CO, emissions due to disruption of biological processes.
Instead, perennial grasses are able to improve soil structure, be more resilient and
adaptable to pathogens, pests and climate change, mitigate anthropogenic effects and
promote biodiversity and ecosystem functioning. Perennial grasses are an alternative
to paradigm shift in agriculture, as they have significant potential for inclusion in
production systems.

According to the final document of the UNO Summit ‘Transforming our world:
the 2030 Agenda for Sustainable Development’ dated September 25, 2015, 17
Sustainable Development Goals and 169 tasks were approved. Highlighted global
goals include: overcoming famine and agricultural development, climate change
mitigation, affordable and clean energy [1]. Ukraine has also joined the global
process of sustainable development [2]. At the modern stage of development, and
taking into account the world trends of Ukraine, to solve these problems requires
technological re-equipment, modernization of agricultural industries with increased
energy efficiency, ensuring compliance with environmental standards, international
standards for food stuff and food raw material quality, and ensuring food security.

[3]. According to the Global Food Security Index (GFSI) of 2018, Ukraine ranked
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only 63rd out of 113 countries, behind not only all European countries, but also those
countries to which Ukraine actively exports food, including Egypt, Tunisia, Morocco
[4]. Although in 2018, among 42 European countries, the largest areas of agricultural
land in Ukraine — 35.9 million hectares [5] more than 14 million hectares of which
are occupied by traditional cereals [6]. Currently, the world is conducting research
[7-12] on the creation and study of technologies for growing and using perennial
crops: wheat, rye, sunflower, rice, sorghum which can become an economic and
environmental alternative in agriculture.

The first studies on the creation of perennial and grain-feed wheat, wheat-grass,
wheat-elimus and rye-wheat hybrids were started in the 30s of the twentieth century
by M.V. Tsytsyn. In 1978, on the basis of these studies, the work ‘Perennial Wheat’
was published [13]. M.V. Tsytsyn was the first to implement the idea of creating
perennial wheat by crossing ordinary soft wheat with wild cereal - wheatgrass.
Cultivated varieties had the ability to grow after mowing for two or three years, then
the yield decreased sharply and their use became economically unviable [14]. The
most studied was perennial wheat of M34085 variety. It was stable and did not split.
According to the cycle of development, it simultaneously belonged to the spring and
winter forms. According to the flowering pattern — both self-pollinated and cross-
pollinated plants. This variety, in addition to perennials, was resistant to lodging,
drought, soil salinity, fungal diseases. When tested under the conditions of South
Kazakhstan and compared with winter and spring wheat, the yield of which was 0.8
and 0.75 t/ha, respectively, the yield of perennial wheat was significantly higher. Two
yields were obtained: the first was 1.44 t/ha, the second — 0.32 t/ha, that is, a total of
1.73 t/ha during the growing season. Flour and nutritional properties were also
suitable for further use: flour yield — 78%, raw fibre content — 57.8%, bread volume
from 100 mg — 407 ml, bread porosity — 67 points. But later research work with
perennial wheat was finished and it did not become widespread [13].

In the United States, the first researches for perennial cereal plants to obtain
grain were conducted by W. Jackson at Rodeil Institute of Organic Production in

Pennsylvania (USA) [15]. In 1983, almost 100 perennial grasses were studied to
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determine their suitability for grain production. Since 2003, these studies have been
transferred to Earth Institute in Kansas (USA) [16]. The result of this hard work has
been a Kernza® hybrid which has good prospects for food purposes and green mass.
In 2018, on the basis of American breeding material by scientists of Omsk State
Agrarian University, a new perennial cereal was created — Sova, which is dominated
by wheatgrass characteristics [17]. Modern representatives of triticum-agropyron
hybrids are obtained as a result of complex inter-varietal and inter-hybrid crosses
with the participation of a large number of modern varieties of soft winter and durum
wheat with three types of wheatgrass. One of the important features of them is
perennity (overwintering ability for 2—3 years). In the course of research it was found
that all triticum-agropyron hybrids can be divided into three groups: 1. Plants that
have a stable regrowth the next year after grain harvesting (for the second year of
vegetation — 30-60 plants per m”); 2. Plants that do not regrow the next year after
harvesting, that is, they are almost annual, but with the regrowth of green mass after
grain harvesting or regrowth of green mass, which can be mowed 3—4 times during
the growing season; 3. Plants occupying an intermediate place between the first and
second group: the number of plants that overwintered in the second year depends on
winter conditions and the duration of vernalization stage of seedlings, this group is
the most numerous by the number of samples [18].

Perennial cereals have a number of advantages over traditional ones: they resist
soil erosion, promote the large amount of organic matter into the soil, and reduce the
use of fertilizers and pesticides. The phenology of perennial cereals differs
significantly from annuals and depends on the age of plants, the beginning of
vegetation restoration in spring and its end in autumn, which increases the possibility
of their use for feed [19]. To understand the agronomic potential of perennial cereals,
they need to be studied over several years, as grain and green mass production varies
significantly with plant age. Perennial cereals, in terms of return on investment in
their cultivation, can be equated to woody perennials. This is due to low reproductive
properties in the first year of cultivation and the formation by plants primarily strong

root mass. In subsequent years, perennial cereals have early regrowth, which makes it
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possible within one growing season to obtain two crops of green mass and one crop
of grain. In addition, they have a lower yield, lower plant yield and grain weight.
Studies in Michigan have shown that perennial wheat yielded 50% compared to its
annual yield and perennial rye — 73% of its annual yield. It was found that the yield
of perennial cereals remained stable, despite significant differences in air temperature
and rainfall over the years of research [19]. In eastern Washington, [20] while
investigating of 31 perennial wheat genotypes, the fifth-year grain yield was 93% of
the one-year wheat with the highest yield. Australian researchers [21] based on 2
years of research, conducted on almost 90 perennial wheat derivatives, found that
grain yield fluctuated greatly depending on weather conditions. The cultivation of
perennial cereals is considered economically feasible for 40-60% of one-year yield of
annual cereals and green mass yield up to 600-800 cwt/ha.

Perennial cereals are becoming a global trend. in the production of bread for a
healthy diet [14]. Modern forms have many positive qualities that distinguish them
among many types of winter wheat varieties. Their grain has high baking qualities,
which are much better than the general baking evaluation of modern varieties of soft
winter wheat. This indicator averages 4.6 points, with a fibre content of the first
quality group of 36% and protein in grain — 15.73% (the highest indicators: fibre —
more than 40%, protein — 19%), while in traditional varieties of soft winter wheat,
these figures are about 3.6 points, with a fibre content of the second quality group of
30.8% and protein in grain — 12.48%. At the same time, the grain yield on average for
5 years is in the range of 25 — 50 cwt/ha. These data suggest that modern triticum-
agropyron hybrids can be used as improvers for weak wheat and triticale [18].

Flour from wheat-elimus hybrids and perennial wheat grain has
physicochemical quality indicators which are characteristic of baking flour of the
highest grade and general purpose, according to a technological evaluation on trial
laboratory baking corresponds to GOST 27669-88 and therefore can be an alternative
to flour from winter wheat grain. Fibre, antioxidants in the grain of many perennial
wheats are placed in the shell of the grain, which makes them little available, so for

bread manufacturing, wholemeal flour is recommended, that is together with the
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shell. This flour for bread baking is better to use in mixtures and to make dough to

use sourdough. Bread from such flour is more similar in organoleptic parameters,
taste and smell to bread from peeled rye flour or its mixture with wheat one [14, 22].
In the United States, Kernza® grain has been used for more than a decade to make a
variety of products. To make bread from Kernza® grain, wholemeal flour is made
and baked in a mixture with traditional wheat flour or other cereals. Such bread has a
slightly nutty taste with honey hints. Kernza® flour is used to bake pancakes, salty
walffles, crackers, cupcakes, and make pasta (with a Kernza® content of 51%) [23].

Kernza® grain is used to make healthy Kernza® Krunh breakfasts — flakes with
a slightly sweet natural honey flavor. Grain grown in different regions of the United
States has a different taste, which depends on the soil, so the flakes are dyed with
natural food colours to indicate the region of cultivation: The Pacific Northwest is
green, Kansas is red, and Minnesota is yellow. Kernza® grain is also suitable for beer
brewing (Long Root Ale brand), which has a nutty-rye spicy taste [25, 26]. The grain
of triticum-agropyron hybrids contains one of the most essential antioxidants for the
human body — lutein. Therefore, grain'can be used for the production of various
medical dietary supplements [18].

In a human body, lutein is one of the main components of the macular pigment
of the macula, which is located in the central part of the eye and is responsible for
central vision and the highest visual acuity, acts as a blue light filter, protecting the
eyes from ultraviolet light. Lutein is not synthesized in the human body, so it should
come with food or medicine. With daily consumption of 6 mg of lutein, the risk of
age-related manual degeneration, which is characterized by loss of central vision and
blindness, is reduced by 43% [27-29]. Lutein is best accumulated in those parts of
the body that are most exposed to free radicals, so lutein, like other carotenoids, is
now important in preventing eye, heart, and breast diseases, strengthening the
immune system, and reducing the risk of cancer development [30].

Perennial wheat belongs to the group of dual-use crops — as cereals and fodder,
which is important for farmers who have a livestock component on their farms. The

ability to make three mowings or pastures per season can increase the profitability of
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crop growing [31]. The study of the dual use of perennial grasses began with a field

experiment by researchers at Michigan State University with a spring mowing [32].
After overwintering, perennials grew earlier and faster than annual wheat in spring.
Therefore, during this period it became possible to graze cattle without compromising
the future grain harvest [33]. Plants of perennial cereals are characterized by high
tilling capacity — an average of 15 stems or more. Ripening in them begins with the
ear and spreads to the bottom. When the grain reaches waxy maturity, leaves and
stems are still green. Due to this feature, these hybrids after grain harvest can be used
as fodder crop on the mowing of the green mass or for cattle grazing [18]. The
growth rate and productivity of green mass after grain harvest is influenced by soil
type, air temperature and the presence of precipitation, which also affects the next
spring regrowth [32 — 34]. During the growing season, you can get up to 500 kg/ha of
green mass, making three mowings during the growing season. The yield of green
mass of modern triticum-agropyron hybrids can reach 600-800 cwt/ha on average for
5 years of cultivation. The yield of hay in weight units of green mass exceeds this
figure for winter rye or oat mixture by one and a half times [18]. In addition, spring
harvesting of perennial wheat for fodder contributes to an increase in grain yield in
the year of mowing with the subsequent expansion of root biomass of plants [35].
Similar patterns of influence on grain yield and root biomass were observed during
spring cattle grazing [36]. In the absence of a livestock component in the farm and,
accordingly, the need for green mass as feed, there is a possibility of its alternative
use. Green mass or straw of perennial grains contains cellulose and other
polysaccharides, due to which it is suitable for use as a reproducible plant raw
material for the biogas production [37 — 39]. Perennial wheat grain is also a valuable
feed raw material in the manufacture of poultry feed due to the content of lutein
pigment [18]. In poultry farming, xanthophylls (lutein for yellow and zeaxanthin for
orange and yellow) are used to make the yolk of desired colour. Currently, the main
natural sources of these substances are alfalfa flour with a high lutein content, and
corn — zeaxanthin.

Given that the level of these pigments in natural feeds is not always constant and
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may change as a result of oxidation during long-term storage, the use of synthetic
carotenoids is increasingly preferred [40]. To diversify and improve the quality of
natural sources of lutein, alfalfa flour with triticum agropyron hybrids can be
replaced. The current trend of agricultural development is aimed at organic farming,
that is, the production of biologically pure products, without the use of chemical
protection measures. With global warming, new diseases and pests are emerging.
Energy-saving technologies with stubble left in the field also help to maintain an
infectious background, so crops need to be treated regularly with pesticides to get
high yields. In the absence of such protection, crop losses can reach 30 — 50%, and
toxic substances are accumulated in the grain [14].

In all hybrid lines, which became the basis for the breeding of perennial cereals,
disease resistance was found. This was another advantage of perennial cereals over
annuals [41]. Newly formed perennial cereals are highly resistant to diseases such as
fusarium blight, rust, powdery mildew, root rot [18, 42]. That allows to grow
environmentally friendly products without the use of pesticides.

Perennial cereals, as an alternative’ to traditional cereals, have been widely
studied around the world for a long time, and the results of these studies are Kernza®
and Sova hybrids. Based on (the literature, it is possible to clearly identify the
prospects of these new cereals and outline the prospects for their further research and
use in Ukraine, including:

— study of the phenology of perennial cereals in specific soil and climate
conditions of the country in order to clarify the possible regions of cultivation, taking
into account the peculiarities of their biology and the feasibility of their replacing of
annual cereals;

- clarifying the prospects for the use of perennial cereals: in the food industry -
for the manufacture of bread, confectionery, cereals, pasta, beer, alcohol; in the
medical industry - for the manufacture of biologically active supplements with high
lutein content, as a carotenoid which is important in the prevention of eye, heart and
mammary glands diseases, strengthening of the immune system and reducing the risk

of cancer;
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- study of perennial cereals as a feed crop: study of the nutritional value of

forage, mowing in different periods of the growing season and their effect on grain
yield and regrowth of green mass; inclusion of grain as a high-protein component in
the feed ration of livestock and poultry;

- study of the possibility of including perennial cereals in the form of green mass
or hay in the list of renewable plant raw materials for biogas production;

— study of prospects for obtaining organic products, using soil potential, features
of the root system of perennial cereals, resistance to pathogens and pests, drought and

subzero temperatures, etc.
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2. BIOLOGICAL FEATURES AND PRODUCTIVITY OF PERENNIAL

CEREALS UNDER THE CONDITIONS OF THE RIGHT BANK FOREST-
STEPPE OF UKRAINE

Grain production for food and feed purposes at the international level has a
number of environmental and socio-economic problems — soil erosion, water
pollution, significant material costs, low efficiency of small-scale production and
more. Climate change, observed in recent years, also makes a significant correction in
the cultivation of annual cereals. In this regard, the cultivation of perennial cereals
can be an important contribution to solving the urgent problem of agriculture — the
restoration of eroded soils, preventing reduced fertility and plowing, reducing the
pesticide load on the environment and stable food and feed supply. The world
perspective of solving this problem is the creation of triticum-agropyron hybrids for
grain production using as a donor valuable traits of blue wheatgrass (Agropyron
glaucum (Desf. Ex DC) Roem. And Schult.). Studying the potential of this perennial
cereal crop in Ukraine will contribute to the economic and environmental
sustainability of grain production with the specified quality indicators.

Blue wheatgrass (Agropyron glaucum) was first described in 1805 as Triticum
intermedium Host, then, in 1812 — Agropyron intermedia (Host) Nevski and in 1817
— as A. glaucum (Desf. Ex DC) Roem. et Schult [1]. The idea of using members of
the Agropyron genus to improve the genotype of cereals, in particular wheat, belongs
to M.V. Tsytsyn [2], who in the late 1920s began work on searching wild forms of
cereals capable of crossing with such important crops as rye, wheat and barley. In
1930, his work was successful — the first hybrid seed was obtained by crossing
Lutescens 30 wheat variety with plants of blue wheatgrass. And in 1934 he obtained
the first triticum-agropyron hybrids. In addition to A. glaucum, three other
wheatgrass varieties were found — A. elongatum, A. trichophorum and A. junceum,
which were easily crossed with wheat. However, the most widespread donors of
useful traits were A. glaucum and A. elongatum. Using these species, M.V. Tsytsyn

created and introduced into production a number of spring and winter wheat varieties
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that are resistant to lodging and diseases [3—6].

Scientists note the following valuable features of wheatgrass, which are
desirable to transmit to cereals — tolerance for winter coditions [2], salt and drought
resistance [7-9], high protein and fibre content in grain, resistance to diseases,
compared with wheat less demanding on soil fertility, multiflowered and
multispiculate [10, 11]. D. Devey [12] while studying the population of blue
wheatgrass, grown from seeds collected in Iran, also noted the wide variability of its
characteristics. Additionally, the author points out that in terms of vegetative mass,
some plants of the Iranian population were 10 or more times more productive than
others. Differentiated study of blue wheatgrass plants conducted by A. Ragulin [13]
confirmed their biological heterogeneity in the ability to hybridize with wheat —
pollen pollination of one wheatgrass plant yielded significantly more seeds than
pollination of another. The dependence of the results of crossings on wheatgrass
genotype is also demonstrated by studies of I.”Kikot and E. Volkova [14], V.
Chekurov and A. Orlova [15]. Differences in biological properties are confirmed by
variability and other signs. Thus, the protein content in grain ranges from 7 to 25-2%,
fibre — from 5 to 70% and above [6]. Fertility of flowers with cross-pollination varies
from 0 to 100%, with artificial self-pollination of seeds in some plants are is not
formed, and in others — up to 44 seeds are formed in the ear [16]. In the United States,
intermediate wheatgrass has been used as animal feed for several decades. For the
past decade, the University of Kansas [17] (Kansas) has been conducting research to
increase its grain yield for food purposes. Researchers at the University of Minnesota
[18] and the University of Wisconsin-Madison [19] are conducting experiments to
study the agronomic efficiency of this perennial grain crop. The result of international
cooperation [20] was the creation of a perennial triticum-agropyron hybrid of Sova
variety, which has a grain and fodder purpose with long-term (up to seven years) use.
The variety is characterized by complex immunity to fungal diseases, its grain has
good baking qualities, including high protein content. Distinctive features of
wheatgrass are high viability, resistance to adverse climatic conditions, frost and

drought resistance, resistance to diseases and pests. In Ukraine, separate researches



24

[21] to study the species and varietal diversity of perennial grasses, which by their
biological properties are resistant to adverse growing conditions are carried out.
Evaluation and selection of source material to create high-yielding varieties of
perennial grasses, including intermediate wheatgrass of different target use is done
[20]. Selection work is carried out with Thinopyrum intermedium as a source of
useful traits for wheat, including the resistance of triticum-agropyron hybrids to a
complex of diseases [22].

Perennial cereals, forming a massive root system, shore the soil, preventing its
erosion, which indirectly helps to reduce the need for mineral fertilizers by activating
the soil microbiota. In the United States, Canada, China, in contrast to Ukraine, the
area under intermediate wheatgrass is growing annually [23]. Therefore, for Ukraine
the problem of using this culture in soil protection systems, organic farming, food
industry remains unsolved.

Methodology. In order to scientifically substantiate the technology elements of
growing perennial cereals for grain for food and animal fodder in 2017-2019, a study
was conducted to assess their adaptability of perennial cereals in the context of the
Right Bank forest-steppe of Ukraine, taking into account biological features,
physiological and biochemical parameters and their formation of the crop structure.

The research was carried out on podzolic heavy loamed chernozem of research
field and production department of Uman National University of Horticulture. The
objects of research are Hors (triticum-agropyron hybrid), Kernza® (perennial wheat)
and Zorya Ukrainy (spelt wheat). Seed samples of the studied crops were sown in
triplicate with a feeding area of 5X15 cm with sequential placement of plots
according to agrotechnologies generally accepted for winter crops under the
conditions of the Right Bank forest-steppe of Ukraine. Evaluation of physiological
and biochemical activity of plants (chlorophyll content (a+b)), accumulation of dry
matter, enzyme activity of the class of oxidoreductases — catalase and peroxidase
were performed according to the methods described by Z.M. Grytsaienko and others
[24]. Statistical processing of experimental data was performed by the method of

univariate analysis of variance [25]. Culinary evaluation of bread from high-grade
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flour according to the improved method described in the patent for the utility model

‘Method of assessing the quality of spelt bread’, culinary evaluation of bread from
whole wheat flour — according to the improved method described in the patent for
the utility model ‘Method for evaluating bread from whole wheat triticale flour and
wheat’.

Analysis of physiological and biochemical parameters of perennial cereals
showed certain features depending on the stage of their development (Table 1). Thus,
chlorophyll content (a+b) in the studied crops during the development stages varied
in the range of 1.33-2.71 mg/g of raw material. In particular, for spelt wheat and
Kernza® perennial wheat, the chlorophyll content was 2.19-2.71 mg/g of raw
material, for Hors triticum-agropyron hybrid — 1.33-1.71 mg/g of raw material, that
is, starting from the tillering stage to the flowering one its decrease was observed.
During the grain formation stage, the chlorophyll content increased and averaged
1.71 mg/g of raw material. The highest dry matter'content was observed in Kernza®
perennial wheat — 29.9-32.3%. For Zorya Ukrainy spelt wheat and Hors triticum-
agropyron hybrid, the level of this indicator was almost the same and amounted to
24.6-29.5% (spelt wheat) and 22.6-26.4% (triticum-agropyron hybrid). The highest
catalase activity was found in triticum-agropyron hybrid — 55.4-80.0 uMol/g of raw
material. In all other studied cultures, the activity of this enzyme decreased with
increasing stage of development.

Peroxidase activity in the studied crops varied in the range of 14.9-24.0 uMol/g
of raw material. The highest indicators of activity of this enzyme were observed in
Hors triticum-agropyron hybrid — 16.3-24.0 uMol/g of raw material. As is the case
with catalase, the peroxidase activity decreased with increasing phase of development
from tillering to grain formation.

Table 1. Physiological and biochemical parameters of leaves of different

cereals
Indicator
Developing stage | Chlorophyll | Dry matter, Catalase, Peroxidase,
(a+b), mg/g % uMol decl. 1Mol of




26

of raw H,0O/g of raw oxidized
weight weight guaiacol/g of
raw weight
Spelt wheat (Zorya Ukrainy variety (control))

Tillering 2.03 24.6 56.0 21.2
Stem elongation 2.16 249 51.2 19.5
Earing 2.38 255 49.8 18.4
Milk 2.71 29.5 312 14.9

Wheatgrass average (Horse variety)
Tillering 1.58 22.6 80.0 24.0
Stem elongation 1.47 23.1 75.4 222
Earing 1.42 234 72.3 20.3
Milk 1.71 26.4 554 16.3

Wheatgrass average (Kernza® variety)

Tillering 2.19 29.9 68.0 22.9
Stem elongation 2.32 30.1 64.5 21.6
Earing 247 30.8 61.2 20.5
Milk 2.63 323 519 16.5

The highest indicators of enzymatic activity in Hors triticum-agropyron hybrid,

compared to Kernza® and Zorya Ukrainy wheat, may indicate a high level of

metabolic processes in plants and, probably, higher adaptability of this crop to

growing conditions. Elements formation of the crop structure of the studied crops

depending on their biological characteristics are given in Table 2.

Table 2. Elements of the grain harvest structure of different cereals

Indicator
. Number of | Number of Grain Weight of
Variety Ear ii’;lgth’ spikes in grains in | weight from 1000
ear, psc. ear, psc. one ear, g grains, g
Zorya
14 24 41.2 2.13 38.6
Ukrainy
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Hors 18 15 29.3 0.35 6.2
Kernza® 23 16 30.9 0.97 10.2
HIPys 24 1-2 5.6-6.1 0.22-0.24 1.6-2.1

Thus, in the studied crops, there was a significant difference in the elements of
the crop structure, which is confirmed by the results of analysis of variance. Thus, in
the studied crops, there was a significant difference in the elements of the crop
structure, which is confirmed by the results of analysis of variance. By all indicators,
except for the length of the ear, spelt wheat exceeded Kernza® perennial wheat.
However, despite much longer ear in Kernza® (exceeding the ear of spelt by 8.6 cm),
it had fewer ears and grains in the ear — 16 and 30.9 pieces respectively (with 24 and
41.2 pieces for spelt). The same applies to the weight of grains from one ear and the
weight of 1000 grains — 0.97 and 10.2 g with spelt rates of 2.13 and 38.6 g. Indicators
of the structure elements of the yield of Hors triticum-agropyron occupied an
intermediate place between Zorya Ukrainy spelt wheat and Kernza® perennial wheat.
The number of grains from the ear of this'hybrid was 29.3 pieces, which is not much
less than spelt wheat and Kernza®. However, the weight of grain from one ear and
the weight of 1000 grains were much smaller and amounted to 0.35 and 6.2 g,
respectively.

Thus, given the possibility of using perennial cereals during several growing
seasons and using them for food or technical purposes (biofuel production), these
crops have significant economic value. However, currently agrotechnology and
features of their cultivation need further study and refinement.

The research revealed some differences in physiological and biochemical
parameters and the formation of elements of the yield structure of perennial cereals:
having higher physiological and biochemical parameters by weight of grain from one
ear and weight of 1000 grains perennial wheat is significantly inferior to the annual
one. At the same time, due to the reduction of unit costs, improvement of the

ecological condition of agrophytocenoses and the environment, these crops can take a
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prominent place in agricultural production.

The study found that the culinary quality varied depending on the content of
whole wheat flour from intermediate wheatgrass (Table 3). Thus, the overall
evaluation of bread decreased from 8.6 to 8.0 points. A significant decrease in this
indicator was with the addition of such flour of 15-25%.

Table 3. Culinary evaluation of bread from high-grade soft wheat flour
depending on the content of intermediate wheatgrass whole wheat flour

(Kernza® grade), score

Content of intermediate wheatgrass whole wheat
Indicator flour, % LSDys
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3. AGROBIOLOGICAL CHARACTERISTICS OF SPELT WHEAT AND

INTERMEDIATE WHEATGRASS IN THE CONDITIONS OF THE RIGHT-
BANK FOREST-STEPPE OF UKRAINE

The main areas of agriculture are the production of high quality products, and
the restoration of soil fertility with the use of prairie restoration with perennial cereal crops
is a priority task in the United Nations strategy (Agriculture, Forestry and Fishery
Statistics, 2016). Currently, spelt wheat is used in organic farming (Poltoretskyi et al.,
2018). Intermediate wheatgrass is a promising crop for prairie restoration (Crews et
al., 2018).

Western European agriculture is characterized by a high level of productivity of
grain crops production. Such productivity is largely the result of specialization and
intensification of farms. However, this type of management has led to environmental
problems and greater dependence on adverse environmental factors (Duchene et al.,
2019).

Spelt wheat is now a world-famous crop used for the production of high quality
products. It is able to form the yield in the conditions where soft wheat does not
produce it. It is characterized by complex resistance to adverse environmental factors
(Hospodarenko et al., 2018), so it attracts the attention of researchers as a crop
capable of providing high quality grain.

Interest in the transition to a perennial type of cereal crops cultivation is due to
moisture deficit and high temperatures during the vegetation period (Rezzouk et al,
2020). Extreme heat can cause changes in agricultural production and increase the risk
of food security (Parker et al, 2020). The study of agronomic and physiological
characteristics connected with the formation of the yield amount is an important
component in the selection programs for the creation of high-yielding species of grain
crops (Chairi et al, 2020).

Perennial crops significantly predominate over annuals, as they have a longer
vegetation period, permanent soil cover, reduce leaching of nutrients into deeper soil

layers, emit more carbon into the soil, increase the resistance of the topsoil to erosion.
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Intermediate wheatgrass is one of the promising perennial crops (Oliveira et al,

2019).

Intermediate wheatgrass is an ecologically stable perennial crop. A population
of intermediate wheatgrass (Kernza species) has now created in the United States by
hybridizing of seven parent components of this crop, including soft wheat. It is
known that this species forms a large root system that is able to absorb nutrients from
hard-to-reach forms. Grain of intermediate wheatgrass is suitable for processing. It
has proven to have reduced shedding, high threshing and high resistance to lodging
under test conditions in the United States. The grain yield of this species was 696
kg/ha. The plants formed the highest productivity during the first two years of
growing. The grain yield of the third growing year was lower (Bajgain et al., 2020).
In other researches, intermediate wheatgrass had great advantages while growing as a
perennial crop for four years with grazing of farm animals. In addition, this crop is a
good precursor for soybean and corn (Hendrickson, 2014). Other scientists also
studied intermediate wheatgrass as a fodder crop. In researches, the yield of the
vegetative mass of plants varied from. 7790 to 9200 kg/ha (Jungers et al., 2018).
Observations by other scientists suggested that the species of intermediate wheatgrass
— Kernza can be used as a fodder and food crop. In spring and autumn, the vegetative
mass is used for fattening farm animals, and crops are used to obtain grain after
regrowth in summer (Favre et al., 2019).

Intermediate wheatgrass is a promising crop for use in food technology. It was
found that the grain of this crop could be used for the production of products with a
low glycemic index in the result of the study of the kinetics of starch hydrolysis
(Zhong et al, 2019). However, these studies did not indicate how the elements of
agrobiological indicators of plants were formed. In addition, the tests were conducted
in the United States, which weather conditions were significantly different from the
Forest-Steppe of Ukraine. It was not specified what protein content in the grain could
be formed by plants of intermediate wheatgrass. Only detailed research on the impact
of perennial crops on soil fertility would allow assessing the prospects of new species

of perennial cereal crops to keep food security and a number of ecosystem services,



33

especially in the context of climate change (Oliveira et al, 2019).

Materials and methods

The study was conducted during 2017-2019 in the conditions of the Right-Bank
Forest-Steppe of Ukraine at Uman National University of Horticulture. Kalancha
(Ukraine) — a cultivar of soft winter wheat (Triticum aestivum L.), Zoria Ukrainy
(Ukraine) — spelt wheat (Triticum spelta L.), Khors (Ukraine) and Kernza (USA) —
intermediate wheatgrass (Elytrigia intermedia (Host) Nevski) were used in the
experiment. Kernza cultivar was obtained by hybridization of Triticum aestivum L. /
Elytrigia intermedia (Host) Nevski.

The experimental plot was located in Mankivka natural-and-agricultural district
of the Middle-Dnieper-Buh district of the Forest-Steppe Right-Bank province of the
Forest-Steppe zone with geographical coordinates of 48° 46'56,47" of north latitude
and 30° 14'48,51" of east longitude by Greenwich. Height above sea level was 245 m.

The climate of the region is temperate continental, with an average annual air
temperature of 7.4 °C. Periods with an average daily air temperature of more than 5
°C last 205-215 days, more than 10 °C.~161-170, and with a temperature above 15
°C — 106-110 days. The sums of active temperatures are 2580-2900 °C and
hydrothermal index is 1.0-1.2; The relative humidity is 64-88 %, according to the
Uman weather station. In spring-summer period it decreases to 60-70 %, and in
autumn-winter period it increases to 80-85 %. Average rainfall is 633 mm during the
year and from 334 to 412 mm during the period with temperatures above 10 °C. Soil
— chernozen podzolized heavy-loamed with high natural fertility, favourable for the
growth and development of plants by neutral reaction of soil solution, good physical
properties and nutritional regime. Humus content is 3.2-3.4 %.

Weather conditions in the research years differed (Table 1). They were more
favourable in 2018 for all cereal crops, as there were 35.8 mm of precipitation during
the period of active stem growth. In addition, there were 65.6 mm of precipitation in
March. The air temperature was also in the optimal range (9+16 °C) (Table 2).

Table 1. The amount of precipitation during the vegetation period of cereal

Crops, mm
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Year of research
Monh 2017 2018 2019
Decade
I 11 I I II 111 I I 111
March 1.7 170 | 7.1 209 | 369 | 7.8 4.9 7.1 4.3
April 425 | 104 | 04 0.0 0.1 174 | 0.1 | 129 | 94
May 29 | 204 | 23.1 0.8 17.5 | 0.0 54 7.2 | 23.0
June 14 | 304 | 92 9.8 | 32.1 | 405 | 53.1 | 04 16.3
July 114 | 27.7 | 20.1 7.7 | 342 | 510 1.7 | 27.1 5.0

In 2017, there were 23.7 mm of precipitation during the period of active stem
growth, and there were 78.7 mm of precipitation during the phase of spring tillering.
However, the air temperature at the beginning of this phase of the development was
unfavourable. In 2019, there were only 14.8 mm of precipitation during the period of
stem elongation — the beginning of earing phase of soft wheat. Spelt wheat plants
were in more favourable conditions than soft wheat because they had a longer stem
growth period. There were 67.9 mm-of precipitation during this vegetation period of
spelt wheat.

Conditions of moistening in the period of earing phase — phase of milk ripeness
of grain were better in 2018-2019, and worse in 2017 — 64.1 mm of precipitation.
The air temperature during this period was optimal for all cereal crops (18-22 °C for
the earing phase and 22-25 °C for the phase of milk ripeness of the grain) during the
years of research.

Table 2. Average air temperature during the vegetation period of cereal crops,
°C

Year of research
2017 2018 2019
Decade
1 11 1 I 11 1 I 11 I

Month
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March 5.7 4.2 1.7 -43 | -0.8 0.4 4.6 4.7 43
April 11.1 7.6 10.6 | 103 | 148 | 153 9.2 7.3 12.4
May 142 | 127 | 173 | 198 | 15.6 | 184 | 12.8 | 187 | 19.2
June 192 | 188 | 22.0 | 193 | 22.1 | 192 | 20.7 | 243 | 223
July 19.2 | 200 | 224 | 19.1 | 206 | 223 | 203 | 173 | 22.1

Phenological observations were carried out in accordance with the Methodology
of state species testing of agricultural crops (2000). The height was determined by
measuring the stem length of cereal crops, the value of vegetative mass — by choosing
the plants from two running meters with the following weighing, moisture of
vegetative mass — by thermogravimetric method, grain yield — by sections by sheaf
threshing, protein content — by the method of infrared spectroscopy using Infratek
1241. The stability index was determined by the formula:

sp = HE
LE

where HE — the greatest manifestation of the feature;

LE — the smallest manifestation of the feature.

The plants height and the dynamics of dry weight growth were determined at
the beginning of the stem elongation phase of cereal plants, thenearing phase and the
phase of milk ripeness of grain. The experiment was repeated three times.

Grouping of the variation coefficient was done according to the following
gradations: 0-10% — insignificant, 10-20 — small, 20—40 — medium, 40-60 — large, >
60% — very large. Statistical data processing was performed using Microsoft Excel
2010 and STATISTICA 8. Interpretation of the influence level by partial coefficient
(thumb rule — Cohen): 0.02-0.13 — weak, 0.13-0.26 — medium, >0.26 — high. The
"null hypothesis" was confirmed or refuted during the performing of variance
analysis. The value of the coefficient "p" was determined for this purpose, which
showed the probability of the corresponding hypothesis. In cases where p<0.05 "the
null hypothesis" was refuted and the influence of the factor was significant (Tsarenko

et al., 2000).



36

Results and discussion

The calendar dates of the coming-in of the plant development phases varied
significantly depending on the crop and the research year. Plant development phases
in spelt wheat came much later than in soft wheat. In 2017, the stem elongation phase
of spelt wheat came 4-5 days earlier compared to 2018 and 2019 due to more
favourable weather conditions (Table 3). The earing phase and phase of milk ripeness
of grain came almost at the same time over the years of research. The calendar dates
in the studied species of intermediate wheatgrass differed significantly from soft
wheat and spelt wheat, because the crop was grown as a perennial one. In the first
year of growth, the plants of intermediate wheatgrass developed more slowly
compared to other studied wheat species. Therefore, in 2017, the phase of stem
elongation in intermediate wheatgrass plants came 30 days later compared to soft
wheat. However, the phases of earing and milk ripeness of grain of intermediate
wheatgrass came almost at the same time compared to spelt wheat. In 2018, the phase
of stem elongation in intermediate wheatgrass came 8—10 days, and in 2019 — 21-23
days earlier compared to soft wheat.

The phases of earing and milk ripening of grain in these years of research came
almost at the same dates as soft wheat. It should be noted that the dates of occurring
of the development phases while growing intermediate wheatgrass at the second and
third years were almost the same. In addition, there was no large difference in the
occurring of the development stages between the species of intermediate wheatgrass.

Table 3. Calendar dates of occurring of the main phases of plants development

of cereal crops

Year of research
Species 2017 2018 2019
1 2 3 1 2 3 1 2 3

Kalancha | 10.04 | 17.05 | 05.06 | 15.04 | 20.05 | 18.06 | 25.04 | 22.05 | 03.06

Zoria
26.04 | 06.06 | 20.06 | 01.05 | 04.06 | 22.06 | 05.05 | 08.06 | 23.06
Ukrainy
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Kernza 10.05 | 03.06 | 15.06 | 05.04 | 24.05 | 03.06 | 02.04 | 22.05 | 01.06

Khors 10.05 | 04.06 | 17.06 | 07.04 | 26.05 | 05.06 | 04.04 | 25.05 | 03.06

Note. 1 — the beginning of the stem elongation phase, 2 — earing phase, 3 — phase
of milk ripeness of grain.

On average, for three years of research, the plant height of spelt wheat and
intermediate wheatgrass plants of the Khors species in the stem elongation phase was
at the level of soft wheat (Table 4). However, in Kernza species of intermediate
wheatgrass it was 53% higher than soft wheat.

The height of spelt wheat plants in the earing phase was 3.4 times higher than in
the stem elongation phase. Plants of intermediate wheatgrass of Khors species — in 3.6,
Kernza species — in 2.4 times higher. Plants of spelt wheat were 1.6 times, intermediate
wheatgrass were 1.5-1.6 times higher than soft wheat plants.

The increase in plant height of all cereal crops in the phase of milk ripeness of
grain was smaller compared to the earing phase. Thus, the plants of spelt wheat were
1.4 times, intermediate wheatgrass — 1.5 times higher compared to the earing phase.
Plants of spelt wheat were 1.6 times larger than soft wheat and 1.6—1.8 times higher

than intermediate wheatgrass.

Table 4. Dynamics of plant height of different cereal crops, cm

Species (factor Year of research (factor B) Average over
A) 2017 2018 ‘ 2019 three years
Stem elongation (factor C)
Kalancha 27+2! 39+3! 23+2! 30+8°
Zoria Ukrainy 28 +2! 42+2! 25+2! 32+9°
Kernza 23 +2! 57+5! 57+5' 46 %20’
Khors 21 +2! 33 42! 29+1! 28+6°
Earing
Kalancha 58 +2! 88 +3' 54 +2! 67 * 19
Zoria Ukrainy 110+ 2! 113 +2! 107 £ 2! 110 +3°
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Kernza 98 + 4! 113 +3! 117 £2 109 £ 10°
Khors 96 + 3! 105 +2! 105 2! 102 +5°
Milk ripeness of grain
Kalancha 89 +3' 109 +2! 77 £2! 92+ 16°
Zoria Ukrainy 144 + 3! 168 +2! 137 +2! 150 +9°
Kernza 113 +2! 183 £26° 196 £21° 164 +45°
Khors 107 + 3! 162 +20° 181 £19° 150 +39°
p=0,003

Note. 1 —insignificant, 2 — small, 3 — average variation.

Better humidification conditions and higher air temperature in 2018 contributed
to the formation of the tallest plants of spelt wheat in the phase of stem elongation.
This tendency was also observed in the phases of earing and milk ripeness of grain.
Plants of intermediate wheatgrass of both varieties were the smallest in 2017.
However, in 2018-2019, this indicator changed-less from weather conditions. Thus,
the difference in height of soft wheat plants-in the phase of milk ripeness was 32 cm,
and only 13-19 cm in intermediate wheatgrass depending on the year of research.

The results of statistical processing confirmed the significantly strong influence
of "species of cereal crop", "year of research" and "plant development phase" factors
on the formation of plant height of cereal crops (Fig. 1). It should be noted that the
partial coefficient between the studied factors and plant height was the highest — and
it was from 0.98 to 0.99. The partial coefficient between the interaction of factors and
plant height was less, but their influence was strong. It was obvious that the
connection between "species of cereal crop", "year of research" and "plant
development phase" factors was weaker or absent, so the influence of AB, AC, BC

and ABC was lower compared to A, B, C.
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p=0,003

0,65 0,7 0,75 0,8 0,85 0,9 0,95 1

Fig. 1. The level of factors influence on the plant height of cereal crops: A —
"species of cereal crop" factor, B — "year of research" factor, C — "development

phase" factor

It was found that spelt wheat and intermediate wheatgrass were significantly
inferior to soft wheat in the result of studying the dynamics of dry mass formation by
plants of the studied cereal crops (Table 5). On average, over three years of research,
this indicator in spelt wheat was 1.4'times and in intermediate wheatgrass was
1.2 times less compared to soft wheat in the phase of stem elongation. Plants of spelt
wheat accumulated dry weight'1.4 times less than soft wheat in the phases of earing
and milk ripeness of grain. Plants of intermediate wheatgrass accumulated dry weight
8—-10% less in the earing phase and 1.3 times in the phase of milk ripeness of grain.

Table 5. Dynamics of dry mass formation by plants of different cereal crops, 10°

kg/ha
Year of research’ Average over
Species
2017 2018 2019 three years
Stem elongation
Kalancha 3,71+0,04" | 3,83+0,05' | 2,51+0,05' | 3,35+0,16'

Zoria Ukrainy 236+0,05" | 243+004" | 224+0,04' | 234+0,10'

Kernza 2,13+0,04" | 3,17+0,05" | 3,10+0,04' | 2,80+0,58

Khors 2,06+0,05" | 3,10£0,03" | 3,03+0,02' | 2,73+0,58
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Earing
Kalancha 52240051 | 534+0,03" | 408+0,08" | 488+0,13'
Zoria Ukrainy 3,45+0,07" | 3,57+0,04" | 3,33+0,05' | 3,45+0,12'
Kernza 3,17+0,06' | 5234005 | 5,11£003" | 4,50%1,16
Khors 3,06£0,04" | 513+£0,04" | 508+0,04' | 442+1,18
Milk ripeness of grain
Kalancha 6,41+0,06' | 6,56+0,08" | 524+004' | 6,07%0,16'
Zoria Ukrainy 436+0,06' | 451+0,05" | 427+0,04' | 4,38%0,12'
Kernza 3,50+£0,05" | 560+0,08" | 533+0,03" | 481+1,14°
Khors 3,33+£0,05" | 551+£0,07" | 524+0,03" | 4,69+1,19°
p=0,004

Note. 1 —insignificant, 2 — average variation.

More favourable weather conditions in 2018 contributed to the accumulation of

more dry weight of all cereal crops. It should be noted that plants of intermediate

wheatgrass accumulated the least dry matter compared to wheat in the first year of

growth. In 2018-2019, the difference in the accumulation of dry matter by

intermediate wheatgrass was insignificant. Thus, the difference between a favourable

and a less favourable year of research in the phase of milk ripeness in spelt wheat was

0.24x10° kg/ha, and 0.27x10° kg/ha in intermediate wheatgrass. This indicator was
1.32x10° kg/ha in soft wheat.

The results of statistical calculations confirmed significantly (p>0.05) the strong

influence of the studied factors on the dry mass formation by plants of cereal crops,

as the partial coefficient varied from 0.87 to 0.99 (Fig. 2).
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Fig. 2. The level of factors influence on the dry mass formation by plants of
cereal crops:
A — "species of cereal crop" factor, B — "year of research" factor, C —

"development phase" factor

Spelt wheat and intermediate wheatgrass' by grain yield were significantly
inferior to soft wheat (Table 6). On average, over three years of research, this
indicator in spelt wheat was 1.4 times and in intermediate wheatgrass it was 6.6—
8.0 times lower than in soft wheat. Better moisture supply of plants contributed to the
formation of higher grain yield of spelt wheat and intermediate wheatgrass. The yield
of grain in intermediate wheatgrass was the lowest in 2017.

It should be noted that spelt wheat and intermediate wheatgrass were
characterized by the formation of a stable grain yield, as the stability index was 1.1—
1.0. Despite the high grain yield in soft wheat, the stability of its formation was
lower.

On average, over three years of research, the protein content of grain in spelt
wheat was 1.8 times higher than in soft wheat (Table 7). This indicator in the grain of
intermediate wheatgrass was 1.9-2.0 times higher. It should be noted that the protein
content in the grain of spelt wheat and intermediate wheatgrass changed little
depending on the weather conditions of the year of research.

Table 6. Yield of grain in different cereal crops, 10° kg/ha
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. Year of research Average over B 1
Species E 3
2017 2018 2019 three years = =
Kalancha 8,34+0,10" | 8,73+0,11' | 7,02+ 0,06 | 8,03+£027" | 1,2
Zoria Ukrainy | 5,54+ 0,06' | 5,72+0,06' | 5,47 +£0,06' | 5,58 +0,13"' | 1,0
Kernza 1,06 £0,04' | 1,32+0,04' | 1,28+0,04' | 1,22+0,14> | 1,0°
Khors 0,78 +0,04' | 1,124+0,03' | 1,05+0,04' | 0,98+0,18 | 1,1°
p=0,002

Note: 1 — insignificant, 2 — small variation. 3 — stability index was calculated for
2018-2019.

Spelt wheat and intermediate wheatgrass were significantly inferior to soft
wheat in terms of dry mass and grain yield in the conditions of the Right-Bank
Forest-Steppe of Ukraine. However, they were significantly dominated by the protein
content in the grain. It should be noted that spelt wheat and intermediate wheatgrass
had the highest stability in formation of dry mass and grain yield. However, these
indicators in intermediate wheatgrass in-the first year of growth were lower compared
to the plants of the second and third year. This might be caused by the peculiarities of
the development of intermediate wheatgrass. It was known that the root system was
intensively formed in the first year of growth. The vegetative mass of sowing in the
first year was less compared to the second and third year of growing of intermediate
wheatgrass (Duchene, 2020). Therefore, the plants of intermediate wheatgrass were
less responsive to adverse environmental factors than soft wheat in the second and
third years of growth. Despite the fact that the species of intermediate wheatgrass —
Kernza was created by the hybridization of Triticum aestivumL. | Elytrigia
intermedia (Host) Nevski, the grain yield was only 1.06-1.32x10° kg/ha. The protein
content in the grain was very high, which indicated the need for further selection
improvement of this crop.

Table 7. Protein content in the grain of different cereal crops, %

. EJ
Species Year of research Average over
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2017 2018 2019 three years
Kalancha 12,6 £0,2 12,0+0,2 11,7+0,2 12,1£0,5
Zoria Ukrainy 21,6 £0,2 224+0,2 22,2+0,2 22,1104
Kernza 24,11£0,2 25,1£0,2 245+0,1 24,6 £0,5
Khors 22,31+0,2 22,6 £0,2 22,4+0,2 22,4102

p=0,003

Note. * — insignificant variation.

Spelt wheat in the conditions of the Right-Bank Forest-Steppe of Ukraine has
more advantages in comparison with intermediate wheatgrass as it forms higher yield
capacity of high-protein grain. Such advantages of spelt wheat compared to soft
wheat were also confirmed by the studies by domestic (Moskalets et al, 2019) and
foreign scientists (Koenig et al, 2015). However, intermediate wheatgrass is a
promising crop for cultivation in the field crop rotation for two years to improve the
soil structure and its microbiological activity in the layer up to 100 cm (Duchene,
2020). Today it is also relevant in the conditions of moisture deficit and high air
temperature (Dong-Su et al, 2020).

Conclusions

The main agrobiological properties of spelt wheat and intermediate wheatgrass
were studied. It was found that spelt wheat and intermediate wheatgrass had a high
stability of crop formation and its quality in the conditions of the Right-Bank Forest-
Steppe of Ukraine. The main stages of development in spelt wheat occurred on
average 10-15 days later than in soft wheat. Plants of intermediate wheatgrass in the
first year of growing had slower growth. The main phases of development in the
plants of intermediate wheatgrass of the second and third year of growth occurred
like in soft wheat. It was studied that these crops significantly prevailed over soft
wheat in plant height. The height of the plants was over 100 cm in the earing phase.
Plants of spelt wheat and intermediate wheatgrass had a high index of stability in
formation of dry mass and grain yield. It should be noted that intermediate

wheatgrass formed a high vegetative mass even in the earing phase. The vegetative
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mass in spelt wheat was formed during the phase of earing — full ripeness of grain.
These crops were significantly superior to soft wheat in terms of protein content, so it
was recommended to involve them in the selection programs to create species with
high productivity. However, spelt wheat was less and intermediate wheatgrass was

more inferior to soft wheat in terms of grain yield. The strong influence of "species of

cereal crop”, "year of research" and "development phase" factors on the formation of
height and dry mass by the plants of cereal crops was established significantly

(p>0.05).
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4. MICROBIOTA IN THE RHIZOSPHERE OF CEREAL CROPS

The microbiota of the rhizosphere plays an important role because they produce
vitamins, amino acids, heteroauxins, enzymes that affect plant development. Besides,
this group of microorganisms takes part in the control for the coming of nutrients from
the soil into the root system, inhibits the development of harmful microflora, stimulates
endosymbiosis of plants with microorganisms [1].

Modern agricultural technologies cause ecosystem soil erosion, greenhouse gas
emissions and water pollution despite the increase in production of plant raw material [2].
Spelt wheat is now a famous crop in the world which is used to produce high quality
products [3]. Intermediate wheatgrass is good for food and fodder purposes (green fodder,
silage, haylage, hay). In addition, these crops are of low maintenance to growing conditions,
able to form yield, especially in the conditions where soft wheat does not form it [4]. They
require less fertilizer, help to prevent water flow, are'more resistant to drought compared to
annual cereal crops due to the long vegetation period of perennial cereal crops and deep root
system [5]. Restoration of soil fertility with the use of prairie restoration with perennial
cereal crops is a priority task in the United Nations strategy [6].

Plant species, as well as soil type, had a significant impact on the structure and
function of microbial populations connected with the rhizosphere. In addition, these
factors could affect in different ways the number of microorganisms depending on
biotic and abiotic conditions [7, 8]. It is known [9] that spelt wheat had advantages
over soft wheat in organic agrotechnologies. However, there was no data on the
formation of the microbiota of the rhizosphere of spelt wheat in these studies.

The results of a study of other scientists [10, 11] showed that wild perennial
grasses contained different groups of fungi in the rhizosphere depending on the
season, in particular ascomycetes were the most. However, these researchers did not
study the number of individual ecological and trophic groups of microorganisms.

Analysis of the literature showed a significant impact of the activity of
microorganisms on the productivity of agricultural crops and soil fertility. However,

researches of the number of the microbiota of spelt wheat and intermediate
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wheatgrass remains insufficiently studied. The study of this issue will give the
possibility to partially identify the plants adaptability to the environmental conditions
taking into account the importance of the microbiota in the synthesis of biochemical
components used by the plant. The greater the number of the microbiota, the higher
the plants adaptability was. It was manifested in the formation of more stable yields
and grain quality in spelt wheat, and in the yield of the vegetative mass in
intermediate wheatgrass. Therefore, it is topical to study the influence of growing
spelt wheat and intermediate wheatgrass on the formation of the microbiota in their
rhizosphere, which is important for the characteristics of the plants adaptability and
ecological and functional characteristics of the soil.

The purpose is to study the number of individual groups of microbiota in
dynamics in the rhizosphere of different cereal crops (soft wheat, spelt wheat,
intermediate wheatgrass) depending on the weather conditions and the phase of plants
development.

Materials and methods. Studies of the number of different ecological and
trophic groups of microorganisms were performed in the field and laboratory
conditions in the Uman National University of Horticulture during 2017-2019.
Kalancha (Ukraine) — a cultivar of soft winter wheat (Triticum aestivum L.), Zoria
Ukrainy (Ukraine) — spelt wheat (Triticum spelta L.), Khors (Ukraine) and Kernza
(USA) - intermediate wheatgrass (Elytrigia intermedia (Host) Nevski) were used in
the experiment. Kernza cultivar was obtained by hybridization of Triticum
aestivum L. | Elytrigia intermedia (Host) Nevski.

The number of microorganisms was determined in the stem elongation phase,
earing phase, phase of milk ripeness of grain, in particular ammonifying — on
agarized medium of meat-and-peptone agar, nitrifying — on the liquid medium of
S. N. Winogradsky, cellulosolytic — on the liquid medium of A. A. Imsheneckii and
L. L. Solntseva. The number of ammonifying microorganisms was expressed in
colony-forming units (CFU). The number of nitrifying and cellulosolytic
microorganisms was expressed in N-10° cells/g of soil. Studies of nitrogen-fixing

microorganisms of the Azofobacter genus were performed on Ashby medium, and their
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number was expressed in % of soil lumps surrounded by colonies. Determination of the
number of microorganisms was performed three times. Grouping of the variation
coefficient was done according to the following gradations: 0—10 % — insignificant, 10—
20 — small, 2040 — medium, 40-60 — large, > 60 % — very large. Statistical data
processing was performed using Microsoft Excel 2010 and STATISTICA 8.
Interpretation of the influence level by partial coefficient (thumb rule — Cohen): 0.02—
0.13 — weak, 0.13-0.26 — medium, >0.26 — high. The "null hypothesis" was confirmed
or refuted during the performing of variance analysis. The value of the coefficient "p"
was determined for this purpose, which showed the probability of the corresponding
hypothesis. In cases where p<0.05 "the null hypothesis" was refuted and the influence of
the factor was significant.

The experimental plot was located in Mankivka natural-and-agricultural district
of the Middle-Dnieper-Buh district of the Forest-Steppe Right-Bank province of the
Forest-Steppe zone with geographical coordinates of 48° 46'56,47" of north latitude
and 30° 14'48,51" of east longitude by Greenwich. Height above sea level was 245 m.
The soil of the experimental field was podzolized chernozem.

In terms of rainfall, the supply of cereal crops was satisfactory. Soil samples
were taken 10 days after the phase of plant development. Therefore, rainfall and
average air temperature were given for the first half of each phase of plant
development. There were 199.9 mm of rainfall or 28 % less than the average long-
term index (277 mm) during the period of April — July 2017. There were 211.1 mm in
2018, 194.7 mm in 2019 or less by 24 % and 30 %, respectively. The distribution of
rainfall during the plant development of wheat plants was different. The supply of
soft wheat plants with water in 2017 and 2018 was higher than in 2019 (Table 1).

Table 1

Weather conditions of the first half of the development phase of plants of
different cereal crops

Date of phase beginning

Indicator . . milk ripeness of
stem elongation Earing orain

2017
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Kalancha 15.04 20.05 18.06
Rainfall, mm’ 13,7 23,1 92
Temperature, oc? 10,6 19,2 22,0
Zoria Ukrainy 01.05 02.06 13.06
Rainfall, mm' 23,3 24,5 30,4
Temperature, °C° 14,2 19,2 18,8
Kernza 10.05 03.06 15.06
Khors 10.05 04.06 17.06
Rainfall, mm' 20,4 30,4 9,2
Temperature, oc? 12,7 19,2 22,0
2018
Kalancha 10.04 17.05 05.06
Rainfall, mm' 17,4 17,5 32,1
Temperature, oc? 14,8 15,6 19,3
Zoria Ukrainy 26.04 06.06 21.06
Rainfall, mm' 35,7 32,6 40,5
Temperature, °C° 19,8 19,6 22,1
Kernza 05.04 24.05 03.06
Khors 07.04 26.05 05.06
Rainfall, mm’ 43,8 9.8 32,1
Temperature, oc? 14,8 18,4 22,1
2019
Kalancha 25.04 22.05 03.06
Rainfall, mm’ 54 23,0 0,4
Temperature, °C° 9,2 12,4 12,8
Zoria Ukrainy 05.05 08.06 23.06
Rainfall, mm' 12,6 53,4 16,3
Temperature, oc? 18,7 24,3 22,3
Kernza 02.04 22.05 01.06
Khors 04.04 25.05 03.06
Rainfall, mm’ 22,3 23,1 53,1
Temperature, °C° 12,4 19,2 20,7

Note. 1 — amount of rainfall, 2 — average air temperature for the first half of the phase.
2017-2018 were better for spelt wheat, as there were 23.3 to 40.5 mm of
rainfalls during the period of stem elongation — milk ripeness of the grain. In 2019,
53.4 mm of rainfall fell only in the earing phase, and 12.6-16.3 mm in other phases
of plant development. The beginning of the vegetation period in 2017-2018 was
sufficiently supplied with water for intermediate wheatgrass and 22.3-53.1 mm of
rainfall fell during the entire vegetation period in 2019.

Air temperature also affected the development of wheat plants. The air
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temperature was optimal in 2017 and 2018 except spelt wheat, in which stem

elongation phase took place at a temperature of 19.8 °C which was higher than optimal
(9-16 °C) in 2018 and 2019. Temperature for soft wheat in the phases of earing (18—
20 °C) and milk ripeness of grain (22-25 °C) was lower than optimal in 2019. It was
higher than optimal in the earing phase for spelt wheat. It should be noted that the
temperature was optimal in the phases of earing and milk ripeness of grain for the
microbiota in the rhizosphere of cereal crops.

Results. The number of ammonifying microorganisms in the rhizosphere of
cereal crops varied depending on a complex of factors. As a result of the analysis of
variance, it was found that the number of ammonifying microorganisms in the
rhizosphere of spelt wheat was significantly higher compared to soft wheat during
2017-2019 (Fig. 1). The dynamics of the number of ammonifying microorganisms in
the rhizosphere of intermediate wheatgrass was different. In the first year of growing
season, this figure was significantly lower than for'soft wheat and spelt wheat. In the
second and third years of intermediate wheatgrass plant growth, the number of
ammonifying microorganisms of the soil rhizosphere was significantly higher during
all stages of growth.

Better distribution of rainfall and optimal temperature in 2018 contributed to the
formation of the highest number of ammonifying microorganisms in the rhizosphere
of soft wheat. In the less favorable 2019, this indicator was 1.4—1.5 times and 1.2-1.3
times lower in 2017 compared to 2018. Another trend was found for spelt wheat. The
highest number of ammonifying microorganisms was in 2018 in the stem elongation
phase because 35.7 mm of rainfall fell. More rainfall during the phases of earing —
milk ripeness of grain in 2018-2019 contributed to the formation of the highest
number of this group of microorganisms — from 211 to 228x10° CFU/g of soil. This
indicator was 1.1-1.2 times lower in the less favourable 2017 compared to 2019.
Insufficient rainfall in the stem elongation phase in 2019 contributed to the lowest
number of ammonifying microorganisms. The lowest number of this group of
microorganisms was in 2017 in the rhizosphere of intermediate wheatgrass, as the

development of the root system and aboveground mass was weak. This indicator was
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the highest in 2018, 2019. It should be noted that the number of ammonifying
microorganisms exceeded the indicator of soft wheat and spelt wheat by 1.5-1.8

times in these years of research.

Wilks lambda=0.03851, F(48, 267.83)=7.4159, p=0.0000
Vertical bars denote 0,95 confidence intervals
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Fig. 1 The number of ammonifying microorganisms in the rhizosphere of

cereal crops, 10° CFU/g of soil

Statistically significant (p<0.05) studied factors influenced the formation of the

number of ammonifying microorganisms (Fig. 2).
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Fig. 2 The level of factors influence on the number of ammonifying
microorganisms in the rhizosphere of cereal crops: A —"species of cereal crop" factor,

B — "year of study" factor, C — " plant development phase" factor

The force of influence was high. It should be noted that the "species of cereal crop”
and "year of study" factors influenced the number of ammonifying microorganisms the
most. Obviously, there was a connection between "species of cereal crop" and "year of
study". This connection with the "development phase" factor was weaker or absent, so
the influence of ABC was lower compared to A and B.

In the rhizosphere of spelt wheat, the number of nitrifying microorganisms in
stem elongation stage did not differ significantly from soft wheat (Fig. 3). On
average, it was statistically significant (p<0.05) that the number of nitrifying
microorganisms in the rhizosphere of spelt wheat was 17-26 % higher than in soft
wheat during the earing phase in 2018-2019. In the milk stage of grain, a
significantly higher number of nitrifying microorganisms was only in 2019.

Intermediate wheatgrass had significantly lower number of nitrifying
microorganisms in the stem elongation and earing stages compared to soft wheat. In
the milk stage of grain, this figure was at the level of soft wheat. During the second
and third years of intermediate wheatgrass growth, the number of nitrifying

microorganisms was significantly (p<0.05) higher than that of soft wheat. In the stem
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elongation stage, the number of nitrifying microorganisms of soil rhizosphere was
28-38%, in the earing stage — 26-29, in the milk stage of grain — 16-37% higher

compared to the control (Kalancha soft wheat) depending on the year of study.

Wilks lambda=0.03851, F(48, 267.83)=7.4159, p=0.0000
Vertical bars denote 0.95 confidence intervals
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Fig. 3 The number of nitrifying microorganisms in the rhizosphere of

cereal crops, 10*/g of soil

The number of nitrifying microorganisms in the rhizosphere of soft wheat and
spelt wheat was the highest in a favourable 2018 year. The number index was the
highest in 2018-2019 in the rhizosphere of intermediate wheatgrass.

The results of statistical processing confirmed the significantly strong influence
of "species of cereal crop”, "year of study" and "plant growth phase" factors on the
formation of the number of nitrifying microorganisms. It should be noted that the
influence of weather conditions and characteristics of the species of cereal crop and

the interaction of these factors was the highest — 0.71-0.88. The "plant development
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phase" factor had less effect on the number of nitrifying microorganisms. Therefore,

its interaction with other factors had less effect on this indicator.

The number of cellulosolytic microorganisms in the rhizosphere of soft wheat
and spelt wheat was the highest in the favourable 2018 year. It was the lowest in less
favourable 2019. This indicator was the highest in 2018, 2019 in intermediate
wheatgrass, because the supply of plants with moisture was also high during this
period.

In the stem elongation stage, the number of cellulosolytic microorganisms of the
soil rhizosphere of spelt wheat did not change significantly from this indicator of soft
wheat (Fig. 4). However, in the earing and milk stages, the number of this group of
microorganisms was significantly (p<0.05) higher than that of soft wheat. Thus, in
the earing stage of spelt wheat, the number of cellulosolytic microorganisms of soil
rhizosphere was 11-16 % higher compared to soft wheat depending on the year of
study. In the milk stage, respectively, by 14-24%. The dynamics of the number of
cellulosolytic microorganisms changed from the weather conditions of spelt wheat
growing season. In 2017 and 2019, this-indicator did not change significantly in stem
elongation and earing stages. However, better humidity and comfort temperature for
the growth of spelt wheat plants in 2018 contributed to the formation of a
significantly larger number of cellulosolytic microorganisms in the earing stage
compared to the stem elogation one. In addition, in the milk stage, this figure did not
decrease significantly compared to the earing one. In 2017 and 2019, the number of
cellulosolytic microorganisms in the milk stage of grain was 9 and 20% lower,

respectively, compared to the earing one.



55

Wilks lambda=0.03851, F(48, 267.83)=7.4159, p=0.0000
Vertical bars denote 0.95 confidence intervals
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Fig. 4 The number of cellulosolytic microorganisms in the rhizosphere of

cereal crops, 10°/g of soil

The dynamics of the number of cellulosolytic microorganisms in the rhizosphere
of intermediate wheatgrass differed significantly from spelt wheat. In the first year of
plants growth of intermediate wheatgrass (2017), this figure was significantly lower
in stem elongation and earing stages. During the milk stage, it was at the level of soft
wheat, as the indicator of cellulosolytic microorganisms in the soil rhizosphere
decreased insignificantly. In the second and third years of intermediate wheatgrass
growing, the number of this group of microorganisms was significantly higher than
that of soft wheat. Thus, in the stem elongation stage, the number of cellulosolytic
microorganisms of the soil rhizosphere of intermediate wheatgrass was 14-77%, in
the earing stage 14-88, in the milk stage 13-97% higher compared to soft wheat
depending on the study year. It should be noted that the number of this group of

microorganisms was high during the growing season of intermediate wheatgrass
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compared to soft wheat. The number of cellulosolytic microorganisms of the soil

rhizosphere of intermediate wheatgrass in the earing stage was at the level of stem
elongation, because the decrease was insignificant. In the milk stage only in 2019, the
number of this group of microorganisms was significantly lower compared to the earing
one. Thus, it could be affirmed that the number of cellulosolytic microorganisms
significantly depended on the studied factors. It should be noted that there was a stronger
connection between A and B factors compared to C factor. Therefore, the interaction of
AC, AB and ABC was smaller compared to AB.

On average, the number of soil lumps overgrown with bacteria of the Azotobacter
genus of the rhizosphere of spelt wheat and intermediate wheatgrass was significantly
higher compared to soft wheat over three years of research (Fig. 5).

Wilks lambda=0.03851, F(48, 267.83)=7.4159, p=0.0000
Vertical bars denote 0.95 confidence intervals
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Fig. 5 The number of Azotobacter in the rhizosphere of cereal crops,
% of overgrown lumps of soil

The number of overgrown soil lumps by bacteria of the Azotobacter genus
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almost did not change from the plant development phase in the rhizosphere of all

cereal crops. The number of overgrown soil lumps of Azotobacter over the years of
research changed significantly depending on the amount of rainfall during the growth
of cereal crops. It should be noted that the number of overgrown soil lumps of this
group of microorganisms was the highest in the rhizosphere of intermediate
wheatgrass in 2018, 2019.

Reliable and strong influence of three factors on the number of overgrown lumps
of soil by bacteria of the Azotobacter genus was statistically confirmed (Fig. 6). The
interaction of the AC, BC and ABC factors was unreliable. It should be noted that
this indicator changed less compared to other ecological and trophic groups of

microorganisms.
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Fig. 6 The level of factors influence on the number of bacteria of the
Azotobacter genus in the rhizosphere of cereal crops: A — "species of cereal crop"”

factor, B — "year of study" factor

It should be noted that the number of studied microorganisms in the soil
rhizosphere of intermediate wheatgrass did not change significantly depending on the
variety.

Discussion. It is known [12] that the number, biomass and taxonomic structure
of the soil microbial complex depend on a number of factors. Lead-in of the soil into

the active land use leads to significant changes in these indicators.



58
A high dependence of the functional structure of the soil microbiocenosis and

the interaction between microorganisms of different groups on hydrothermal
conditions was established. Unfavourable hydrothermal conditions had a significant
effect on the functional structure of the chernozem microbiota, disturbing trophic
connections between physiological groups of microorganisms. A decrease in strength
or bonds breaking in the microbiocenosis was observed under elevated air
temperatures and lack of or excess moisture in the soil. The soil of the natural
ecosystem is characterized by balance and stability of the functional structure of the
microbiocenosis as to the action of hydrothermal factors. A less stable functional
structure of the soil microbiocenosis with a low number of connections and a high
degree of correlation and a simplified structure of the pleiads in unfavourable weather
conditions is specific for the agroecosystem [13]. It was obvious that the
improvement of moisture conditions during the vegetation period of the studied
crops, according to the results of our researches, contributed to the formation of a
higher number of ammonifying, nitrifying, cellulosolytic microorganisms in the
rhizosphere of cereal crops.

The influence of plants during the vegetation period on physiological processes
and the general activity of microorganisms in the soil was due to root secretions, as
well as due to the root system and terrestrial parts after extinction. In turn, the living
conditions and productivity of plants depended on the structure and physiological
activity of the complex of soil microorganisms [14]. In the studies of scientists [15],
the number of microorganisms that absorbed organic and mineral nitrogen of the soil
was the largest in the earing phase of winter wheat. It decreased in the following
phases of development of winter wheat plants. The amount of root secretions
depended on the growth of vegetative mass. This period in wheat was in the earing
phase. Therefore, the maximum number of microorganisms (ammonifying, nitrifying,
cellulosolytic) in the soil of the rhizosphere of soft wheat and spelt wheat was in the
earing phase. The greater number of which in spelt wheat was due to the higher
number of root secretions.

Intermediate wheatgrass in the first year of the vegetation period formed a small
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aboveground mass and root system. As a result, the number of root secretions was
probably smaller and as a result the number of microorganisms of different ecological
and trophic groups was the lowest. Intermediate wheatgrass plants formed a larger
root system, so the number of ammonifying, nitrifying, cellulosolytic microorganisms
was the highest compared to soft wheat after the first year of the vegetation period.
This was confirmed by the results of researches by other scientists [16].

Conclusions. The formation of rhizoshere microbiota of spelt wheat and
intermediate wheatgrass was first analyzed under the conditions of the Right-Bank
forest-steppe of Ukraine. The number of main groups of microorganisms in the
rhizosphere of these crops has been found to be significantly different from that of soft
wheat. In the soil rhizosphere of spelt wheat, significantly more ammonifying and
cellulosolytic microorganisms are formed compared to soft wheat. The conducted
studies indicate the feasibility of growing and use of spelt wheat in breeding programs
to create varieties of soft wheat with higher microbiological activity. The total count of
nitrifying and the number of soil Iumps covered with bacteria of Azotobacter genus did
not change compared to soft wheat.

The microbiota of the rhizosphere of intermediate wheatgrass reached the
maximum development in the second year of cultivation. The number of ammonifying,
nitrifying and cellulosolytic microorganisms of soil rhizosphere of intermediate
wheatgrass was significantly higher compared to soft wheat during all growth stages. The
microbiota number of the rhizosphere of intermediate wheatgrass in the 2-3 year of
cultivation was more resistant to adverse environmental factors compared to soft wheat.
The soil microbiota of the rhizosphere did not change much depending on the phase of
plant development during the vegetation period of cereal crops (spelt wheat, intermediate
wheatgrass). The conducted statistical analysis showed that the influence of "species of
cereal crop" and "year of study" factors had the greatest impact on the number of
ammonifying, nitrifying and cellulosolytic microorganisms. The conducted studies
confirm the practical application of intermediate wheatgrass to preserve and increase
soil fertility. Intermediate wheatgrass can be grown for up to three years in one field,

as microbiological activity reaches its maximum development.
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5. INTRODUCING PERENNIAL GRAIN IN GRAIN CROPS

ROTATION: THE ROLE OF ROOTING PATTERN IN SOIL QUALITY
MANAGEMENT (O. Duchene, F. Celette et al., 2020)

The recent development of perennial grain breeding programs has highlighted
the value of the wheat wild-relative ‘intermediate wheatgrass’ (Thinopyrum
intermedium (Host) Barkworth & D.R. Dewey to support the transition to
multifunctional agroecological systems. In addition to its ability to produce an
interesting forage-grain dual income, its regrowth capacity for several years would
achieve substantial production at minimal soil and environmental costs. In contrast to
the recurrent use of annual crops, the use of intermediate wheatgrass has been
suggested to sustain soil fertility through the development of an extensive root system
beneficial to a range of soil functions. The extended lifetime of perennial grains
improves the capacity to access soil resources. through higher colonization of deep
soil horizons and increased resource allocation towards belowground plant growth.
The use of perennial crops is likely to have a range of effects on ecosystem processes
and the provision of ecosystem services due to the large differences in plant traits
between annuals and perennials. These includes the promotion of the soil organic
carbon pool, better retention of nutrients, higher water storage capacity and uptakes,
improved soil stabilization and aggregation, lower soil disturbance, and a shift of soil
microbial communities (O. Duchene, F. Celette et al., 2020).

Greater investment in belowground biomasswith intermediatewheatgrass has
been demonstrated several times, including greater root carbon and nitrogen content,
and was associated with benefits observed on leaching reduction and enhanced soil
microbiota. In spite of the increasing literature on perennial grains and intermediate
wheatgrass, studies have not thoroughly investigated issues associated with rooting
patterns. Data on intermediate wheatgrass often involve aging stands (>two years old)
rather than new plantings (<two years old). Compared to long-term grasslands, the
integration of a perennial grain into grain crop rotation may be potentially

implemented over a short timeframe (2 to 3 years as a maximum). This would likely
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lead to a smaller impact on soil processes and properties. Therefore, it remains

uncertain if the short-term use of a perennial grain can effectively enable increased
belowground productivity, influence soil microbiology, or allow the establishment of
root-microbe symbiosis, which are needed to confer the benefits of intermediate
wheatgrass on the soil. The value of integrating a perennial phase within a grain crop
rotation is then strongly dependent on the rapidity of rooting system development and
its capacity to sustain soil services.

The amount and timing of these benefits are currently the cornerstone to ensure
desirable and profitable use of intermediate wheatgrass, especially as grain yields are
much lower compared to annual counterparts and might counteract the potential
benefits to the soil. The dynamic of perennial rooting systems in cropping systems is
therefore critical to designing the ‘safe operating space’ that takes advantage of a
maximum services while limiting drawbacks from disservices (e.g., grain yields
penalties).

In studying rooting systems, morphological root traits (e.g., specific length,
length density, tissue density, diameter, vertical distribution) are used and recognized
as good indicators of plant—soil processes (e.g., exudation, water and nutrients
uptakes, tissue decomposability) and are useful in discussing the ecosystem services
likely to be provided by plant communities (e.g., soil aggregation, water retention,
carbon storage) (Figure 1). Complementarily, soil microbial indicators have been
used to inform about soil-root interactions. Microbial biomass, community structure
and catabolic diversity are particularly used to investigate carbon and nitrogen cycles
and used as proxies for inputs of litter and root-derived compounds to soil.
Mycorrhizal fungi are beneficial root symbionts that participate in root system

functioning and impact the soil through its hyphal network.
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Figure 1. Influence of root traits and microbial indicators on soil ecosystem processes.

Here, we investigated root system development and changes in root traits of
young stands of intermediate wheatgrass, from establishment to the next cropping
season, comparing them to a continual annual grains crop rotation, to assess the
potential to improve soil components within a limited period after establishment. We
determined how rooting pattern, early root development, and a range of root traits
differ in perennial and annual crops, in the topsoil to deeper soil layers.

We further tested the impact of root systems on soil microbial communities,
including arbuscular mycorrhiza, through the evaluation of microbial indicators.
More specifically, we hypothesized that intermediate wheatgrass would demonstrate,
first, a denser and deeper rooting pattern as compared to annual grains, indicating
higher belowground investments. Additionally, under young perennial plants there
would already be an increase in microbial organism groups, indicating an

improvement in soil functioning (O. Duchene, F. Celette et al., 2020).
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Higher root biomasswas observed under the perennial grain compared to

annualwheat at 0—10 cm depth in June 2018 (first spring) (Figure 2). Perennial root
expansion was observed during the regrowth period, with higher total root biomass
compared to the values observed during first spring. Overall, between the end of the
first and second spring growing seasons, perennial above and belowground biomass
increased by 52% and 111%, respectively. Consequently, root biomass was higher
under the perennial treatment in each soil layer, leading to more than three-fold

higher total root biomass (5.3 tonnes more of dry roots hectare).
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Figure 2. Mean root dry biomass (a) and aboveground dry biomass (b) measured under annual and
perennials grains during two crop seasons. Statistical differences (post hoc analyses) between annual
and perennial grains are indicated by Y. Error bars indicate standard errors, from 0 to 100 cm depth.

The % of soil colonized by roots (Figure 3a) and % of total root in each soil
depth (Figure 3b) observed in the second spring growing season both indicated a
significant effect of crop treatment. Except for the topsoil layer (0-10 cm), all soil
layers had significantly higher colonization under perennial grain cultivation. The
perennial root system showed a thorough soil colonization until 60cm, with 96 and
83% of colonized soil for the 10-30 and 30-60 cm soil layers, respectively, whereas
the annual root system showed only 62 and 54% of soil colonized soil for the same

layers. Similarly, for thedeeper soil layers of 60—100, 100130 and 130-160 cm, the
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perennial root system colonized as much as 66, 58 and 54% of the observed soil
profile, respectively, whereas the annual root system showed relatively low soil
colonization of 35, 27 and 14%, respectively, at these depths. The maximum rooting
depth of annual grain (141.5 cm — 6.8 SE) was less than that of the perennial grain,
where the maximum rooting depth was >160cm in each soil profile replicate. The
root vertical distribution indicates that the perennial root system showed a more even
distribution as compared to the annual root system (Figure 3b). The annual root
system had a stronger preferential allocation of annual roots in upper soil layers (on
average, 68% of the annual root system is found between 0 and 60 cm, while it is
only 47% for the perennial root system). In contrast, as much as 30% of the perennial
root system was found in the deeper soil layers (100-160 cm), as compared to only

16% for the annual grains (O. Duchene, F. Celette et al., 2020).
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Figure 3. Mean root colonization of the soil profile observed at the second crop season, under
intermediate wheatgrass and annual winter rye. Standard errors are represented by error bars.
Statistical differences (post hoc analyses) between annual and perennial grains are indicated by a.

Specific root length (SRL), mean root diameter (RD) and root tissue density
(RTD) all demonstrate the different rooting patterns between the annual and perennial
grains, where annuals have higher SRL (Figure 4a) but a lower RD and RTD (Figure
4b,c). In general, SRL increased and RD and RTD decreased with soil depth. In
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comparison to SRL, RD and RTD, the root length density (RLD) is associated to a

given volume of soil. Significant differences between annual and perennial grains
were mainly observed in the second year (Figure 4d), as the higher RLD under the
perennial grain (from 10 to 100 cm) was associated with increased root biomass
(Figure 2). RLD was higher for each crop in the 0—10 cm soil layer due to the highest
concentration of roots in the top layer (Figure 2). Differences between annual and
perennial grains through volume-based root measures (root biomass, RLD) were
associated with perennial growth duration (establishment-regrowth), while single

root traits are associated with annual-perennial crop type, independent of growth.
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Bacterial markers did not respond to the crop treatment (Figure 5a), while both
the overall fungal markers (Figure 5b) and AMF markers did (Figure 5c,d). Fungal
markers, including AMF, at 0-10 cm depth were higher under the perennial treatment
in both first and second spring samplings compared to the annual crops, winter wheat

and winter rye, respectively (Figure 5b—d).
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Figure 5. The PLFA and NLFA markers in annual wheat and intermediate wheatgrass, and between
annual rye and the intermediate wheatgrass during the first and second growing seasons. Statistical
differences (post hoc analyses) between annual and perennial grains are indicated by Y. Error bars
indicate standard errors, from 0 to 100 cm depth.
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Figure 6. NLFA to PLFA marker ratio indicating (AMF). Statistical differences (post hoc analyses) are
illustrated by A.

The abundance of AMF N-marker was higher for each soil layer from 0 to 100
cm depth in the second spring, showing five times greater abundance compared to the
annual winter rye. The ratio between the two AMF markers (N-to P-marker) was
significantly higher than the annual crop in all soil layers under intermediate

wheatgrass in the second experimental year and in the deepest soil layer (60—100 cm)
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in the first experimental year (Figure 6). The ratio between the two markers generally

increased with soil depth (p-value < 0.001) (O. Duchene, F. Celette et al., 2020).
Compared to annual crops, and within two years after establishment, stands of
intermediate wheatgrass showed a denser and deeper rooting system profile. This
highlights how perennial grains allocate more assimilates to belowground parts. Total
root biomass produced by intermediate wheatgrass after two years was higher than
the sum of the root biomass produced by both annual crops during the two growing
seasons. Furthermore, the dense and deep root system observed with intermediate
wheatgrass demonstrates the ability of the perennial grain to explore the entire soil
profile and subsoil layers, permitting access to greater amounts of soil resources and
suggesting a potential impact of its root functioning on a larger volume of soil.
Intermediate wheatgrass was able to produce higher amounts of root biomass in the
topsoil layer by the first spring, and then in the entire soil profile during the following
growing season including the fall period, as compared to the annual grains succession

(O. Duchene, F. Celette et al., 2020).
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