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Abstract
Phytosanitary optimization of agroecosystems targeted to control harmful arthropods and
plant pathogens should use a complex of multifunctional biologics based on microbial antagonists of
pathogens, producers of bioactive substances and entomopathogens (V.D. Nadykta et al., 2010;
Rohini et al.; 2016, M. Ghorbanpour et al., 2017). The most promising microbial strains for plant
protection are those possessing not only a direct target effect but also the ability to increase plant
disease resistance due to phytoregulatory activity (I.I. Novikova, 2016). The holistic concept of microbiological protection involves the development and use of biological products based on living
cultures of entomopathogenic microorganisms and antagonistic microbes with preventive and prolonged action, as well as formulations based on metabolite complexes to quickly reduce the density
of phytopathogen populations (I.I. Novikova et al., 2016). Developing multifunctional biological
products for plant protection is based on technological strains with high biological activity that are
safe for humans and warm-blooded animals. It has been shown that the role of entomopathogenic
viruses, microsporidia, bacteria and fungi in the dynamics of the number of phytophagous insects is
determined by the type of pathogenesis (obligate or facultative). In case of intracellular obligate parasitism of baculoviruses and microsporidia, mass epizootics were observed in unpaired silkworms
(Lymantria dispar Linnaeus), leafworms (family Tortricidae Latreille), cabbage whitewash (Pieris
brassicae Linnaeus), meadow and corn moths (Loxostege sticticalis Linnaeus, Ostrinia nubilalis Hübner), ginger pine (Neodiprion sertifer Geoffroy) and black bread (Cephus pygmeus Linnaeus) sawflies,
Siberian silkworm (Dendrolimus sibiricus Tschetverikov), cotton (Helicoverpa armigera Hübner) and
gray grain scoops (Apamea anceps Denis & Schiffermüller) (I.V. Issy, 1986; A. Vey et al., 1989;
A.N. Frolov et al., 2008; V.A. Pavlyushin et al., 2013). The regulatory role of Entomophthora infection is most pronounced in various species of aphids and some species of locusts (G.R. Lednev et al.,
2013). For facultative parasitism which is characteristic of entomopathogenic fungi of genera Beauveria, Metarhizium, Lecanicillium, etc. (E. Quessada-Moraga et al., 2004), as well as bacteria of Bacillus thuringiensis group (N.V. Kandybin, 1989) and genus Xenorhabdus members, the most important factor of virulence is toxigenicity against host insects (M. Faria et al., 2007). Hydrolytic enzymes (chitinases, lipases, proteases), toxins, and antiphagocytic defense are factors of entomopathogenic fungi virulence. Microbiological protection of plants from diseases is based on the use of highly
competitive strains that synthesize complexes of hydrolases and biologically active compounds and
efficiently colonize suitable ecological niches (I.V. Maksimov et al., 2015; I.I. Novikova, 2016; I.I.
Novikova et al., 2016). A number of active compounds produced by rhizosphere microorganisms
possess elicitor activity and trigger induced resistance (J.W. Kloepper et al., 2009; N. Ohkama-Ohtsu
et al., 2010). The effectiveness of biologicals developed at the All-Russian Research Institute of Plant
Protection against the main harmful diseases of crops reaches 60-90%, which provides a 20-25 %
increase in productivity and improves the quality of crop production (I.I. Novikova, 2017). The
plant microbiological protection concept relies on the search for promising producers of novel
biologicals among wider range of microbial species and strains, on the design of new formulations
optimal in specific environmental conditions, and on biological plant protection and integrated
plant protection management which combines biological products for various purposes depending

421

on the specific complex of plant pathogens and the local phytosanitary situation in general
(N.A. Belyakova et al., 2013).
Keywords: biologicals, bio-effectiveness, entomopathogenic microorganisms, antagonist microbes, harmful arthropods, plant pathogenic fungi, plant pathogenic bacteria, usable pesticides,
bioactive complexes, elicitors

Phytosanitary optimization of agroecosystems via use of ecologically lowhazard products for plant protection can effectively improve crop production and
quality to solve the pressing problems worldwide. The environmental effects, resource and energy efficiency of agro-technologies which provide optimized conditions for useful organisms and increase the stability of agrobiocenoses are the main
indicators of the adaptability and efficiency of agriculture [1-3]. In the last decade,
the strategy and tactics of phytosanitary optimization with environmentally lowhazard plant protection products and innovative technologies for their application
have been significantly rethought. The general concept of plant protection as a
scientific discipline is the construction of intensive and ecologically sustainable
agroecosystems based on the optimization of trophic connections and other mechanisms of biocenotic regulation.
Here, we aimed to characterize the state and current trends in the development of microbiological plant protection in the Russian Federation and
abroad based on fundamental and applied research data.
At present, anthropogenic impact results in a deep transformation of the
structure and functional patterns of various types of agroecosystems [4, 5]. In
agrobiocenoses, as monodominant systems, there is an increase in the population
density and harmfulness of a number of plant pathogens, harmful arthropods and
weeds with intensive formation of groups of dominant and superdominant species. Cases of their mass reproduction occur more and more frequently, zones of
severity expand, and microevolution within populations is activated. Along with
a general decrease in the diversity of biological communities, these factors worsen the phytosanitary state of crops, leading to a global problem.
The higher human impact inevitably leads to significant changes in the
pedosphere which ensures transformation of photosynthetically assimilated atmospheric carbon during the carbon cycle in the biosphere. In particular, the main
soil functions (matter and energy transformation, the role of a protective and buffer biogeocenotic barrier, sanitary function) become wane [6, 7]. Low amount
of organic fertilizers, crop rotation neglect and monoculture practice speed up
soil dehumification, depletion of soil microbiocenoses, a decrease in natural
soil suppressivity, and the accumulation of soil infectious agents. These weaken
the sustainability of agroecosystems self-regulation and cause phytosanitary destabilization.
Plants are the core of complex biogeocenotic consortia which comprise
various groups of heterotrophs, including plant pathogens and pests, as well as
their antagonists and hyperparasites. The biocenotic process which involves organisms of each trophic level determines stability and phytosanitary well-being of
agroecosystems. Biocenotic principles of microbiological plant protection are the
essence of a bioprotection approach, and biodiversity of multifunctional microbial entomopathogens, antagonists and hyperparasites is, in turn, a cornerstone
of the microbe-based protection methods. Phytophagous insects significantly affect phytosanitary state of agroecosystems. Among 80 insect species that reduce
crop yield and quality, there are super dominants in a state of ecological explosion with a significant spatial expansion and rising harmfulness, e.g. locust beetles (family Acridoidea MacLeay), pest bug (Eurygaster integriceps Puton), Colorado potato beetle (Leptinotarsa decemlineata Say), meadow moth (Loxostege
sticticalis Linnaeus), cotton moth (Helicoverpa armigera Hübner), cereal ground
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(Zabrus tenebrioides Goeze) etc. Plant protection against harmful insects requires
more chemical treatments, which led to the appearance in Russia of about 40
resistant populations of phytophagous insects. Entomopathogenic microorganisms (viruses, microsporidia, bacteria, fungi, nematodes) play a significant role in
the dynamics of insect populations, causing massive epizootics of insect hosts or
a decrease in the number of pests (mostly during overwintering) by 15-30%. For
example, entomophthora of the Italian locust (Calliptamus italicus Linnaeus),
migratory locust (Locusta migratoria Linnaeus) and pea aphid (Acyrthosiphon pisum Harris) affects up to 100% of the population. The regularly occurring microsporidiosis of cabbage butterfly (Pieris brassicae Linnaeus) has practically led to
its elimination in the northwestern region of the Russian Federation, and no
harmfulness has yet been observed [8, 9]. However, low incidence of epizooties
and the limited number of species of the obligate entomopathogens do not allow
us to rely on their constant and stable sanitary effect while biologicals based on
selected highly virulent and technologically advanced producer strains can provide effective protection against phytophagous insects in agrocenoses [10, 11].
Fundamental research (All-Russian Research Institute of Plant Protection — VIZR, Institute of Systematics and Ecology of Animals SB RAS, AllRussian Research Institute of Agricultural Microbiology, All-Russian Research
Institute of Biological Plant Protection) made it possible to advance in understanding the mechanisms of pathogenesis when insects are infected by entomopathogenic viruses, microsporidia, and micromycetes. The investigations have
established the role of hydrolytic enzymes (chitinases, lipases, proteases), toxins,
and antiphagocytic defense factors in the virulence of entomopathogenic fungi
(Beauveria bassiana, Metharrizium anisopliae, Verticillium lecanii) upon insect
infestation [10, 11]. Virulence in fungi is of a polydeterminant nature, including
the ability of spores to germinate on the cuticle of the host insect, the activity of
the formation of enzymes that ensure the penetration of the pathogen through the
cuticle, the rate of accumulation of fungal biomass in the body cavity, and the
synthesis of toxins. Genetic improvement of strains in virulence is based on the
specified set of traits.
The role of entomopathogens in the dynamics of phytophagous insect
populations is determined by the host-parasite relationships. Ultimately, the type
of pathogenesis (obligate or facultative) determines whether the abundance of insect pests is regulated, or the usual decrease in the population density of phytophages occurs. In case of intracellular obligate parasitism of baculoviruses and
microsporidia, which are well adapted for survival in the external environment
with subsequent constant persistence in natural populations of insects, there is a
high incidence of epizootics in the gypsy moth (Lymantria dispar Linnaeus),
leafworms (Tortricidae Latreille), cabbage white (P. brassicae), meadow moth
(Loxostege sticticalis Linnaeus), and corn moth (Ostrinia nubilalis Hübner) [1214]. Mass viral epizootics were noted in red pine and black-yellow sawflies, Siberian silkworms, cotton and gray grain moths [11].
Entomophthora fungi which are obligate pathogens of insects penetrate into the host's body through the cuticle and parasitize in organs and tissues without
penetration into cells with pathogenesis duration up to 14 days. The regulating
role of entomophtoras is mostly manifested against various aphids (pea aphid
A. pisum) and some species of locusts: the Italian locust (C. italicus), Moroccan locust (Dociostaurus maroccanus Thunberg), and migratory locust (L. migratoria). A distinctive feature of the relationship between the host and the
parasite in obligate parasitism is the absence of pronounced symptoms of toxicosis in insects, which indicates a low synthesis of toxins in upon viral, microsporidia, and entomophthora infections [12-14].
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Under facultative parasitism, which is characteristic of entomopathogenic fungi from the genera Beauveria, Metarhizium, Lecanicillium, Conidiobolus and
Isaria, Bacillus thuringiensis bacteria and the genus Xenorhabdus representatives,
the most important factor of virulence is toxigenicity towards insect hosts. Most
of the entomopathogenic fungi (B. bassiana, M. anisopliae, L. muscarium, and
Conidiobolus obscurus) enter the body of host insects through the cuticle or spiracles, with germ hyphae secreting proteases, lipases, and chitinases to accelerate
degradation of the integument. In the body of diseased insects, hyphae bodies
and the embryonic mycelium appear, and the produced toxins accelerate pathogenesis and death of the host. The toxins of these fungi are low molecular weight
cyclic peptides [15], organic acids, glycoproteins, and other metabolites. The
causative agents of muscardinosis produce bovericin, boverolid, warfarin and
piridoverin. It was shown that bassiacridin the B. bassiana toxin, is highly active
against larvae of the migratory locust (L. migratoria). Noted that the pathogenesis in larvae is accompanied by intense tissue melanization, and phagocytic defense is not effective, since when granulomas appear, fungal elements produce
growing hyphae from cell aggregations [16].
The pathogenic effect of the gram-positive spore-forming soil bacterium B.
thuringiensis (Bt), whose host insect range reaches hundreds of species, has been
studied in detail. During oral infection, under the influence of proteases in the
insect intestine, the lysis of the protein crystal and the activation of protoxin occur, which leads to the death of the host [17]. It is characteristic that in bacteriosis, the biotrophic phase is practically not observed, and the main accumulation of
bacterial cells in the host’s body occurs postmortem. Protein -endotoxins, which
are encoded by cry and cyt genes located on the Bt plasmids, play the main role in
the toxigenicity of the Bt group. More than 100 genes of Bt β-endotoxins are
known [18]. Other entomotoxins, namely -, - and -exotoxins, are also involved in the Bt virulence [18].
Bt-based commercial biologics provide the bulk of microbiological plant
protection against phytophagous insects. At present, a total of 171 mycoinsecticidal biologicals based on B. bassiana, M. anisopliae, Isaria fumosorosea, and L.
muscarium strains have been developed, of which 75% are worldwide marketable
[19, 20]. The formulations based on selected strains of entomopathogenic fungi of
genus Lecanicillium, affecting sucking insects (greenhouse whitefly Trialeurodes
vaporariorum Westwood), aphids (Aphidoidea Latreille), etc., are suggested (a totola of 20 biological products). Experimental batches of Verticillin M (FGBNU
VIZR, Russia) based on a toxigenic strain of Lecanicillium muscarium were effective in protecting greenhouse crops against whiteflies (Aleyrodidae Westwood),
aphids (Aphidoidea Latreille), thrips (Thripuidae Stevens), and tetranium ticks [20].
In modern plant protection technologies, special attention is paid to bioinsecticides based on microbial metabolites [21, 22]. Russian actinomycete-based
preparations Fitoverm®, EC (LLC NBTs Farmbiomed, Russia) and Agrovertin
(new name Akarin; CJSC Agrovetservice, Russia) contain avermectins, a natural
macrolide compounds, insecticidal preparation SpinTor™ (Dow AgroSciences
Vertriebsgesellschaft mbH, Austria) is based on spinosad which contains macrocyclic lactones of the spinosyn group in the active complex [23, 24]. Streptozonin, ossamycin, and deoxyossamycin are the actinomycetes-based preparations
with spiroketal macrolides as an active ingredient, which are highly effective
against insect and mite pests [25]. Among the widely known microbial insectoacaricides, it is worth noting a group of milbemycins [25], similar in properties
to avermectins, and niccomycin, a specific inhibitor of chitin synthesis [26]. For
a success of the antiresistant plant protection program, and given the characteristics of entomophages, the main biocontrol agents, the means for plant protec424

tion should include a wide range of biologicals with active ingredients of different nature, which are effective, environmentally friendly and entomophages
compatible. Therefore, the search continues for new microbial strains that produce metabolites with a wide spectrum of insectoacaricidal action.
The search for insecticidal streptomycetes in soils of different climatic
zones allows for a more targeted identification and selection of strains to develop
more specialized biologicals [27]. Particularly, the soils from India, China, Egypt,
Vietnam, Ukraine and Western Siberia have been surveyed. Our long-term studies
have shown the maximum biodiversity of insectoacaricide producers in chernozem and sod-podzolic uncultivated soils of Western Siberia [28]. In the State Collection of Microorganisms Pathogenic for Plants and Their Pests (GCM VIZR,
Russia) (WFCC WDCM No. 760, http://www.ckp-rf.ru/usu/200616/), there are
over 1000 actinomycetes strains as potential producers of bioactive substances
(BAS) of various chemical nature.
The VIZR model of microbial stepwise screening on a wide range of
test insects and ticks has been used to develop a number of biological products not affecting warm-blooded animals and humans and compatible with
entomophages. In the conditions of the Leningrad region, in Tajikistan,
Belarus and Georgia, experimental batches of Streptomyces aurantiacus 0775based biological Aleucid [28], with 9-dimethyl-piericidin as an active ingredient, showed high efficiency against harmful sucking arthropods, in particular
in all life stages of the greenhouse whitefly (T. vaporariorum). Test batches of
the Indocid based on Streptomyces loidensis P-56 strain from the India soils
are active against various aphids (Aphididae Latreille), thrips (Thripidae Stevens), and common spider mite (Tetranychus urticae C.L. Koch). The insecticidal products of the strain are depsipeptides of the ostreogricin type. For
test batches of Gerben, a S. herbaricolor S-100 strain-based biological developed at VIZR, the death rates of melon aphids (Aphis gossypii Glover), peach
aphids (Myzodes persicae Sulz.), spotted greenhouse aphids (Neomyzus circumflexus Buckton), legume aphids (Aphis fabae Scopoli), pea aphids (A. pisum) aphids, and common spider mite (T. urticae) reached 60-100% [28, 29].
The beneficial microorganisms of the rhizo- and phyllosphere are in
constant and dynamic associative relationships with plants [30]. Bacteria from
the genera Pseudomonas, Bacillus, Streptomyces, and Serratia are of the greatest
importance for the biocontrol of plant pathogenic species [31-33]. The mechanisms of microbial-plant interactions resulting in the suppression of plant pathogen populations are complex and diverse [34-36]. Plant protection involves the
use of highly competitive microbial strains that can synthesize complexes of hydrolases and bioactive compounds and effectively colonize appropriate ecological
niches [37-39]. Many compounds produced by rhizosphere microorganisms possess elicitor activity and can trigger mechanisms of induced resistance [40-42].
The synthesis of various antibiotics classes (peptides, macrolides, polyene
compounds, aminoglycosides, etc.) is of paramount importance for bioactivity of
microbial antagonists of plant pathogens [43]. Antibiotics can disrupt the synthesis of proteins and cell wall components, leading to membrane dysfunction, and
inhibit oxidase activity. E.g., phenazine produced by Pseudomonas strains inhibits
growth of Fusarium oxysporum and Gaeumannomyces graminis, affecting the redox potential in fungal cells, and 2,4-diacetylphloroglucinol inhibits germination
of Pythium spp. zoospores due to membrane lysis [43]. Metabolites of Bacillus
strains (proteins, peptide and polyene antibiotics, cyclic lipopeptides, phenolic
compounds, and cyanide) are active against gram-negative and gram-positive
bacteria, as well as various plant pathogenic fungi (Fusarium, Alternaria, Drechlera, Colletotrichum, Verticillium, Phoma, Phomopsis, Sclerotinia, Puccinia, etc.)
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[43, 44]. Chitinases, glucanases, proteases, and lipases, which lyse cell walls of
plant pathogenic micromycetes and cause degradation of their effector molecules, mainly peptides, are essential for the antagonistic mechanisms [45]. Micromycetes Trichoderma spp. synthesizing rich hydrolase complexes occupy a
special position as producers of polyfunctional biofungicides. Together with high
hyperparasitic, antagonistic activity and suppression of plant pathogenic soil micromycetes (due to produced antibiotics and enzymes), they increase plant disease resistance, have a phytoregulatory effect, improve nitrogen utilization via
stimulation of Azotobacter and nodule bacteria. It should be noted that Trichoderma strains are involved in the decomposition of complex organic polymers,
enriching the soil with nutrients available to plants [45].
The ability of beneficial microorganisms of the rhizo- and phyllosphere
to synthesize metabolites with hormonal and signaling functions that affect plant
growth and resistance is essential for ensuring a comprehensive protective effect.
Among the discovered natural growth regulators are abscisic (ABA), jasmonic
and salicylic acids, cytokinins, gibberellins, and auxins [46-48]. It has been
shown that many bacterial strains of Azospirillium, Pseudomonas, Bacillus, etc.
can synthesize auxins that activate plant root growth, which allows plants to accelerately pass through the phases sensitive to infection [49-51]. Bacillus strains
are capable of producing gibberellins [52]. Members of Bacillus, Rhizobium,
Arthtrobacter, Azotobacter, Azospirilium, and Pseudomonas genera produce cytokinins. Inoculation of plants with cytokinin-producing B. subtilis strains leads to
a significant increase in the content of chlorophyll and cytokinins, as a result of
which the root biomass and the aerial part increase [53]. Representatives of Bacillus, Pseudomonas, Azospirillum, Brevibacterium, and Lysinibacillus genera show
the ability to produce ABA. In other words, beneficial microbiota can optimize
the endogenous hormonal balance of plants [54-56].
Proper mineral nutrition is essential to increase plant disease resistance
and provide diseases control. Many rhizosphere microorganisms can solubilize
phosphates due to certain metabolites, e.g. organic acids and phosphatases [56-59].
The role of plants in plant-microbial interactions is also active [60, 61]. It should
be especially noted that bioactive substances synthesized by microorganisms have
elicitor properties and activate the mechanisms of systemic induced resistance in
plants [62, 63].
Many bacterial determinants (MAMPs, microbe-associated molecular
patterns), in particular antibiotics, siderophores, hormone metabolites, biosurfactants, lipopolysaccharides, flagellin, and volatile organic compounds, induce defense reactions in plants [59, 60].
The biosurfactants produced by Pseudomonas and Bacillus bacteria are
cyclic lipopeptides of three families, iturins, surfactins, and fengicins. By decreasing the surface tension coefficient of water and forming gels, they increase
the availability of hardly soluble hydrophobic compounds for roots [64, 65].
Microbial lipopeptides, due to biofilms formed on the surface of rhizoplane,
protect plants against pathogen invasions and bacterial cells from unfavorable
environmental factors. As biofilms can change the permeability or destroy the
structure of the cytoplasmic membrane by binding to the lipid bilayer, fengicins and iturins possess antifungal activity, and surfactins exhibit antiviral, antimycoplasmic, and antibacterial properties [66, 67]. Fengicin and iturin form
pores in the membrane, while surfactin dissolves it [68, 69]. Surfactin and fengicin stimulate synthesis of secondary metabolites with an increase in the activity of enzymes of lipoxygenase pathway that results in elicitor activity [70]. It
has been shown that the Pseudomonas strains are capable of forming lipopeptides of four families, amphysines, syringomycins, tolaazines, and viscosines.
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Massitolide A from the viscosine group produced by P. fluorescens SS101 exhibits direct antagonism towards Phytophthora infestans and induces disease
resistance in tomato plants [71].
The main mechanism of action of siderophores is the competition for
Fe3+ between beneficial rhizosphere microorganisms and plant pathogens. However, it has been also shown that siderophores can induce resistance in plants
[72]. Pseudobacins produced by Bacillus sp. SLS18 can suppress F. oxysporum in
iron-poor soils, by P. putida WCS 358 can inhibit Ralstonia solanacearum on
eucalyptus plants, by B. cinerea on tomato plants, and by Erwinia carotovora on
tobacco plants [73]. In contrast, strains that did not produce pseudobacin
failed to induce plant resistance to systemic diseases. Pseudobacin of
P. fluorescens WCS 374 induced systemic resistance against rice blast caused by
ascomycete Magnaporthe oryzae due to activating synthesis of phenolic compounds and Н2О2 in the epidermis and strengthening the plant cell wall in the
infected zone [74].
Thus, to date, a diverse set of information has been accumulated on the
physiological, biochemical and ecological characteristics of microorganisms inhabiting the rhizo- and phyllosphere, as well as the mechanisms of their antagonistic activity [75, 76].
Fundamental research determines strategy to select beneficial microorganisms, and to develop technologies for manufacturing formulations of biologicals
that provide a protective effect, increase yields and improve product quality. The
researchers of the All-Russian Research Institute of Plant Protection have proposed an original paradigm of crop protection given multifactorial nature and diversity of the target objects upon a long-term phytosanitary destabilization. The
paradigm is based on the on the harmful species dynamics control, crop immunity, and selective and multifunctional biologicals, given the regularities of the parasitocenoses functioning and plant-microbial communities [77]. It is applicable for
intensive crop production, greenhouses and organic farming conditions. This is a
continuation of the research on microbiological plant protection, entomology,
phytopathology and mycology conducted in the VIZR since the 1930s and initiated by the researchers of leading Leningrad and Moscow scientific schools
(E.N. Pavlovsky, G. Ya. Bei-Bienko, A.V. Znamensky, I.V. Vasilev, N.F. Meyer,
L.S. Zimin, A.A. Yachevsky, N.A. Naumov, K.M. Stepanov, M.S. Dunin,
V.P. Pospelov). Long-term studies have substantiated the prospects of using antagonistic microbes and entomopathogenic species to control populations of
plant pathogens and harmful arthropods in agroecosystems [78]. As a result,
conceptual approaches to the creation and use of two types of multifunctional
biological products have been developed. The first group of the preparations provides direct suppression of the reproduction of plant pathogens, while the second
group increases plants resistance and improve plant physiological state. Biologicals derived from living microorganism have preventive and prolonged effect and
are the strategic mainstay of microbiocontrol, while those based on active metabolite complexes can be used tactically to quickly suppress actively propagating
species, for example, powdery mildew and rust fungi. The development of such
multifunctional products involved the use of strains that are technologically
advanced and safe for warm-blooded animals and humans, with high and
complex activity, i.e. bactericidal, fungicidal, antiviral properties, plant growth
regulation, virulence, and toxicity [78]. Promising strains should have high
ecological plasticity, competitiveness, and the ability to synthesize a set of substances with high target effects. The adaptability should also be regarded,
namely the ability of the strain to utilize available and cheap substrates, resistance to drying and concentration methods, prolonged targeted activity and
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viability in different formulations.
Ecological plasticity and high adaptability allow strains to effectively restrain an increase in the density of plant pathogen populations for a long time.
Golovlev [79] introduced the concept of “ecological tactics” of microorganisms,
that is, ways of responding to changes in environmental conditions and types of
behavior in the same environment, the number of which can be very large. A
microorganism’s strategy is environmental tactics combination. Ecologically plastic species of the genera Streptomyces and Bacillus which dominate in various soil
ecosystems (chernozems, gray forest soils, salt marshes, etc.) play a significant role
in ensuring the dynamic stability of soil microbiocenoses [79]. Bacillus strains in
an optimal habitat show growth parameters characteristic of r-strategists. On the
contrary, under unfavorable conditions they form endogenous spores, like Lstrategists. In addition, in microbial saturated rhizo- and phylloplanes communities, bacilli exhibit the K strategy. Actinomycetes can also show a mixture of K
and L strategies. In our opinion, it is bacilli and actinomycetes of some genera
that are most promising for introduction into agroecosystems for a long-term
control of plant pathogens.
Polyfunctionality of microbial producers is due to substances with various target bioactivities produced as a result of strict natural selection during evolution of soil-living microorganisms under the habitat saturation. The concept of
“phenotype metastability” by Golovlev [80] implies phenotypic variability within
the framework of a constant genotype, which can be considered as a way of adaptation to a changing environment and the result of a specific form of natural
selection under these conditions. Phenotype metastability emerged evolutionarily
as a way of species stabilization rather than the generation of diversity and further divergence [80]. The species capable of forming a wide range of secondary
metabolites are the most competitive during adaptogenesis. For the development
of multifunctional biological products, it is these species and strains that are of
greatest interest.
Bacillus and Streptomyces strains are widely used in biotechnologies due
to diversity of metabolic processes and low pathogenicity. Bacilli and streptomycetes are well suited for biotechnologies of manufacturing biologicals and to the
greatest extent meet the requirements for strains to be introduced into agrobiocenosis for biocontrol of plant pathogens. Bacillus strains are one of the most
diverse and widespread groups of microorganisms [33, 35, 37]. They synthesize a
variety of bioactive substances, mainly of a protein nature, which are important
in the induction of plant disease resistance [36, 38]. Actinomycetes are also valuable in industrial biotechnology as producers of antibiotics and bioactive substances. The efficiency of spore dispersal, resistance to drying and temporary
lack of nutrients determines the wide distribution of actinomycetes in nature and
their high technological effectiveness [81]. Strains of the genus Streptomyces is
one of the most numerous groups among actinomycetes [82]. Peptide, macrolide, and polyene antibiotics produced by streptomycetes in addition to hydrolases are of great importance for soil suppressivity [83]. Although actinomycetes
have long been widely used in medicine and veterinary medicine, they have little
use in agriculture is limited. It should be noted that, among almost 14000 known
active microbial secondary metabolites, about 9000 are produced by actinomycetes, 80% of which belong to the genus Streptomyces [81]. In this regard, it is
obvious that the physiological and biochemical characteristics of actinomycetes
determine the expediency of their use as producers of specific biologically active
compounds for plant protection.
At present, biological products in the world pesticide market still make
about 2%, but their use has been increasing by 20% per year in recent years,
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while the production of chemical pesticides has been increasing annually by only
3%. The USA and the EU produce over 75% of the world’s biopesticides. Annual sales of biocontrol products by the largest companies Valent Bioscience
(USA), Certis (USA), Koppert Biological Systems (Netherlands), Pasteuria
Bioscience (USA), Isagro (Italy), Terra Nostra Technology (Canada) overcome USD 100 million. In the world market, 90% of commercial biopesticides are B. thuringiensis-based, followed by, according to the degree of commercialization, entomopathogenic nematodes, micromycetes, and, finally, antagonist microbes. The largest pesticide manufacturer, Bayer AG (Germany),
produces commercial biofungicides Sonata® (Bacillus pumilus QST 2808),
Rhapsody® and three formulations of Serenade® (Bacillus subtilis QST 713)
(https://www.agroxxi.ru). In Russia, biologicals Fitosporin (LLC Bashinkom),
Baktofit (LLC PJSC Sibbiopharm), Rizoplan (LLC Biopesticides), etc., are
widely used to protect plants against diseases.
In the State Collection of Microorganisms Pathogenic to Plants and
Their Pests (SCM VIZR), the total number of accessions reaches 8120. Among
them, over 200 strains of various taxonomic affiliations are biocontrol microbial
agents that perspective for plant protection against pests and diseases. Particularly, these strains have been used to develop formulations of six multifunctional
biological products, Gamair, Alirin-B, Vitaplan, Trichotsin, Sternifag, and Glyocladin (registered jointly by the FGBNU VIZR and ZAO ABT-group), which
protect crops against diseases and increase yields as plant growth stimulators.
Alirin-B (B. subtilis B-10) is intended for plant protection against fungal
diseases. The strain synthesizes polypeptide and polyene antibiotics, and the
main active substance alirin B1 is assigned to bacteriocins [84]. B. subtilis M-22based Gamair is effective against mycoses and bacterioses; the Gamair A strain
synthetizes the polypeptide which is close to bacillin and belongs to mediocidin
subgroup 1A, as well as gamair B, C, and D strains — the hexaene antibiotics of
different structure [85].
Lab samples and pilot batches of several new biopreparations based on
the most active strains show high efficiency for different crops. A promising
strain Streptomyces felleus S-8 synthesizes alirinomycin C, the original antibiotic
which belongs to the subgroup of basic macrolides of the carbomycin-cirramycin
type and is highly active against plant pathogenic micromycetes [86]. Strains S.
chrysomallus P-21 and S. globisporus L-242 produce a variety of compounds with
high fungicidal, antiviral activity and phytoregulatory action. The S. chrysomallus
P-21 strain produces chrysomal A, the original polypeptide antibiotic classified
as a threonine-type peptidolactone. Both strains also produce heptaene aromatic
antibiotics of the polyester group. Globerin and chrysomal C are assigned to the
subgroup of aromatic heptaene polyenes [87]. Polyene antibiotics bind to certain
components of fungal surface and have a selective membranotropic effect. According to the classification, the original antibiotics chrysomal C and globerin
are assigned to the subgroup levorin-partricin-trichomycin. It was found that
chrysomal C is closest to levorin, while globerin is closest to partricin [88].
The use of multifunctional formulations based on several strains producing bioactive substance is an innovative approach which can significantly increase the effectiveness of biologicals and expand the range of their action. An
example is B. subtilis ВКМ В-2604D- and B. subtilis ВКМ B-2605D-based biopreparation Vitaplan, SP. B. subtilis ВКМ B-2605D produces a polypeptide
close to bacillin, as well as hexaenic antibiotics one of which is attributed to the
mediocidin subgroup. B. subtilis ВКМ B-2604D synthesizes antibiotics of various
structures (polypeptide antibiotic which belongs to bacteriocins and polyene antibiotic) [84, 85].
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The analysis of experimental data shows the prospects for the use of microbial producers of antibiotics as the basis of multifunctional biologicals for
protecting plants from pathogens and clarifies the role of secondary microbial
metabolites of various chemical structures in the mechanism of complex activity
of producer strains. Nevertheless, the selection of a stable, highly active strain is
a necessary, but not sufficient condition for effective microbiological protection.
The key problem is development of formulations which are suitable for manufacturing, fully correspond to the producer strain biological characteristics, and thus
ensure long-term microbial cell viability and biological activity during storage
and application [89].
Effectiveness of Bacillus subtilis-based biologicals for integrated and biological crop
protection systems in the regions of the Russian Federation [90-92]
Biologials
(developer)
Alirin-B, DP
(VIZR)

Gamair, DP
(VIZR)
Vitaplan, DP
(VIZR)

Crop, variety of hybrid, location

Disease

Winter wheat variety Bezenchukskaya Root rot
380,
Septoria
SKhPK Grachevskii, Lipetsk Province Brown rust
Fusarium head blight
Sugar beet, hybrid ХМ-5455,
Complex of diseases
ООО Zarech’e, Voronezh Province
(cercosporosis, phomosis,
bacteriosis)
Appli tree variety Idared,
Scab, powdery mildew
ОPKh Tsentral’noe, Krsnodar
Strawberry variety Zenga Zengana,
Gray rot
СТ Sad, Voronezh Province
Sunflower variety Rodnik,
White rot, phomosis
SKhPK Grachevskii, Lipetsk Province
Spring wheat variety Pobeda,
Root rot
GNU NV NIISKh test field,
Septoria
Volgograd Province
Powdery mildew
Root rot
Winter wheat variety Rufa,
Experimental Farm of Kuban Agrarian Septoria
University, Krasnodar Territory
Powdery mildew
Net blotch
Spring barley variety Mamlyuk,
Luk’yanenko KNIISKh, Krasnodar
Territory
Root rot
Winter barley variety Dobrynya,
Experimental and Training Farm of
Net blotch
Kuban Agrarian University, Krasnodar
Territory
Potato variety Svetlyachok 1,
Late blight, Rhizoctoniae,
Moldova. PMR GU Republican
Alternaria
toxicological laboratory
Carrot variety Nantskaya,
Alternaria
ООО Nadezhda-2, Volgograd Province
Watermelon variety Sakharnyi malysh, Root rot and wilt
ООО Nadezhda-2, Volgograd Province Anthracnose
Melon variety Lada,
Peronosporosis
ООО Nadezhda-2, Volgograd Province Root rot and wilt
Apple tree varieties Sinap Orlovskii
Scab, moniliosis, powdery
and Pamyat’ voinu,
mildew
ООО Maslovskie sady, Orel Province
Grape variety Bianka,
Mildew
SKNIISiV, Karsnodar,
Oidium
ООО АF Yuzhnaua, Temryuk region
(the Anapa-Taman’ agro-eco zone)
Bulb onion variety Khaltsedon,
Peronosporosis
GNU NV NIISKh, Volgograd Province
White cabbage variety Stakhanovka 1513, Blackleg, slimy bacteriosis
AF Moskovskii, Moscow Province
Sugar beet variety L’govskaya 52,
Root rots (Fusarium,
beetroot variety Bordo 237,
Phoma, Pythium)
ООО RusAgro-Druzhba, Belgorod
Cercosporosis
Province

Effectiveness, %

Increase in
yield

60-80
85-90
75-80
60-70
60-65

93.3 c/ha

96-99

10-20 c/ha

87

28.8-38.6%

80-98

22%

61-67
55-59
52-62
64-77
61-71
66-73
48-62

12.8-14.1%

64-80
63-64

21.5-26.7%

60-80

42.0-45.0%

58-70

11.8-12.4%

69-73
72-77
56-67
49-69
93-100

14.5-17.4%

64-74
86-100

8-10%

8.3-16.6%

23.1-26.2%

8.4-12.8%
10-25 c/ha

62-77

29-39% for
yield,
13-19% for
sugar content
8.9%

58-68

15.7-34.2%

58-82

10.5%

64-75

Long-term on-farm tests showed the effectiveness of the biologicals
suggested by us against diseases of cereals, vegetables, fruits and berries, pota430

toes and sugar beets showed by three biologicals [90-92] (data are summarized
in the table).
Thus, 40 biological products have been developed in Russia to protect
plants. Together with foreign producers, microbiological protection of agricultural crops against pests, diseases and weeds is provided by 300 biological products,
which, of course, is a significant resource for phytosanitary optimization and
achieving environmental safety in crop production [93]. Biologicals are effectively integrated into zonal protection systems for grain, potatoes and vegetable
crops in the Russian Federation. Technologies for bioprotection of vegetable and
ornamental crops in greenhouses have also been created which effectively combine biological products and entomophages [94].
So, the stable protective effect of biologicals is based on i) constant
monitoring of harmful and useful populations in the agrobiocenosis; ii) obligatory preventive treatments using products with both protective and phytoregulatory
properties; iii) coincidence of the conditions optimal for entomophages’ reproduction and high virulence of microbial producers; iv) the complex action which
ensures effectiveness towards diseases, harmful arthropods and depression of rapidly reproducing species; v) compatibility of entomophages, biologicals and other
elements of bioprotection system. The range of biological products should expand both by involving new genera, species and producer strains, and by improving the formulations for different environmental conditions. In biological
and integrated crop protection, multifunctional targeted biological products adjusted to the composition of harmful species and the phytosanitary situation in
general are the most prospective.
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Abstract
The review presents data on the current taxonomic status and ecology of 10 viruses infecting
cereals (Poaceae) in the South of the Russian Far East. Barley stripe mosaic virus (BSMV) (Virgaviridae, Hordeivirus) is the most common virus affecting about a third of crops (with the exception of oat,
which is slightly infected with BSMV). The maize chlorotic stripe disease occurring in Primorye is also
etiologically linked with BSMV. Unlike the European part of Russia, Brome mosaic virus (BMV)
(Bromoviridae, Bromovirus) is slightly represented among cultivated cereals in the South of the Russian
Far East since there are no its numerous vectors from perennial plants-reservoirs. In the South of the
Russian Far East Poa semilatent virus (PSLV) (Virgaviridae, Hordeivirus) was isolated from wheat
(Triticum spp.), swamp (Poa palustris) and meadow (P. pratensis) bluegrass. Vectors for this virus have
not yet been established. The epicenter of the Northern cereal mosaic virus (NCMV) (Mononegavirales: Rhabdoviridae, Cytorhabdovirus) strain diversity in the South of the Russian Far East is located
in the Amur region whereas in the Primorsky and Khabarovsk territories this virus is much less common. Latently infected perennial wild grasses are a natural reservoir of NCMV that is effectively spread
by small brown planthopper (Laodelphax striatella). In the body of planthopper NCMV is capable of
replication as well as overwintering in larvae. Russian oat mosaic virus (ROMV) (Bunyavirales: Phenuiviridae, Tenuivirus) infects wide range of cereals and is known by several synonymous names. It is
possible that at least some variants of this virus are a mixture with phytoplasma. In the Primorye
territory this virus is mostly found together with NCMV and is also carried by small brown planthopper.
The main vectors of Rice stripe virus (RSV) (Phenuiviridae, Tenuivirus) in the South of the Russian
Far East are small brown and brown (Nilaparvata lugens) planthopper as well as rice beetle (Oulema
oryzae). Rice beetle is a mechanical vector of Rice spotted mosaic virus (RSMV). Far Eastern aphid
(Hemiptera: Aphidoidea) species are vectors of the Maize dwarf mosaic virus (MDMV) (Potyviridae,
Potyvirus) and Barley yellow dwarf virus (BYDV) (Luteoviridae, Luteovirus). In the rice fields of Primorye 44 species of aphids were identified, among which green com (Rhopalosiphum maidis), bird
cherry-oat (Rh. padi), English Grain (Sitobion avenae) and greenbug (Schizaphis graminum) aphids dominate. Large foci of diseases caused by Wheat streak mosaic virus (WSMV) (Potyviridae, Tritimovirus)
were found in the far Eastern agrocenoses, which can be transmitted by herbivorous mites (Trombidiformes: Eriophyoidea). Spider mites (Trombidiformes: Tetranychidae) are presumably the carriers of
BYDV, NCMV, MDMV, and WSMV. The basis of the presented review is the data of long-term
(since 1962) regular monitoring of cereal crop viruses carried out by the Laboratory of Virology in the
Federal Scientific Center of the East Asia Terrestrial Biodiversity, Far Eastern Branch RAS. The strains
obtained during this monitoring are stored in the Russian Collection of East Asia viruses (the Federal
Scientific Center of the East Asia Terrestrial Biodiversity, Far Eastern Branch RAS).
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The southern part of the Far East is the area of a moderately monsoon
extratropical climate, with a flat-ridged relief and accumulative depressions. Soils
are of heavy granulometric composition with low water permeability, but regular
over-moisture, a small amount of organic matter and phosphorus are common
here [1].
Grain crop cultivation has a long history in the region. In the 7th century,
commercial grain production was crucial in emergence of Bohai, the ancient state
on the territory of Manchuria, Primorye and the northern part of the Korean
Peninsula [2]. Since the 10th century, the Jurchen Jin state appears here and the
land use system characteristic of China begins to form [3]. Zoning of European
grain crops in the Far East began in the 17th century during its active development
by the Russian Empire. The expansion of the area of grain crop cultivation falls
on the period of P.A. Stolypin’s agrarian reform (1906-1913) with a massive resettlement of peasants to the Far East [4]. Changes in land use patterns were
inevitably accompanied by the intensification of intra- and interpopulation interactions, the penetration of new pathogens into the local flora, and the adaptation
of natural focal viruses to new crops [5, 6].
The fundamentals of grain production in the Far East developed and put
into practice in the USSR, to this day not only provides local needs for grain, but
also allows the territory to enter the grain market of the Asia-Pacific region. Spiked
cereals (Poales Small, 1903: Poaceae Barnhart, 1895) cultivated in the Russian Far
East are wheat (Triticum L., 1753), barley (Hordeum L., 1753) and rye (Secale
cereale L., 1753), and paniculate cereals are rice (Oryza L., 1753), millet (Panicum
L., 1753), oats (Avena L., 1753), sorghum (gaoliang) (Sorghum bicolor Moench,
1794 subsp. chinense), corn (Zea mays L., 1753) and plague (Setaria italica
P. Beauv., 1812 subsp. italica). The advanced development of the Far East is associated with an increase in the regional grain production, particularly due to
control of viral infections of cereals.
This review uses the data of the multi-year (since 1962) regular monitoring
of viruses in cereal crops carried out by the Laboratory of virology of the Federal
Research Center of Biodiversity of Terrestrial Biota, Far East Branch RAS (until
2018, the Biology and Soil Institute, the Far Eastern Branch RAS). Isolated viral
strains are deposited in the Russian collection of viruses in East Asia (FSC Biodiversity FEB RAS) [7-9].
From 1962 to 2019, the prevalence of virus-like diseases in plot crops and
breeding nurseries of the Primorsky and Khabarovsk territories was significantly
higher than in industrial crops: 0.2-1.9% vs. 0.01-0.03% for wheat, 0.3-2.5% vs.
0.02-0.8% for barley, 0.3-6.0% vs. 0.05-0.4% for oats, 0.7-14.0% vs. 0.06-0.7%
for corn, and 0.02-0.1% for rye (no industrial rye crops in the south of the Far
East). The differences are associated with more favorable conditions for infection
spreading in plots due to small area, thinness of crops, easier access for insects,
increased risk of mechanical spread of infections. The maximum infection extensiveness both in nurseries and in row crops is typical for the Amur Region, where
the most common members of the Virae kingdom that infect cereals are Barley
stripe mosaic virus (BSMV) (Virgaviridae, Hordeivirus), Brome mosaic virus
(BMV) (Bromoviridae, Bromovirus), Russian oat mosaic virus (ROMV) (Bunyavirales: Phenuiviridae, Tenuivirus) and Northern cereal mosaic virus (NCMV,)
(Mononegavirales: Rhabdoviridae, Cytorhabdovirus). In some agrocenoses, large
foci of diseases caused by Wheat streak mosaic virus (WSMV) (Potyviridae,
Tritimovirus) and Poa semilatent virus (PSLV) (Virgaviridae, Hordeivirus) are
found. Mixed infections of up to three or four viruses are widespread [10-15].
BSMV is the most common cereal virus in the south of the Russian Far
440

East, with about a third of crops (especially a small area) affected. In plots, the
rate of BSMV infection in wheat is 2-5 times less than in barley. Oats are slightly
affected by BSMV, regardless of the variety. BSMV is easily spread through contacts and seeds [13, 15]. A wide variety of strains of this virus is noted in both wild
and cultivated phytocenoses [16, 17]. It has been shown that BSMV is the etiological agent of maize chlorotic stripe disease widespread in the Far East; damage
of plants by BSMV results in a decreased seed setting and ugly ears [18-20].
Reconstruction of BSMV molecular evolution using barley seeds from archaeological excavations shows that at least 2000 years ago, the predecessor of this
virus emerged in North Africa and the Middle East [21]. Apparently, it initially
circulated in the natural area of wild barley (Hordeum vulgare L., 1753) [22]. Smith
et al. [21], basing on the data of phylogenetic position analysis of modern Chinese
line BSMV [23-26] widespread in East Asia, assumed that medieval BSMV strains
penetrated here in the 13th-15th centuries due to intensified traffic along the Great
Silk Road under the control of Mongol Empire [27]. Note, however, that barley
was known on the Korean Peninsula in the ancient Ko Choson state at the beginning of the 1st millennium [28, 29]. Possibly even more ancient BSMV genetic
lines have survived in East Asia, and their detection is most likely in the south of
the Russian Far East, which historically was somewhat isolated although influenced by China [2, 3].
The stripe mosaic, etiologically associated with BMV and widespread on
cereals in the south of the European Russia [30, 31], is insignificant in the south
of the Far East (no more than 5% of the total plot number) [32]. Since the virus
is mainly transmitted mechanically, without a massive vector, the efficiency of
BMV spreading from perennial reserve plants to cultivated cereals is low. In the
Far East, such reserve plants are awnless rump (Bromopsis inermis Leyss., 1761),
creeping wheatgrass (Elytrigia repens Desvaux ex Nevski, 1933), Siberian graybeard
(frost grass) (Spodiopogon sibiricus Trinius, 1820), Langsdorf’s reed grass (Calamagrostis langsdorfii Trinius, 1824), cock’s millet (Echinochloa crus-galli Beauvois, 1812), and timothy grass (Phleum pratense L., 1753). Wheat is most affected
by this virus (up to 50% of diseased plants), barley and oats are affected insignificantly [32].
PSLV was first discovered in slender wheatgrass (Elymus trachycaulus
Gould ex Shinners, 1833) and fowl bluegrass (Poa palustris L., 1759) in Canada
[33]. Wheatgrass (Elymus L., 1753) and bluegrass (Poa L., 1753) are widespread
in the extratropical zones of both hemispheres of the Earth. In the south of the
Russian Far East, PSLV was isolated from wheat, fowl bluegrass, and Kentucky
bluegrass (P. pratensis L., 1753). The virus was identified immunochemically with
polyclonal antibodies (provided by the Department of Virology of the Lomonosov
Moscow State University). Given possible serological cross-reactivity between various members of Hordeivirus, the independent taxonomic status of the Far Eastern
PSLV strains cannot be ruled out. The PSLV vectors have not been identified,
and its distribution occurs by contact [13, 14].
The NCMV strain diversity epicenter in the Far East is in the Amur
Region while in Primorsky and Khabarovsk territories, this virus is much less
common [11, 12]. NCMV is effectively spread by small brown planthopper (Laodelphax striatellus Fallen, 1826). Complex relationships between thee planthoppers and the plant communities determine how the virus spreads. NCMV replicates directly in the vector, making the infected insect a permanent (up to death)
source of infection; in addition, due to high mobility of the vector species, each
individual can infect a large number of plants [11, 34, 35]. The pathogen overwinters in infected larvae. A significant part of perennial grasses is resistant to
NCMV. So, according to Mamaev [11], in a latent form and to an insignificant
441

extent, redtop (Agrostis gigantea Roth, 1788), creeping bentgrass (A. stolonifera L.,
1753), meadow foxtail (Alopecurus pratensis L., 1753), American sloughgrass
(Beckmania syzigachne Fernald, 1928), chee reedgrass (Calamagrostis epigeios
Roth, 1788), and blue-joint reedgrass [C. canadensis (Michx.) P. Beauv. var. langsdorffii (Link) Inman]. The NCMV spreading largely depends on the characteristics of agrocenoses. For example, in the Amur Region, where cereals are grown
on vast areas without natural barriers, the infection is restrained only by entomophages and agrotechnical methods that reduce the number of small brown
planthopper [36]. In Primorsky and Khabarovsk Territories, the NCMV spreading
is limited by natural barriers, as the fields are located among forests, their areas
are significantly inferior to those in the Amur Region, and the planthoppers-vectors reproduce much less intensively. If in the Amur Region in August 1000-1500
planthoppers are caught for 100 strokes of the net on annual cereals and fodder
oats, while in the Primorsky and Khabarovsk territories there are only 30-40 individuals [11]. The low NCMV prevalence in Primorye is apparently due to the less
favorable pronounced monsoon climate conditions. In addition, in most parts of
the Primorsky and Khabarovsky territories, winter forms of cereals are absent. This
undermines the food supply of the coastal aphids in the early spring and late
autumn periods.
As to ROMV, the history of its study and common synonyms should be
taken into account. The virus was described by Sukhov [37] in 1940 as a cereal
pupation (pseudo-roset) virus. Later Fedotina [38] found bacilli-like viral particles and phytoplasmas (Acholeplasmatales: Acholeplasmataceae) in diseased plants
and assumed a mixed etiology of the disease. Further studies did not add the
understanding of the pathogen taxonomic affiliation (some authors attributed it
to tenuiviruses, others to phytorabdoviruses), and, moreover, further confused
the situation due to using synonymous names, e.g. oat pupation (pseudo-roset)
virus, barley pupation (pseudo-roset) virus, wheat pupation (pseudo-roset) virus,
etc. At present, this virus, which infects a wide range of cereals, causing dwarf
bushiness, is called ROMV [39]. However, a mixed infection of ROMV with
phytoplasmas cannot be ruled out, for which a plant bushiness (multi stemmed
plants) is characteristic. In the Primorsky Territory, ROMV mostly occurs together with NCMV and is also transmitted by small brown planthopper [12, 38,
40]. A distinctive feature of tenuiviruses is the synthesis of a large amount of the
so-called soluble antigen, a low-molecular-weight protein that forms loopshaped intracellular inclusions [41]. Therefore, the isolation by Sukhov [37] of
a “soluble antigen” from plants “sick with bulging” (according to the author’s
definitions) indicates that the pathogen he studied belongs to tenuiviruses, while
different morphology of the particles indicates a concomitant infection. Since
the symptom complex of cereal diseases does not allow an unambiguous identification of the pathogen (especially in mixed infections common for this group
of plants), viral isolates can differ significantly.
Another tenuivirus, Rice streak virus (RSV) (Phenuiviridae, Tenuivirus),
was discovered in Primorsky Krai [10]. In the lab tests, RSV was successfully
transmitted by small brown planthopper. Among the vectors in the Primorsky
Territory, brown planthoppers (Nilaparvata lugens Stal, 1854) are of great importance. In total, 47 species of planthoppers (Hemiptera L., 1758: Cicadellidae
Latreille, 1802) were identified in the rice paddies of Primorye. It is known that
tenuiviruses can reproduce in insect tissues and are transmitted transovarially
[42, 43].
Rice leaf beetle (Oulema oryzae Kuwayama, 1931) which in the south of
the Russian Far East for a long time was mistakenly associated with red-throated
cereal leaf beetle (Oulema melanopus L., 1758), is apparently another RSV vector
442

in the region. In this case, the virus is transmitted by a non-persistent route. In
addition, this leaf beetle is a vector of another and yet unidentified Rice spotted
mosaic virus (RSMV) which causes panicle deformation (axial shortening and
pubescence) [10].
Aphids (Hemiptera: Aphidoidea Latreille, 1802) have been pests of cultivated crops and effective vectors of plant viruses since the beginning of arable
farming. The richest species diversity of cereals and various ecological condi-tions
for their growth have been the prerequisites for the equally diverse aphid fauna of
cereal plants [44, 45]. These insects have moved to grain crops from their wild
relatives, the natural reservoirs of many plant viruses, and retained trophic links
with them [46, 47]. However, there are few cereal viruses transmitted by aphids.
Of these, the most well-known and harmful are Maize dwarf mosaic virus
(MDMV) (Potyviridae, Potyvirus) and Barley yellow dwarf virus (BYDV) (Luteoviridae, Luteovirus), causing large losses in cereal crops in the south of the Russian
Far East [48-51] and neighboring countries, i.e. China and Japan [52-55]. Fifteen
to twenty species of the Far Eastern aphid fauna are vectors of these viruses,
among which the most significant are bird cherry-oat aphid (Rhopalosiphum padi
L., 1758), corn leaf aphid, or corn aphid (Rh. maidis Fitch, 1856), wheat aphid
(Sitobion avenae Fabricius, 1775), and greenbug (Schizaphis graminum Rondani,
1852). Currently, we have found BYDV in oats and barley plants in all regions of
the south of the Russian Far East [7-9].
Our surveys of the aphid fauna in rice fields with the identification of
vectors and the pathways for their possible migration in the Primorsky Territory
(Far Eastern Experimental Rice Station, Spassky District; Sivakovskoe Rice Farming, Khorolsky District) and in forbs near rice fields revealed 44 species. Of these,
35 species (80%) are occasional visitors to rice plants and rice field weeds, and
the 10 species are direct inhabitants and crop pests, i.e. dogwood-grass aphid (Anoecia corni Fabricius, 1775), rose-grass aphid (Metopolophium dirhodum Walker,
1849), apple-grass aphid (Rhopalosiphum insertum Walker, 1849), green corn aphid
(Rh. maidis), waterlily aphid (Rh. nymphaeae L., 1761), Bird cherry-oat aphid (Rh.
padi), greenbug (Schizaphis graminum), grain aphid (Sitobion avenae), elm sack
gall aphid (Tetraneura ulmi L., 1758), and mealy plum aphid (Hyalopterus pruni
Geoffroy, 1762). In rice plants, four of these aphidids dominate, the Rh. maidis,
Rh. padi, S. avenae, and Sch. graminum. As for H. pruni, the species is not the most
abundant in rice crops, but, apparently, can colonize it. By chance, polyphagous
aphids, which generally develop on other fodder plants, can occasionally appear
on rice plants, e.g. green peach aphid (Myzodes persicae Sulzer, 1776), cabbage
aphid (Brevicoryne brassicae L., 1758), melon aphid (Aphis gossypii Glover, 1877),
cowpea aphid (A. craccivora C.L. Koch, 1854). All of these aphids are virophorous
(transmitting RSMV), which aggravates their harmfulness [13, 56, 57].
Currently, in the Primorsky Territory, the rice crops lost in the 1980s and
1990s are being restored. However, on abandoned rice paddies, wild phytocenoses
with their vectors of plant viruses have formed, and in each case, special approach
is required to assess harmfulness and prevalence of infectious agents [58]. The
constantly increasing cargo and passenger flow between the Russian Federation
and the People’s Republic of China creates additional risks of the penetration of
Chinese rice viruses into the Russian Far East [59-61]. Therefore, ecological and
virological monitoring must be more strict, including tracking diversity of the rice
viruses that have not yet been detected in the south of the Russian Far East, i.e.
the Rice dwarf virus (RDV) (Reoviridae, Phytoreovirus) (62), Rice gall dwarf virus
(RGDV) (Reoviridae, Phytoreovirus) [63], Rice bunchy stunt virus (RBSV) (Reoviridae, Phytoreovirus) [64], Rice ragged stunt virus (RRSV) (Reoviridae, Oryzavirus)
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Bromoviridae
Luteoviridae
Phenuiviridae

genus

Bromovirus
Luteovirus
Tenuivirus

Taxonomic position
family
Name
Brome mosaic virus (BMV)
Barley yellow dwarf virus (BYDV)
Russian oat mosaic virus (ROMV)
Rice stripe virus (RSV)

Typical transmission ways

By contacts
By aphids Rhopalosiphum padi, Rh. maidis, Schizaphis graminum, Sitobion avenae
By small brown planthopper (Laodelphax striatella)
By small brown planthopper (Laodelphax striatella), brown planthopper (Nilaparvata lugens),
and rice leaf beetle (Oulema oryzae)
Incerti ordinis
Potyviridae
Potyvirus
Maize dwarf mosaic virus (MDMV)
Via seeds, by contacts and aphids (Myzodes persicae, Brevicoryne brassicae, Aphis gossypii,
A. craccivora)
Tritimovirus
Wheat streak mosaic virus (WSMV)
By contacts and mites Aceria tosichella, A. tulipae, A. tritici
Mononegavirales
Rhabdoviridae
Cytorhabdovirus
Northern cereal mosaic virus (NCMV) By small brown planthopper (Laodelphax striatella)
Incerti ordinis
Virgaviridae
Hordeivirus
Barley stripe mosaic virus (BSMV)
Via seeds, by contacts
Poa semilatent virus (PSLV)
By contacts
Incerti ordinis
Incertae familiae
Incerti genus
Rice spotted mosaic virus (RSMV)
By rice leaf beetle (Oulema oryzae) and aphids Myzodes persicae, Brevicoryne brassicae, Aphis
gossypii, A. craccivora
N o t e. Taxonomic groups are sorted in alphabetical order of family names, since not all viruses have order-level taxonomic status. Rice spotted mosaic virus (RSMV) that is not currently classified is
the last in the list.

Incerti ordinis
Incerti ordinis
Bunyavirales

order

Taxonomic description and ways of spreading viruses of cereal crops in the south of the Russian Far East

Oryzavirus) [65], Rice black streaked dwarf virus (RBSDV) (Reoviridae, Fijivirus)
[66], Southern rice black streaked dwarf virus (SRBSDV) (Reoviridae, Fijivirus)
[66], Rice grassy stunt virus (RGSV) (Bunyavirales: Phenuiviridae, Tenuivirus)
[67], Rice yellow stunt virus (RYSV) (Mononegavirales: Rhabdoviridae, Nucleorhabdovirus) [68], Rice tungro bacilliform virus (RTBV) (Caulimoviridae, Tungrovirus), Rice tungro spherical virus (RTSV) (Picornavirales: Secoviridae, Waikavirus) [69].
Gall four-legged mites (due to reduction of the posterior pair of limbs at
postembryonic stages) (Trombidiformes Reuter, 1909: Eriophyoidea Nalepa,
1898) [70] are vectors of WSMV. The mites themselves are microscopic in size
( 0.1 mm), but the colonies they form are clearly distinguishable visually. The
main vector for WSMV is wheat curl mite (Aceria tosichella Keifer, 1969) [71-73]
(synonyms dry bulb mite A. tulipae Keifer, 1938 and wheat curl mite A. tritici
Shevtchenko, 1970) [73].
Among vectors of cereal viruses, spider mites (Trombidiformes: Tetranychidae Donnadieu, 1875) should be noted [74]. Robertson and Carroll [75] described
the transmission of Barley yellow streak mosaic virus (Mononegavirales: Rhabdoviridae, Cytorhabdovirus) by brown wheat mite (Petrobia latens Muller, 1776) in barley crops in Canada and the United States. Later Smidansky and Carroll [76]
confirmed rapid reproduction of the virus in imagoes and preimagoes of P. latens, and also showed the transovarian transmission.
The field detection of spider mites is difficult due to their small size
( 0.5 mm), whereas the symptoms they cause per se resemble a virus-induced
pathology (chlorotic spots, yellowing of veins, twisting of the leaf blade). In Primorsky and Khabarovsk territories, strawberry spider mite (Tetranychus turkestanicus Ug. et Nik.) and European red spider mite (Panonychus ulmi Koch, 1836) are
widespread, which, being polyphagous, often invaded cereal plants and can presumably be BYDV, NCMV, MD and WSMV vectors. Spider mites are easily
moved by the wind, which enhances spread of plant viruses [5]. It cannot be ruled
out that a deeper study of tetranichids will contribute to our understanding of their
role as pathogen vectors during viral infections in plants.
Summarizing, we note that in phytocenoses of the southern Russian Far
East, 10 viruses have been described that infect cereal plants (Table). Their strains
have been deposited and preserved in the Russian collection of viruses in East Asia
(Laboratory of virology of the Federal Research Center of Biodiversity of Terrestrial Biota of East Asia, Far East Branch RAS) [7-9].
Thus, in the southern part of the Russian Far East, cereal viruses have
been regularly monitored since 1962. The strains isolated during the monitoring
are stored in the Russian collection of viruses in East Asia (FSC of Biodiversity
of Terrestrial Biota of East Asia, FEB RAS). In this review, we mainly focused
on data on the current taxonomic status and ecology of the following viruses
infecting cereals in the region: Barley stripe mosaic virus (BSMV), Brome mosaic virus (BMV), Poa semilatent virus (PSLV), Northern cereal mosaic virus
(NCMV), Russian oat mosaic virus (ROMV), Rice stripe virus (RSV), Rice
spotted mosaic virus (RSMV), Maize dwarf mosaic virus (MDMV), Barley yellow dwarf virus (BYDV), and Wheat streak mosaic virus (WSMV). Prevalence
of the viruses and their vectors shows that in the agrocenoses of Primorye, the
epiphytotic situation for cereals is relatively favorable, while in the Khabarovsk
Territory and in the Amur Region it is much more tense. Special attention should
be paid to monitoring of both agro- and wild phytocenoses for preventing the
spread of viral diseases.
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Abstract
In the context of changing socio-economic, natural and climatic conditions, there is a need
for effective management tools to adapt agricultural activities. Such tools are farming systems, which
are a set of interconnected agrotechnical, reclamation and organizational measures aimed at the efficient use of agrolandscapes, preservation and improvement of soil fertility, and obtaining high crop
yields. The efficiency of agricultural production can be improved by using various forecasting methods
based on the use of mathematical models. In crop production, statistical and dynamic simulation
forecast models have been developed. The latter are more accurate and adaptive and allow you to get
an answer to the question about the development of argoecosystems in the conditions of changing
climatic conditions and the application of various agricultural measures. The paper provides an overview of methodological approaches for predicting crop productivity based on mass calculations of a
simulation model of an agroecosystem in a geoinformation environment that can be used to justify
farming systems. The analysis of the state of the problem is carried out, which presents the main
current trends in the use of simulation models of agroecosystems in decision support systems for management in agriculture in general and in the support of farming systems in particular. Existing approaches and methods are classified based on spatial coverage into macro-scale, meso-scale, and micro-scale modeling methods. In the general case, these different methods require different methodological approaches are presented in the paper. The relevant basic methods and approaches for creating
a universal environment for mass calculations of dynamic models of agroecosystems for different levels
of spatial coverage are also presented. The analysis of the very important issue of choosing a set of
control (base) points is presented where model calculations will be performed that should belong to
real agricultural fields and sufficiently reflect the diversity of soil and climatic conditions of the region
under consideration. Also presented are the requirements for a universal modeling environment for
carrying out calculations on different models from various suppliers.
Keywords: agroecosystems, simulation modeling, mass calculations, forecasting, geographic
information systems, farming systems

The current view on the role of dynamic simulation models of plant production process has changed significantly [1-3]. The scope of application of such
models, which has traditionally been limited to scientific research in agroecology,
is increasingly expanding towards practical use in decision-making systems [4].
Improved models and theoretical bases of mathematical simulation of processes
and phenomena in soil—plant—atmosphere systems allow universal ecophysio451

logical models to be applied to practically unlimited number of crops and soilclimatic conditions [5]. In addition, most modern models of agroecosystems are
based on an increasing number of physical and biological determining processes
and phenomena [4-7]. Therefore, such models, along with productivity (yield),
make it possible to quantitatively evaluate other characteristics of agroecosystems.
In model forecasts, there is a transition from single growing seasons to long-term
continuous calculations of crop rotations [4]. Also, the idea of a significant variation in the temporal and spatial scale of dynamic models is becoming increasingly
popular, in particular, calculations are performed not only for one crop at one
geographic point for one growing season, but also for arbitrarily chosen periods of
time and territories. In other words, spatial expansion is understood as the simultaneous calculation of a spatially one-dimensional model not only for one selected
representative point of the earth’s surface with specified soil and terrain properties,
but also for a representative set of such points that form a heterogeneous agrolandscape [6, 7]. In contrast to classical one-dimension models of homogeneous
sowing, the third-generation dynamic models are applicable to adaptive landscape
farming systems [5]. This is due to significant progress in computing technologies,
which provide practically unlimited efficiency and speed of calculations of numerical algorithms embedded in the model.
Dynamic models of agroecosystems in decision-maki n g s y s t e m s. The modeling in decision-making systems requires adequate data
input for which all modern tools for on-line monitoring and automated measurements are being introduced in the practice and field experiments, including noncontact methods, remote sensing and portable automatic weather stations [7-11].
Such instrumental methods improve the quality of information for modeling the
production process of plants and the reliability of data used for parametric identification and verification of algorithms by assimilating spatially distributed measurement data. Nevertheless, traditional regression models of agroecosystems of
varying complexity are currently the most common tool for assessing crop yields
on large areas during regional medium- and long-term planning [12-16]. Such
models still are basic to regionally assess a potential productivity of the main economic crops for the current growing season. However, in such models the influence of many factors (physical, climatic and technological) may not be fully accounted. Therefore, dynamic simulation models of agroecosystems are a promising
forecasting tool that can adequately respond to numerous challenges [17-20]. The
methodology of such dynamic model application to regional planning is currently
practically absent, and examples of successful medium- and long-term forecasting
are few. This is largely due to the fact that adequate spatial-temporal scaling requires adaptation and modification of the internal logic of existing models and the
infrastructure of computer experiments [21-23]. Such modification is necessary to
provide adequate modeling for long-term crop rotations given the diversity of longterm agro-technological measures [24-27]. The solution can be the use of one
model of the production process of agroecosystems for the entire variety of cultivated crops with a common data structure and standard architecture, which will
allow application of the model to manage regional farming systems.
The Laboratory for Mathematical Modeling of Agroecosystems, the Research Institute of Agrophysics (St. Petersburg), has been developing and improving the AGROTOOL family of models of production process for 40 years [28, 29].
To date, according to de Wit (30), Agrotool v3.5, a third-level computer model
of productivity, has been suggested.
In general, the analysis of the above publications [1-30] allows us to formulate criteria for a model applicable to justify crop rotations in farming systems.
The model should regard i) the impact of the predecessor crop, including crop
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residues, symbiotic nitrogen fixation by legumes, changes in the agrophysical and
agrochemical properties of the soil, etc.; ii) out-of-season abiotic processes
(“overwintering”), such as snow cover growth and melt rates, soil freez-ing and
warming, etc.; iii) possible explicit indication of doses and timing of agronomic
treatments, reactive control modes such as automatic irrigation, sowing date assignment, etc. And finally, the model should be resistant to a lack of factual information. The mentioned AGROTOOL family of models, and, particularly,
Agrotool v3.5 fully comply with these criteria.
Also, to expand application of agroecosystem models, stringent criteria
should be imposed on the execution environment, i.e. the computer shells [31,
32]. The main requirements are i) a multivariate automated calculation of the
model for a large number of alternative options with previously prepared sets of
input data and ii) the ability of sequential or simultaneous runs of model calculations. A convenient connection of the execution environment with geoinformation
systems (GIS) is also necessary to provide spatial referencing for the soil parameters and a digital model of the relief, and also to visualize modeling results as
thematic maps of the indicators [33]. In addition, it should be borne in mind that
most forecasting tasks require the procedures for automatic generation of “synthetic” input data (for example, a generator of weather characteristics), which are
spatially and temporally coherent [34, 35].
Agronomic dynamic models of productivity are traditionally one-dimensional, or one-point [5]. In other words, each specific version of the model run
requires, as input data, information about a specific area of the territory for
which the calculation is performed (soil characteristics, relief, weather, etc.).
Extending the scope of the model to massive spatial calculations for geographically distributed territories requires the coupling of dynamic agroecosystem
models with GIS. Indeed, such a combination provides simultaneous analyses of
agroecosystems in time and space [33, 36, 37]. Practical orientation and relevance of such research are obvious. So, prediction of losses of agricultural production due to changes in external conditions, primarily natural, allows practitioners to undertake preventive measures through the choice of appropriate farming system and to maintain a certain level of food security [37, 38]. In risky
farming, early warning systems based on remote sensing can help to identify an
emerging problem in advance [39, 40]. Often, such systems are based on monitoring weather and agricultural conditions during the growing season and include
regionally calibrated crop models for assessing yield uncertainty [41). Yield forecasts can be also made before planting or during the current growing season, and
the results can underly managerial decisions to promptly provide alternative options for farming [42].
However, the spatial scalability of a model inevitably leads to the fact that
when the scope expands from a point to a territory, the required amount of input
information and computing resources increase sharply [43]. Moreover, fundamentally new areas of potential application of relevant technologies in crop and agricultural production have appeared, for example, the use of crop remote sensing
data [14, 39, 41, 44, 45], including those for precision farming [10]. To a certain
extent, the necessity to obtain all data for mass spatial calculations is avoided in
the task of assessing impact of potential climatic changes on productivity and
sustainability of an agrolandscape [46, 47]. For a specific calculation option, the
required set of input meteorological data (a representative sample of scenarios of
weather realizations of the future climate) for an arbitrary spatial grid of control
points can be obtained from the IPCC database (Intergovernmental Panel on Climate Change, https://www.ipcc.ch /). However, the methodology has not yet been
developed and an adequate toolkit has not been created for the operational model
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forecasting of crop productivity for different spatial coverage. Scalability and universalization of the corresponding software and methodological solutions has recently become more and more urgent [48, 49]. Suffice it to say that within the
framework of the MACSUR project (Modeling European Agriculture with Climate Change for Food Security, https://www.macsur.eu/), a pan-European information portal on simulation model data support of the European agriculture adaptation to anthropogenic climatic changes, a special working group Scale-It! has
been allocated (http://www.scale-it.net/). The group aims to coordinate European
research on practical use of crop production models for decision support at various
spatial scales [50]. Its scope includes i) organization of ensemble calculations projects, ii) aggregation of specific input data from different geographic locations, iii)
substantiation of methods of spatial discretization and spatial interpolation of input
data for models with an assessment of the degree of uncertainty of the results
obtained, iv) collection of information about personalities, models, approaches,
and v) providing operational information on research challenges and achievements
on the issue.
The LandCare-DSS environment software (http://www.landcare2020.de/,
Leibniz Centre for Agricultural Landscape Research — ZALF, Germany) is one of
the most notable applied results of European studies on comprehensive dynamic
models of crop yields at regional scale [51]. At present, this software seems to be
the only finalized product with an acceptable level of automation [52]. The unique
characteristics of LandCare-DSS include its own built-in GIS interface, integration with economic models, and the use of models of different types and spatial
detailing within a single architecture, from the YieldStat regression statistical
model at a regional level [13] to the dynamic ecophysiological model MONICA
for a specific agricultural field [31, 53].
Application of crop yield point models [29] at regional level also requires
tools for GIS integration [34, 36, 45, 54]. Suffice it to say that by now almost all
most popular models have special shells or extensions for calculations in spatial
resolution, for example, the CRAFT platform for the DSSAT family of models
[37]. For post-processing (geostatistical and spatial analysis when modeling processes in crops), the Geographic Information System for Agriculture and the Environment (AEGIS; AEGIS/WIN) has been created, which integrates DSSAT
models with the geographic mapping tools ArcInfo and ArcView using an objectoriented macro programming language [37]. The GIS-based EPIC model
(GEPIC) is another specialized spatial tool that combines the EPIC (Environmental Policy Integrated Climate) biophysical model with GIS to simulate the
spatial and temporal dynamics in the soil—plant—atmosphere processes [55]. Back
in the 1990s, within the framework of the MARS project coordinated by the Joint
Research Center (JRC, European Commission, https://ec.europa.eu/jrc/en), a
European crop growth monitoring system (https://ec.europa.eu/jrc/en/researchtopic/agricultural-monitoring) and a yield forecasting system based on the BioMA
model have been developed [56]. As a result, plant growth and development models became compatible with remote sensing and GIS data [5, 18, 19, 57]. Other
solutions in this class include pSIMS, MINK, SIMPLACE and GeoSIM [58-61].
A special task is to use remote sensing data of agricultural lands in dynamic
models of agroecosystems [10, 14, 39, 41, 44, 62]. With the advent of remote and
even space-based monitoring devices, many soil—plant—atmosphere system characteristics allow direct on-line measurement at almost arbitrarily temporal and
spatial resolutions. Moreover, this often does not require any special efforts or
expensive measurements, it is enough to have access to partially or completely
open and promptly updated databases for processing remote satellite sensing images. The problem, however, is that, despite the development of measuring
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instruments, from a mathematical point of view, most agroecological models are
still unobservable control systems [63], with only a small part of the state variables
available for estimation from observations. Moreover, most of the relevant observations are measurements of indirect quantities, some optical indices, which are
undoubtedly related to the essential variables of the model (shoot biomass, soil
moisture, chlorophyll content, nitrogen nutrition, etc.), but this relationship is
often ambiguous and weakly formalizable [64].
Thus, the analysis of the problem shows that simulation modeling of agroecosystems is a technology based on special studies [54] and currently used in many
areas, such as forecasting yield [65], climate change [29, 65, 66)], crop response
to various treatments and external conditions [67]. In the very near future, new
applications are expected for precision farming and smart agriculture (Smart Agriculture). The world leaders in the area are DSSAT [68] and EPIC [69] (USA),
STICS (France) [70], APSIM (Australia) [54], AGROTOOL (Russia) [29],
MONICA (Germany) [31], and WOFOST (the Netherlands) [65]. The geography
of use of simulation models of agroecosystems is also wide [52, 71]. As in other
earth sciences (climatology, hydrology), there is a steady tendency to use not one,
but several models (ensemble calculations) for solving specific problems, especially
since many of them are freely available [72, 73].
However, it should be noted that simulation models are still little used in
applications with long-term forecasts [54, 74], that is, for the development of
farming and land use systems, although there are positive examples [75, 76]. The
main challenge remains the need to continuously calculate the dynamics of the
agroecosystem states for the selected geographic location, taking into account crop
changes and non-growing periods. Sometimes for this, a complete description of
the crop rotation is directly included in the input data (for example, the MONICA
model) [31], an alternative approach is special platforms and shells for the automated transfer of the state of the modeled object from the previous run of the
model to the next [76]. Many spatial crop modeling systems have been developed
for specific applications and, therefore, have certain requirements and limitations
that can significantly complicate their implementation in specific regions. Some
of these tools are already outdated (AEGIS) [77], others are very reliable (pSIMS,
Mink) [59] and based on scripting languages, so the calculations in these systems
must be performed on computational clusters or on high-performance computers.
In some models (MARS) [21], it is difficult to solve practical problems of application and maintenance [71], and some solutions are limited in functionality [59].
In this, all researchers point to the need for a convenient and easy-to-use software
platform that could become an accessible and adaptable environment for calculating basic models of the crop production to facilitate forecasting the growth and
development of plants upon different regional farming systems [39, 54, 78, 79].
Operational and long-term forecasting of crop product i v i t y — a p r a c t i c a l o v e r v i e w. A perfect scalable information analytical
system for dynamic monitoring and forecasting parameters of an agricultural area
should be applicable to develop farming systems at different spatial and temporal
detailing levels [80]. For spatial resolution, these tasks are triple. The first group
includes macroscale calculations, i.e. assessment of the potential and achievable
productivity of the main crops on a national scale for the current conditions (operational time management) and possible climate change (strategic planning in
time). The second group is mesoscale calculations, i.e. monitoring of productivity
and ecological sustainability of agrolandscapes (operational management) and
model-based analysis and optimization of farming systems on a regional scale
(strategic management). Finally, the third group includes micro-scale calculations,
i.e. analysis (both operational and long-term) of the effectiveness of precision or
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coordinate technologies in a farm or in a field. The problems that can be posed
and solved using mass calculations of point dynamic models of the agroecosystem
at various time and spatial scales, as well as the methods of creating a universal
environment for such calculations, are summarized in Table 1 [81].
1. Tasks solved using the simulation model of the agroecosystem at different spatial
(SML) and temporal (TML) management levels [81]
SML
TML

Micro level
(a farm, a field)

Meso level
(a region, a province,
an agricultural holding)

Macro level
(country, continent)

Operational solutions in Promptly updating forecast of expected productivity during
Operational monitoring and
precision farming
the current growing season
forecasting
Assimilation of remote sensing data into model forecasts
Assessment of the imDesign of regional farming systems pact of climate change
Long-term analysis and
Farm-level land
on agriculture
planning
management projects
strategic impact analysis of new technologies and introduced
crops

Mass calculations of the model for a representative set of spatial points
should be within a general ideology of batch calculation of all scenarios of the
generated computational experiment project, where the scenario’s belonging to a
specific point is determined by the gradations of “soil” and “terrain” factors [82,
83]. Table 2 shows sources and mechanisms for the on-line data replenishment in
calculations of various spatial and temporal granularities [83].
2. Sources and types of input data for modeling productivity of agroecosystems at
different spatial detailing (83)
SL
Factor
Soil

Micro level
(a farm)

Meso level
(a geographic region)

Macro level
(country, continent)

Detailed data on soil sections

Soil maps coupled with cadas- Statistic soil maps
tral data
Terrain
Coordinates and digital elevation Coordinates
Coordinates
maps
Technology
Operational management:
Regionally adapted farming
Reference regionally adapted
precision farming
system
farming system
Strategic planning:
automated technology selection
Crop
Crops and varieties of the current Crops for the analyzed farming Basic crops
crop rotation season
system
Operational management:
Operational management:
Weather
Operational management:
network of reference weather
network of reference weather
local automatic weather station
stations and short-term synopstations and short-term synopStrategic planning:
tic forecasts
tic forecasts
single point weather generator
Strategic planning:
Strategic planning:
calibrated as per the data of
набор эталонных лет-аналоspace-time stochastic weather
the nearest weather station
гов
generator
N o t e. SL — spatial level.

For a regional scale calculation, it is important to determine a set of control (base) points for model calculations on actual agricultural fields which sufficiently reflect the diversity of soil and climatic conditions of the region. At a
regional level, it is reasonable to use not specific, but conditional soil characteristics most typical for the region (e.g., from the Unified State Register of Soil Resources of Russia, http://egrpr.esoil.ru/). Not a specific known option, but an average technology from the recommended farming systems is assigned to the model.
There are several variables the values of which determine the initial state of the
agroecosystem to which dynamic models are very sensitive during running [84,
85]. Therefore, one should start modeling the current season not from the sowing
date, but from a rather long preceding period [76]. In addition, for any geographic
location, it is possible to obtain time series of the actually observed weather
from the resources of the World Meteorological Organization (WMO, Switzerland) and short-term weather forecasts (https://www.worldweatheronline.com,
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https://www.aerisweather.com) for at least 3-5 days [39, 41, 86]. A predictive
modeling requires a large number of possible weather scenarios, i.e. so-called
analog years [87] or stochastic weather generators [88-90]. Such scenarios have
been theoretically developed and successfully integrated in practice into crop
computer models. On a regional scale, one can speak of a “good season” and a
“bad season” for crop production, which makes it possible to consider a homogeneous region of agricultural production such a geographical area where the
interannual variability of productivity significantly exceeds the spatial variability
within the region [80].
In Russia, a prototype of an information analytical system has been developed for crop yield model forecasting for different spatial and temporal coverage. The APEX software (Automation of Polivariant EXperiments) [32, 42, 91]
was used as the main tool for mass calculations of production process models.
Here, multivariate analysis means i) designing and running-up a multidimensional
computer case study, ii) performing model runs in batch mode, and iii) applying
advanced statistical processing of the results.

Fig. 1. Dynamically adjusted forecast of the spring wheat yield at different dates in the growing season
2017 for a specific location (left side) and for Russia (right side, average values). Green triangles are
reference points for calculations [42].

The concept of using dynamic model mass calculations for operational
forecasting, proactive management of agroecosystems and satellite sensing data
assimilation was theoretically developed in a series of studies [29, 42, 64, 75, 76,
80, 92] and tested, in particular, in Harvest Map tool (https://cropmap.ru/), an
electronic map with built-in services for monitoring and forecasting crop production
457

processes. The dynamic agroecosystem model AGROTOOL allows prediction of
the yield of a given crop in a user-selected geographic location [28, 29].
The study of the potential yield of the main crops throughout the territory
of the Russian Federation based on a dynamic (promptly refined) forecast of
productivity within one current growing season with GIS data visualization is an
example of solving the problem of spatial detailing, opposite to those considered
above [42]. Selected modeling results are illustrated in Figure 1. The tested approach allows analyzing the evolution of expectations regarding future profitability
for the growing season and for all base points together (thematic maps of the
predicted average yield on the right side of the figure), as well as the dynamics
and interval of the predicted average yield for any specific base point (on the left
side of the figure there is a graph for a test point in the Orenburg Province).
The operational and long-term forecasting of spring barley grain yield
based on mass calculations of the agroecosystem simulation model in the geoinformation environment was successfully applied in the Republic of Crimea. A
digitized electronic map of Crimean soils and scenarios of actual weather conditions from 15 Crimean meteorological stations of the WMO network were used as
input data. Calculations for the 2012 and 2014 growing seasons were performed
with a grid of 55 selected reference points located in the fields of agricultural
enterprises in all regions of the republic. The spatial distribution of the yield of
barley and the date of its ripening are presented in Figure 2 (the number of modeling points with the same date of barley ripening is indicated) [80].

Fig. 2. Spatial distribution of barley yields and ripening dates in the republic of Crimea (the number of
modeling points with the same ripening date is indicated in brackets) [80].

We also note a number of studies where the method of multivariate analysis of the dynamics of agroecosystems based on mass calculations of dynamic
models of productivity was used for long-term planning [25, 76]. The project of
the European Community “Crop growth and soil processes modeling — the use
of multi-model ensemble for crop rotations under recent and future climatic conditions” [93-95] is among them. The project aims to apply production process
models in assessing possible impact of global climate change on yields and stability
of agroecosystems in Eastern Europe, as well as to search for and to analyze the
ways to mitigate these negative consequences. As a tool, the researchers chose a
popular modern methodology of ensemble calculations instead of one specific
model [96]. The fundamental difference between the mentioned project and numerous analogs was the fact that the corresponding ensemble calculations were
performed in the context of the selected crop rotation schemes, and the
458

modification of the traditional practices of crop change was deemed the main
investigated mechanism that ensures mitigation of the effects of climate change
on agriculture [97-99].
Therefore, modern computing and information technologies create conditions for operational agrotechnological solutions using more accurate and detailed
dynamic models. Variable modeling makes it possible to study the effects of various
agricultural technologies and assimilate remote sensing data of agricultural areas
to select the optimal agrotechnical plan and adjust modeling based on the results
of real measurements during the growing season. The number of calculation
options and the corresponding model runs are determined by the variation of
the following main factors: spatial factor (calculations are carried out in certain
locations, each of which is characterized by soil properties and parameters of
the simulated crop); meteorological factor (possible weather dynamics for the
rest of the growing season is modeled using “options for possible trajectories”
consisting of a representative number of synthetic weather scenarios, and for
their formation a stochastic weather generator should be used that supports both
temporal and spatial correlations); technological factor (for a well-grounded
choice of the date, number and parameters of technological operations, it is
necessary to analyze the influence of various options in order to choose the best
one in the context of the chosen criterion of statistical optimization and to apply
a proactive management strategy in crop production); model factor (it is advisable to use not one, but several alternative models of agroecosystems to obtain
reliable results).
As a result of simultaneous variation of the above factors with a set of their
gradations, the total number of variants of one program-on-model that implement
a full factorial computational experiment determines the need to use modern technologies of distributed parallel computing and supercomputer technology. Analysis
of the current situation in the design of farming systems allows us to point out the
most important role and potential demand of dynamic models of agroecosystems.
Decision-makers, in an ideal situation, would like to have a tool that, based on
the most diverse sources of information, including remote sensing data, can assess
the medium- and long-term consequences of the choice of farming systems. Simulation models of agroecosystems coupled with GIS provide the best environment
for solving the optimization of scenarios “what will be if ...”. This approach can
be a powerful tool in optimizing agricultural land use. Creation of an adequate
information analytical system allows farmers and the authorities carrying out planning, monitoring and regulatory functions to make decisions at new level. The
tool can be also used as an external intellectual component of state information
and analytical resources within the framework of the adopted National Platform
for Digital State Management of Agriculture “Digital Agriculture”.
Thus, the operational and long-term forecasting of crop productivity based
on mass calculations of the simulation model of the agroecosystem in the geoinformation environment plays an important role in the development of farming
systems. Empirical regression models based on statistical information are still
widely used for regional predictive yield estimates. However, their main drawback
is the relatively low accuracy of the results, which makes it impossible to use this
approach for operational agrotechnological solutions. The development of computing and information technologies allows us to answer this challenge by applying more accurate and detailed dynamic models of agroecosystems. The
choice of optimal agrotechnical plan and adjustment of the modeling process
online based on the results of actual measurements during the growing season
remain relevant. The main tools are variational modeling, which is used to
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analyzed the effects of various modifications of agricultural technologies, and
assimilation of remote sensing data, while the best environment is simulation
models of agroecosystems coupled with GIS.
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Abstract
Currently, the world scientific community is faced with the task of identifying and minimizing environmental risks of the impact of anthropogenic factors on ecosystems, especially agricultural
ones (A.A. Muzalevsky et al., 2011). The keystone of environmental risk assessment is estimated probability of the adverse effects of various nature (radiation, chemical and biological agents) and prevention of their negative impact. The most common sources of pollution of agroecosystems are precipitation from industrial and transport emissions, industrial wastewater, sewage sludge, organic and mineral
fertilizers and plant protection products, dumps of ash, slag, ores and slime (S.C. Barman et al., 2000;
Yu.N. Vodyanitsky et al., 2011; E.C. Rowe et al., 2015). Such risks are usually assessed situationally,
and methods used are applicable for specific factor (agent) acting in analyzed case and object of its
influence. The purpose of the presented theoretical research was to develop a unified methodology for
assessing agroecological risks caused by anthropogenic pollutants. The developed methodology uses
mathematical modeling methods and is based on the principles and criteria ensuring the safety of
agricultural ecosystems in conditions of man-made pollution. Atmospheric pollutants are the main
source of man-made impact. Temporal patterns of their impact vary from acute (e.g. upon accidents)
to chronic that should be taken into account. Agroecosystem productivity, as an integral indicator, is
a basic criterion for assessing agroecological risks. The methodology includes a four-step algorithm: i)
hazard identification based on available agroecosystem data with identification of the sources and
nature of the hazard and key affected components; ii) impact assessment by measuring or calculating
its intensity, duration, and mode of exposure; iii) a dose-effect assessment by a relationship between
the degree of the impact and the probability of its negative consequences; iv) risk characterization,
including reliability analysis of the obtained data, estimates of risk from individual factors and their
combinations, and calculation of a probability of adverse effect for each agroecosystem component.
The choice of a method for assessing agroecological risks (deterministic, probabilistic of the 1st and
2nd type, and integral probabilistic) is substantiated based on the indicator pools, risk criteria and the
degree of technogenic impact. Risk characterization includes its classification in terms of an environmentally acceptable level as per maximum allowed concentrations and semi-lethal doses (LD50). For
each step, risk uncertainties are accounted. Agroecological risk assessment algorithm includes i) database analysis and selection of agent-specific and exposure-specific values of the effects; ii) estimates of
meteorological parameters of pollutant diffusion under specific release conditions; iii) calculated or
experimental estimates of pollutant deposition on the ground depending on peculiarities of the impact;
iv) calculation or experimental assessment of radionuclide or chemical toxicant contaminations; v)
calculation or measurement of the effects of radionuclides or chemical pollutants on the agroecosystem
components. The proposed approaches to assessing agroecological risk are applicable to a wide class
of environmental problems.
Keywords: agroecosystem, agricultural products, heavy metals, radionuclides, technogenic
factor, agroecosystem components, impact level, dose-response relationships, mathematical models

Present status and development of nuclear power industry, metallurgy,
transport, chemical and other industries, the activities of which (including manmade accidents) lead to environmental pollution, poses the task to identify and
minimize environmental risks associated with their impact on ecosystems,
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especially agricultural [1-3]. Currently, environmental risk is the main generalized
indicator for making management decisions. This requires adequate calculation
methods, which, in turn, necessitates understanding of the basic mechanisms of
the organization and functioning of ecosystems [4-6]. Such methods can provide
a quantitative assessment of environmental risk, significantly reduce its uncertainty, and help find ways to manage risks at all levels of ecosystems [7-9]. The
main role of environmental risk assessment is to determine the likelihood of various effects in ecosystems as a result of the influence of technogenic (radiation,
chemical, biological) factors for taking preventive measures [10-12].
Agroecosystems are communities of cultivated plants and animals and their
habitats, artificially created by man to obtain foodstuff and row materials. Human
health directly depends on the quality of food products [13-15]. This necessitates
restriction and prediction of the possible negative impact of technogenic factors
of different nature on agricultural land and products [16-18]. A balanced composition of trace elements (including heavy metals) in soils is important for the
optimal growth of agricultural plants [19-21], while the increased concentrations
of heavy metals negatively affect physiological processes [22-24]. Mostly, the
sources of pollution of agroecosystems are aerial fallout from industrial and
transport emissions, industrial wastewater, sewage sludge, organic and mineral
fertilizers and plant protection products, heaps of ash, slag, ores, sludge [25-27].
The features of the current ecological situation in the agro-sphere are the
simultaneous influence of a large number of factors of different (physical, chemical
and biological) nature, their low impact and chronic character [28-30]. Increased
concentration of pollutants negatively affects the productivity of agroecosystems,
which largely determines their stability [31-33]. In this regard, it is necessary to
assess the likelihood of reversible or irreversible changes in the structure of the
agroecosystem and the functions of its components in response to technogenic
impact [34-36].
The qualitative and quantitative indicators characterizing the likelihood of
negative effects include environmental (agroecological) risks, which currently serve
as priority generalized parameters of technogenic impact on agroecosystems [3739]. Quantitative indicators can be standardized through the development of
standards for risk (acceptable risks) and further used for a comprehensive assessment of the agroecosystem component states [40-42]. Two currently used indicators, MPC/TPC (maximum permissible concentration/tentative permissible concentration), have certain disadvantages, since they do not distinct the contributions of natural and technogenic components, and do not regard the climatic and
geochemical features of the region [43-45].
Previously, we have developed the methodology for assessing radiation
risks in agricultural ecosystems and used it to calculate the agroecological risk for
crops at 137Cs contamination from an accident at a radiation hazardous facility
[9]. However, it should be noted that the existing methods for assessing agroecological risks make the results hardly comparable, which hinders to obtain reliable
estimates of negative technogenic impact on the components of agroecosystems
[46-48]. In addition, technogenic risk assessments are performed, as a rule, situationally for a specific case and by the methods applicable for a certain factor
(agent) in specific conditions and for a certain object of the impact [10].
This theoretical study aims to develop a unified methodology for assessing
agroecological risks from technogenic pollution.
Stages of assessing agroecological risks from techn o g e n i c p o llution. Prediction and reduction of negative impact of a technogenic factor on the components of agroecosystems should be based on the risk assessment using generalized quantitative or qualitative criteria. These criteria should
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assess the probability of 50% death of plants and a decrease in yields under a certain
degree of technogenic pollution. [49-51].
Assessment of agroecological risks to agriculture under man-made pollution usually includes four stages [52-54]. Let’s consider these stages given the task
of unifying the methodology of risk analysis, regardless of the nature of technogenic pollution.
I. Hazard identification. This stage includes the collection and generalization of available information in order to determine the sources and the nature of
pollution (radiation, chemical, biological) and to evaluate the degree of the impact. Particular attention should be paid to the most susceptible components of
the agroecosystem, i.e. the “critical” components [55, 56]. The criteria to choose
such components are the sensitivity to one or another negative factor and the
response to the impact. Plant sensitivity is the ability to respond to external irritation manifested in different forms.
When choosing a priority pollutant or a group of pollutants for agroecological risk quantitative assessment, it is necessary to focus on the criteria characterizing the concentration of pollutants in the “critical” components, the toxic
properties of substances, the ability to migrate, and the likelihood of a negative
effect due to various exposure conditions. All factors (physical, chemical, etc.)
should be taken into account, in particular, the migration of the pollutant, its
transformation, the time of exposure [58-60]. When identifying man-made risk
factors for the components of an agricultural ecosystem, it is necessary to rely on
the design documentation of the pollution source and the results of environmental
monitoring or special studies.
1. Dose of -irradiation leading to a 50% decrease in the yield of various agricultural
crops [57]
Crops

Absorbed radiation dose, Gy

Winter rye, horse beans
Winter and spring wheat, barley, oats, maize, peas, soy
Sunflower, rapeseed
Buckwheat, millet, rice
Cotton plant, tomatoes
Cabbage
Potato
Sugar and table beets
Carrot
Flax

5-8
10-20
20-30
30-50
50-80
80-120
120-150
180-220
250-300
300-400

2. Probable loss of grain yield (%) upon exposure to ionizing radiation at different
plant development stages [57]
Stage
Tillering
Stem extension
Heading—flowering
Milk ripening
Tillering
Stem extension
Heading—flowering
Milk ripening
6-8 leaves
Tasseling
Milk maturity

5
5
25
15
5
Winter
5
9
7
4
15
30
4

10

Total dose of - and -irradiatin, Gy
20
30
50
100

Winter rye
15
40
70
95
80
95
100
100
40
75
95
100
6
8
10
15
a n d s p r i n g w h e a t, b a r l e y, o a t s
8
27
50
95
20
50
75
90
15
35
50
75
5
7
10
15
Maize
25
40
55
85
45
55
70
95
10
20
30
40

200

100
100
100
30

100
100
100
50

100
100
95
30

100
100
100
50

100
100
60

100
100
80

Hazard identification includes generation of a preliminary scenario of the
influence of a technogenic factor on “critical” components which describes the
physicochemical properties of the acting substance, the mode, intensity and
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duration of exposure. For each identified technogenic factor, a list of indicators
(effects) is established, reflecting the violation of the functioning of the components of the agroecosystem. In this, reliable published research data on negative
effects can be the information sources. The indicators widely used as the intensity
of plant biomass gain (productivity) and the biomass at a certain point in time
(yield). Under radiation impact on crops, these parameters are estimated most
accurately (Tables 1, 2). For low technogenic impact, the significant indicators
are those observed at lower levels of biological organization (organismic, cellular
and subcellular) [61, 62].
The integral risk for the components of the agrarian ecosystem should be
assessed on the basis of generalized information, including data on the impact of
each risk factor. Already at this stage, preliminary decisions on agroecological risk
management can be made, including the termination of further analysis due to the
insignificant danger or the sufficiency of the initial assessments, a more detailed
hazard analysis and risk assessment, and the development of preliminary recommendations to reduce the hazards [9].
II. Impact assessment. The assessment includes measurement and/or calculation of the intensity, duration, and the ways of the impact on the agroecosystem components. The intensity of the radiation factor means the dose of irradiation, for a chemical factor it is the concentration or dose of a chemical substance,
for a biological factor it is the number of biological agents entering the body per
unit of time. The source of information on the intensity of the technogenic factor
is the accumulated scientific data obtained both for the previous period and as a
result of the experiments, as well as data from published scientific works and reports. The atmospheric route of spreading radionuclides, chemicals and biological
agents is one of the main sources of technogenic impact. In assessing exposure
loads, the radiation exposure for less than 2 weeks is identified as acute, up to 7
years as subacute, more than 7 years as chronic [10].
Assessment of the technogenic impact includes a sequence of actions, i.e.
i) analysis of generalized information on the impact levels, including the values of
the response of agroecosystem components at different levels of technogenic impact; ii) determination of meteorological parameters of the model for the behavior
of air impurities for specific conditions of their release (atmosphere stability class,
wind speed at the height of release, aerodynamic roughness of the underlying
surface as per MU 2.6.5.010-2016) [63]; iii) quantitation of the impurities deposited on the earth surface, depending on specificity of pollution; iv) assessment of
the pollution of the aboveground plant biomass and soil with priority substances;
v) calculation or measurement of the degree of impact of priority substances on
agricultural plants.
The second stage results in a quantitative description of the intensity,
frequency and nature of the technogenic impact on the components of the agroecosystem.
III. Assessment of the dose-effect relationship. This reflects the quantitative
relationship between the level of technogenic impact on the components of
agrarian ecosystem and the likelihood of occurring negative effects of different
severity [9].
The dose-effect relationship assessment is based on accumulated scientific
data, mathematical models and agroecological safety criteria. This information
should characterize the dependence of negative effects towards the agroecosystem
components on the specific extend of the technogenic factor impact. The degree
of impact should be chosen given negative effects from minimal impact, as well
as different duration of exposure (acute, subacute, chronic). The response of biotic
components above the acceptable environmental risk is characterized by a median
471

lethal dose (LD50) justified by survivability or by maximum permissible concentration (MPC) [9, 10].
This stage results in the models of dose-effect relationship which contain
quantitative parameters and descriptions of the “critical” components and allow
us to assess the likelihood of negative effects of the established technogenic factors.
The choice of methods for agroecological risk models is determined primarily by the level of information support (a set of risk assessment criteria, levels
of anthropogenic impact). Deterministic, probabilistic and integral probabilistic
methods are mostly used in assessing risk [9]. By deterministic method, the risk
indices are assessed, which are the ratio of the dose load to the risk criterion value
(the level of acceptable environmental risk). The advantages of the method are
relative simplicity and a small amount of input data (only two indicators are required). The disadvantages are the lack of accounting for uncertainties of indicators and, as a consequence, rough estimates [4]. Probabilistic methods are of the
1st and 2nd type. The 1st type method uses a point estimate as a risk criterion.
The probabilistic method of the 2nd type is advisable to apply when the identification of the technogenic factor distribution is difficult due to lack of data or the
need for a quick assessment [4, 10]. The integral probabilistic method takes into
account the uncertainties of the parameters inherent in the object and the environment, which determine the intensity of the impact [9].
IV. Risk characterization. The stage includes an analysis of the hazard data
reliability obtained at the previous stages. Based on the calculated quantitative
indicators of the dose-effect relationship and comparison with the data of similar
studies, a conclusion is made about the degree and probability of environmental
risk for the “critical” component or the agroecosystem as a whole. At this stage,
the risk is classified and its compliance with the acceptable environmental level is
assessed (the use of MPC and LD50 values) [9, 10].
The analysis of sources of uncertainty is an integral part of the agroecological risk assessment, which significantly increases the reliability of the obtained
results. Uncertainty may be due to i) lack of information about the problem as a
whole; ii) the absence or inaccuracy of the data necessary to determine the level
of risk; iii) lack of research and theoretical knowledge for an appropriate conceptual or calculation model; iv) lack of knowledge on the true statistical distribution
of data [9].
Probable uncertainties of hazard identification include i) an insufficient
information about the studied components of the agroecosystem; ii) incorrect parameters of the established risk factors; iii) lack of data on negative response of
the agroecosystem components; iv) incorrect formation of the original data set.
The main sources of uncertainty in “impact assessment” include i) inappropriate
choice of exposure models or input parameters; ii) errors in the choice of ways of
exposure. Errors in determining “critical” components and the reliability of negative effects can be sources of uncertainty at the stage of dose-effect assessing [9].
The assessment of the uncertainty of agroecological risk makes it possible
to make decisions without constraints (first level), decisions aimed at minimizing
risk, or specific decisions on risk management (second level), or provides evaluative data that are used to simulate the situation (third level) [9, 10].
The final results of all stages are the basis for making decisions on the
management of agroecological risks from man-made pollution.
Algorithm for assessing agroecological risks from
t e c h n o g e n i c p o l l u t i o n. The generalized algorithm for assessing agroecological risks is as follows.
The first step is the database (DB) analysis to sample quantitative parameters characterizing the considered negative effects depending on degrees of
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technogenic impact.
The second step includes determination of meteorological parameters of
the air pollutant behavior model for specific emission conditions (atmospheric
stability class, wind speed at the emission height, the aerodynamic roughness of
the underlying surface) as per MU 2.6.5.010-2016 [63]. The atmosphere stability
class is determined according to Pasquill [64].
The third step includes quantitation of pollutant deposition on the earth
surface (by calculation or experimentally), depending on the character of the technogenic impact. It should be noted that at present, the assessment of the inflow
of radioactive and chemical substances to the earth surface is most fully developed
[65, 66].
The density of the fallout of radioactive or chemical substances is determined by the formula:
Asn(x) = Q ∙ (Vg ∙ G(x)),
(1)
where Q is integral release of radioactive or chemical substances, g or Bq; Vg is
the rate of gravitational settling of radioactive or chemical substances, m/s; G(x)
is meteorological dispersion factor at a distance of x meters from the emission
source, s/m3 [65].
The parameter of meteorological dispersion at different distances x from
the emission source is calculated at the underlying surface level (z = 0) on the
axis of the fallout trace (y = 0) [65]:



H 2g
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where х is distance to the source of emission, m; U is the wind speed at the
emission height, m/s; Hg is the height of the discharge above the ground, m; z,
у are standard deviations of the pollutant dispersion of in the ejection cloud to
the direction of corresponding coordinate axes, m [67]; fd or ftr, fs, fw are corrections for decay or chemical transformation, deposition and washing out of pollutants from the atmosphere by precipitation.
The expression for the correction for a radionuclide decay or a toxicant
chemical transformation is as follows:
(3)
fd(x) = exp(∕x/u),
where  is the constant of radioactive decay for a specific radionuclide or constant
of chemical transformation, 1/s; x/u is the time of cloud movement to the point
with a distance x from the ejection site [65].
The correction for gravity settling is calculated as
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,
where vg is the gravitational settling velocity, m/s (0.001 for aerosols, 0.02 for
elemental iodine, 0.0005 for organic iodine, 0 for inert gases) [65].
The correction for the washing out of chemical toxicants or radioactive
substances from the atmosphere is as follows:
(5)
fw(x) = exp (∕x/u),
where  is the average annual constant for the removal of impurities from the
atmosphere by precipitation, averaged over the year given the type and duration
of precipitation during the year, 1/s [65].
At the fourth stage, the content of pollutants in the agroecosystem components is calculation or determined experimentally. The concentration of radionuclides (Bq) or chemical toxicants (g) in the aboveground biomass for any day
after the release q(t) is calculated as follows:
0

 λ  λ t  to 

q(t) 

ec
K z (t o )  e xp
a  t  t bg   4

 As n (x)

,

(6)
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where  is the decay constant of radionuclides or chemical transformation constant
of toxicants, 1/day; ec is the rate constant for the loss of radionuclides or chemical
toxicants from the aboveground biomass, 1/day; t0 is the number of days from the
beginning of the year to the fallout date; t is the number of days from the beginning
of the year to the date to determine the main parameters of the agroecosystem
components (e.g. plant height and biomass, the pollutant concentration in the
main components, dose characteristics for the aboveground biomass); 4 is the
conversion factor to change from air-dry mass to native mass.
The coefficient of initial retention of radionuclides or chemical toxicants
by the aboveground plant biomass is calculated as
Kz t 0   1  expμρt  ,
(7)
where  is an empirical constant of the retention of radionuclides or chemical
toxicants by vegetation cover (2.8 m2/kg air-dry mass), (t0) is the aboveground
biomass at the fallout time t0, kg/m2.
The plant aboveground biomass at the fallout time is calculated as given
in [67]:
(8)
(t0) = а∕(tо  tbg),
where a is the rate of biomass growth per unit of crop area, kg/(m∕day) (Table 3);
tbg is the number of days from the beginning of the growing season of certain agricultural plant species (see Table 3).
0

3. Growing season parameters and the rate of biomass growth for some crops [10]
Crop
Spring wheat
Spring rye
Barley
Oats
Potato
Beet
Cabbage
Hayfield grass

Start of vegetation season
May 15
May 15
May 15
May 15
May 25
June 5
May 20
April 15

Time form the beginning
of growth (tbg), days
135
135
135
135
145
155
140
105

Rate of biomass gain,
kg/(m2∕day)
6½103
6½103
3½103
3½103
9½104
6.4½104
6.4½104
6.4½104

The fifth step of the suggested algorithm includes calculation or measurement of the pollutant impact on the agroecosystem components. In the release of
chemicals, the calculated concentration of toxicants (6) is deemed the starting
point to determine the effect of pollutants on plants. To assess the effect of radionuclides on agricultural plants, it is necessary to consider two main sources of
radiation [68, 69], an infinite source of finite thickness equal to the plant height
with a uniform distribution of activity (the source consists of plants contaminated
with radionuclides and atmospheric air between plants as a single environment)
and an endless source of radiation with a mass thickness of 0.5 g/cm2 [68] from
radionuclides deposited on the soil due to incomplete retention by the aboveground plant parts.
In more detail, methods for assessing the impact of radionuclides from
various sources on agricultural plants are described by Perevolotskaya et al. [9].
To conclude, it should be noted that, given the world trends in industry
and industrial agriculture, the probability of complex technogenic pollution [11,
14], including potentially hazardous to human health [15, 18, 20], objectively
increases. To control the threats of technogenic impact, it is not enough to have
a set of methods suitable for analysis of a particular case. The methodology we
propose establishes criteria and approaches that provide assessment of agroecological risks from technogenic pollution, regardless of their nature [70, 71]. The described methods for creating assessment models are applicable to a wide range of
environmental challenges, including human health protection [72, 73], and can
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be the basis for managing man-made risks in the agro-industrial complex, environmental protection, control and forecasting environmental pollution.
Thus, we suggest a unified methodology of assessing risks of various technogenic pollution for agricultural ecosystems. The methodology is based on the
principles and criteria for minimizing threats and ensuring the safety of agroecosystems subjected to technogenic impact. Mathematical modeling is used as
an analytical tool. The methodology defines approaches and criteria for agroecological risk assessing. A methodological framework is proposed that allows one
to study the dynamics of dose-dependent effects of various factors towards each
component of the system and to undertake management decisions to minimize
agroecological risks.
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Abstract
The application of the herbicide prometryn (4,6-bis-(isopropylamino)-2-methylthio-1,3,5triazine) for weed control, makes many agrotechnological and ecological problems due to relatively
higher persistence in the environment. It is well known that many microorganisms are capable of
decomposing the herbicide. There has been some attempt to use microorganisms for bioremediation
of soils. Bacillus megaterium is of particular interest because it produces many physiologically active
substances that increase the efficiency of photosynthesis, stimulates growth, and accelerates the formation of plants reproductive organs, as well as decomposes some pesticides. In this article, we present
new data on the effect of B. megaterium 501rif inoculation upon plant resistance to the herbicide
prometryn. There was shown that the B. megaterium 501rif brings down the phytotoxicity of the herbicide and decomposes it in the rhizospheres of oats and corn. The purposes of the work were to study
the survival rate of B. megaterium 501rif in the rhizosphere of oats and maize and to estimate its effect
on plant resistance to prometryn, as well as ability to effectively decomposition of this herbicide in the
soil. B. megaterium 501rif was cultured on a rotary shaker for 48 hours at 30 С, 140 rpm. The bacterial
titer was 5½108 CFU/ml and included at least 90 % of the alive cells. Seeds of oats (Avena sativa L.)
cultivar Pobeda and maize (Zeal mays L.) cultivar Ross 199 MV were inoculated with a 2-days liquid
culture of B. megaterium 501rif and were sown in vegetative pots. The soil was soddy-podzolic, medium
loam, with an organic matter content of 2.3 %, pH 5.8. An aqueous suspension of wetting powder of
prometryn (Panama Agrochemical Inc., Panama) was applied in the quantity of 0.12, 0.22, 0.67, and
1.23 mg/kg in the experiment with oats and 3.4, 6.8 and 20.4 mg/kg in the experiment with corn. In
last case there was a variant with prometryn (6.5 mg/kg) but without plants. Plants were grown in the
light chamber Phytos-4 (PHYTOS, Russia) at a temperature of 22-25 C. The dry weight of plants,
the quantity of prometryn in the soil, and the number of bacteria in the rhizosphere were determined
30 days after the sprouts appeared. The field experiment was conducted in the experimental field of
the All Russia Institute for Agricultural Microbiology (Pushkin, Leningrad region). The soil was soddypodzolic medium loam, with an organic carbon content of 2.3 %, pH 5.6. The herbicide prometryn
was applied to the soil at a dose of 500 mg/m2, which approximately corresponded to 1,5 mg/kg. The
seeds of corn were not inoculated in the control. The dry weight of plants and the quantity of herbicide
in the soil were determined 30 days after the sprouts appeared. B. megaterium 501rif took root well in
the rhizospheres of oats and corn. The number of bacteria were 300 to 500 thousand CFU/g soil, and
from 58 to 80 % of them were physiologically active cells. The weight of oats increased by 11 %,
corn — by 20 %, when seeds were inoculated with B. megaterium 501rif culture. The resistance of plants
to herbicide significantly increased and quantity of prometryn decreased 2-3-fold in the soil under
oats, and 20-fold under corn. In the field experiment the weight of the corn plant was 11.6 % higher,
while the herbicide quantity in the soil was 3 times lower than in the control. We suppose that the
higher resistance of plants inoculated with bacteria to the herbicide is due to a positive effect of their
metabolites, in particular poly-beta-hidroxibutyrate, produced by bacteria as well as active participation
of bacteria in the degradation of the herbicide. Thus, B. megaterium 501rif like an antidote takes off the
phytotoxic effect of the herbicide on plants and increases their productivity. Corn, when inoculated
with bacteria, decomposes prometryn effectively and can be used for bioremediation.
Keywords: Bacillus megaterium, protector, antidote, prometryn, herbicide degradation, oats,
corn, soil bioremediation
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The herbicide prometryn (4,6-bis-(isopropylamino)-2-methylthio-1,3,5triazine) is widely and effectively used to control annual dicotyledonous and cereal
weeds in corn, cotton, soybeans, potatoes, as well as vegetables and green crops
[1, 2]. Its persistence (Т50) in soil, depending on the dose, soil and climatic conditions, and agrotechnical methods, ranges from several weeks to 18 months [3,
4]. The long-term persistence of the herbicide in the soil causes agrotechnological
and ecological problems. From an agronomic point of view, they are primarily
associated with the alternation of crops in the crop rotation. There is a significant
risk of reduced yield and even death of herbicide-sensitive plants sown after the
prometryn-treated precursor. From an ecotoxicological point of view, it should be
noted that, despite the relatively low mobility, prometryn and its transformation
products are washed out of the soil into the surrounding water bodies, having a
negative effect on aquatic vegetation and undermining the food base of aquatic
organisms [5, 6].
Microorganisms and physicochemical properties of the soil are the main
factors providing degradation of herbicides [6, 7]. Bacteria utilizing prometryn as
a source of carbon [8], nitrogen [9, 10], and sulfur [11] were isolated from the
soil. According to Kruglov et al. [12], an accelerated decomposition of the herbicide occurred in the soil inoculated with Bacillus megaterium 501rif. Some B. megaterium strains produce poly-beta-hydroxybutyric acid. It has been found that the
treatment of crops with a preparation containing this substance increases plant
resistance to stress, including some pesticides [13]. The B. megaterium-based preparations have been created that are used in crop production to increase crop yields
[14, 15]. However, there are practically no works in which the influence of these
microorganisms on plant resistance to herbicides widely and universally used in
modern agricultural technologies has been studied.
This paper provides new data on the effects of B. megaterium 501rif inoculation on plants with regard to their resistance to the herbicide prometryn. It is
shown for the first time that B. megaterium 501rif culture reduces phytotoxicity of
the herbicide and degrades it in the rhizosphere of oats and corn
The work aimed to study the survival rate of B. megaterium 501rif in the
rhizosphere of oats and maize plants, and to assess its effect on plant resistance
to prometryn and the efficiency of decomposition of this herbicide in soil.
Materials and methods. Pot tests were carried out at the experimental base
of the All-Russian Research Institute of Agricultural Microbiology (St. Petersburg—
Pushkin).
Mutant rifampicin resistant strain B. megaterium 501rif was obtained by
gradient selection from the original strain previously isolated by us from ordinary
chernozem (Kokchetav region, Kazakhstan). The original strain is deposited in
the Collection of Non-Pathogenic Beneficial Microorganisms for Agricultural
Purposes (All-Russian Research Institute of Agricultural Microbiology) [16].
B. megaterium 501rif was cultured for 48 h on a rotary shaker (140 rpm,
30 С). The nutrient medium was as follows (g/l): K2 HPO4 — 1.6; KH2PO4 —
0.4; NH4NO3 — 0.5; MgSO4 — 0.2; CaCO3 — 0.05; FeSO4 — 0.025; yeast
extract — 0.2; sucrose — 10.0; pH 6.8. The bacterial titer was 5½108 CFU/ml
(at least 90% of vegetative cells).
Formation of poly-β-hydroxybutyrate intracellular granules in B. megaterium 501rif was investigated by phase contrast microscopy (Axio Lab. A1, Carl
Zeiss, Germany).
Seeds of oat (Avena sativa L.) variety Pobeda and corn (Zeal mays L.)
variety Ross 199 MB were inoculated with a 2-day liquid culture of B. megaterium 501rif and then planted in 2.0 kg pots. The soil is soddy-podzolic medium loamy, with a 2.3% organic matter content, pH sal. 5.8. Prometryn (an
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aqueous suspension of a wettable powder, Panama Agrochemical Inc., Panama)
was added at 0.0 (no herbicide), 0.12; 0.22; 0.67 and 1.23 mg/kg for oats and 0.0
(without herbicide), 3.4; 6.8 and 20.4 mg/kg for corn. In the latter case, an additional option introduced was bare fallow soil containing prometryn (6.8 mg/kg).
The soil was thoroughly mixed and packaged. Similar variants without inoculation served as control.
The plants were grown in a Phitos-4 light chamber (Phitos, Russia) at 2225 С and 50-60% soil moisture content of total moisture capacity. The experiment was repeated 3 times.
The dry biomass of plants, the prometryn content in the soil, and the B.
megaterium 501rif abundance in the rhizosphere of oats and maize were assessed
30 days after the emergence of seedlings. The bacteria were counted by serial
dilution method [17] with a mineral salt agar medium of the above composition
with the addition of 2.5% agar (Difco, USA) and 0.02 g/l rifampicin. For differentiated determination of bacterial spores, the soil suspension was pasteurized for
10 min at 80 С prior to plating on the nutrient medium. The herbicide was
extracted from the soil with acetone, followed by quantitative determination on a
Tsvet-106 gas chromatograph (NPO Khimavtomatika, Russia) with a thermoionic
detector [18]. The amount of prometryn extracted from soil was 65-70% of the
calculated amount.
In a field trial (experimental field, the All-Russian Research Institute of
Agricultural Microbiology, Pushkin, Leningrad region, 2010; 1 m2 plots in three
replicates), the soil was soddy-podzolic medium loamy, with a 2.3% organic carbon content, pH 5.6. Prometryn (500 mg/m2, which, according to the analysis,
corresponded to 1.5 mg/kg) was incorporated into the topsoil at a 0-10 cm depth.
Prior to sowing, seeds of maize variety Ross 199 MB were inoculated with liquid
culture of B. megaterium 501rif (5½108 CFU/ml) (no inoculation in control). The
aboveground part weight of plants, the herbicide content in the soil, and the bacterial titer were determined 30 days after the emergence of seedlings.
The data were statistically processed using Microsoft Excel software. The
mean values of the indicators (M) and standard deviations (±SD) were calculated.
The reliability of the results was assessed at the Р0.95 confidence level.
Results. In the pot tests, 0.12 mg/kg prometrine slightly stimulated oat
plant growth. The phytomass increased by 11% (P0.05 ) compared to that in plants
not treated with the herbicide (Fig. 1). Doses of prometryn above 0.22 mg/kg
inhibited plant growth, and 1.23 mg/kg prometryn caused plant death in 2 weeks.
Oat seed inoculation with B. megaterium 501rif culture decreased the phytotoxic effect of prometryn and a significantly (P0.95) increased the aboveground
phytomass as compared to the control (without inoculation), regardless of the
herbicide content in the soil. B. megaterium 501rif colonized the oat rhizosphere
well, and physiologically active vegetative cells comprised from 58 to 80% of bacteria. A month after the emergence of seedlings, the prometryn content in the soil
decreased, and, moreover, in the variants with inoculated seeds it was 1.5-3.0
times less than in the control (without inoculation) (Table). Thence, B. megaterium 501rif had a protective effect on oat plants, increasing their resistance to
the herbicide, and also reducing the herbicide content in the soil, which, in turn,
reduced its phytotoxic effect.
Prometryn had a similar effect on corn, but its resistance was an order of
magnitude higher than that of oats (see Fig. 1). The herbicide manifested its inhibitory effect at a concentration of 20.4 mg/kg, while lower doses stimulated plant
growth. Corn seed inoculation with bacteria completely eliminated the phytotoxic
effect of the herbicide. In addition, the phytomass increased 1.5-3.0 times (P0.95)
as compared to non-inoculated corn plants.
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B. megaterium 501rif colonized the corn rhizosphere well, up to 335 thousand CFU g/soil (see Table). Thirty days after germination, the content of the
herbicide in the soil under corn plants decreased 20 times, and with bacterial
inoculation 60 times compared to bare fallow soil. Therefore, both plants and
B. megaterium 501rif bacteria from the rhizosphere, were involved in the herbicide
degradation.

Fig. 1. Dry weight of oat (Avena sativa L.) variety Pobeda (A) and corn (Zeal mays L.) variety Ross
199 Mv (B) plants as influenced by herbicide prometryn upon seed inoculation with Bacillus megaterium
501rif culture (30 days after the emergence of seedlings): a — control (without inoculation), b —
inoculation. Test in pots (vertical bars mean root-mean-square deviations).

The soil concentration of prometryn and abundance of bacterial inoculant Bacillus
megaterium 501rif in oats (Avena sativa L.) variety Pobeda and corn (Zeal mays L.)
variety Ross 199 МВ (30 days after the emergence of seedlings) (pot tests, M±SD)
Soil
Oats
Oats
Oats
Corn
Soil without corn

initial
0.22±0.03
0.67±0.04
1.23±0.03
6.80±0.05
6.80±0.05

Prometryn mg/kg
day 30
without
inoculation with
inoculation B. megaterium 501rif
< 0.02
0.59±0.02
0.93±0.15
0.22±0.02
4.50±0.07

< 0.02
0.18±0.03
0.58±0.07
0.07±0.02

B. megaterium 501rif,
CFU n 103/g
spores, % of the
total number
total number
500±70
550±65
350±33
335±40

20.0
27.0
42.0
12.0

Given the high efficiency of herbicide degradation under the cover of corn
plants, the effect of bacteria on the accumulation of green phytomass and the
prometryn degradation in soil was also assessed in plot tests. Thirty days after the
emergence of seedlings, the plant weight in the control was 257±15 g/m2, while
under inoculation with B. megaterium 501rif it was 287±20 g/m2, or 12% more
than in the control. There was practically no difference between the variants of
the experiment. The soil concentration of the herbicide upon inoculation decreased almost 3 times compared to the control, 0.15±0.03 vs. 0.45±0.10 mg/kg,
which is consistent with the pot test data.
Considering the reasons for the positive effect of B. megaterium 501rif, one
should pay attention to the fact that in plants inoculated with bacteria, the architecture of the root system changes significantly due to the more intensive development of lateral roots [19], the generative organ formation is accelerated [20],
and the total concentration of photosynthetic pigments in leaves rises [21].
It was found that these microorganisms produce auxins and B vitamins
[22], as well as poly-beta-hydroxybutyric acid [23-26] which had a positive effect
on root formation and photosynthesis in plants. The content of poly-beta-hydroxymatic acid in B. megaterium cells ranged from 10 to 80% of the mass of
bacteria, depending on the strain and cultivation conditions [23-25]. The strain
B. megaterium 501rif, obtained by us, during its growth in a liquid medium also
intensively synthesized and accumulated poly-beta-hydroxybutyric acid granules
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in vegetative cells (Fig. 2).
The trial of Albit biological
(Scientific and Production Company
Albit LLC, Russia), the main active
ingredient of which is poly-betahydroxybutyric acid, has shown its
high efficiency in a number of
agricultural crops as compared to
vatious chemical herbicides [13, 27].
Zlotnikov et al. [13, 27] consider
Albit as a universal anti-stress preparation with antidote properties towards
Fig. 2. Bacillus megaterium 501rif cells filled with poly- pesticides used in agriculture. Acbeta-hydroxybutyric acid beads (Axio Lab. A1 microcording to the authors, the mechanism
scope, Carl Zeiss, Germany, phase contrast).
of protective action is primarily
associated with the positive effect of poly-beta-hydroxybutyrate on photosynthesis.
Based on this, it can be assumed that the protective effect of B. megaterium 501rif
we observed is associated, with a high degree of probability, with the positive effect
of bacterial products, primarily poly-beta-hydroxybutyric acid.
The results for corn are of particular interest. It is known that corn absorbs
and degrades triazine herbicides. In this case, the enzymes involved in the hydroxylation play a significant role [28]. It was found that during the transformation of
prometryn by plants and microorganisms, significant amounts of metabolic products are formed among which sulfoxide, sulfone, hydroxypropazine occupy the
main place, and, with the subsequent transformation of hydroxypropazine, the
production of ameline, amelide and cyanuric acid is possible. The products of
hydrolysis and N-dealkylation of sim-triazines form conjugates with glutathione
and sugars [6, 28].
Until now, the main attention of researchers has been focused on the study
of the herbicidal effect of prometryn and the products of its transformation [29].
There is very little evidence of their beneficial effect on plants. Thus, Lebedev
reported [30, 31] that small doses of prometryn increased the net productivity of
photosynthesis and the absorption of nitrogen and phosphorus by Scots pine and
Siberian cedar seedlings. Nadar et al. [32] observed a stimulating effect of simtriazine herbicides, including methylthio derivates (prometryn and ametryne, on
the growth of callus and protein synthesis in sorghum, which allowed the authors
to concluded about the hormonal kinin-like action of low concentrations of simtriazines on plants. Triazine herbicides affect the ionic balance of plants and,
thence, the synthesis of DNA, proteins, and enzymes [33]; therefore, it is possible
that the high efficiency of corn plant inoculation with B. megaterium 501rif upon
prometryn application is due to the synergistic effect of the bacterial excretions,
the herbicide and products of its transformation.
Thus, inoculation of oat and maize seeds with Bacillus megaterium 501rif
has a positive effect on plant growth. Moreover, the efficiency of inoculation is
higher upon prometryn application than in the control. Also, the plant resistance
to prometryn increases and its decomposition in the rhizosphere accelerates. Consequently, the B. megaterium 501rif and its metabolites, in particular poly-betahydroxybutyric acid, serve as protectors, or antidotes, removing the phytotoxic
effect of prometryn . The pot tests and plot trials showed that the corn plants
inoculated with B. megaterium 501rif possesses properties of a biomeliorant, effectively removing herbicide prometryn from soil. This opens up prospects for
the use of corn inoculated with B. megaterium in bioremediation of the soils
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contaminated by prometryn.
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Abstract
Nodule bacteria of the species Rhizobium leguminosarum are symbiotic N 2-fixers that divide into two biotypes: viciae and trifolii (D.C Jordan. et al., 1984). Symbiotic genes, the evolution
of which depends on host plants, are responsible for the function of symbiotic nitrogen fixation
(J.P.W. Young et al., 1989). Recently it was shown that according to the type of organization of the
symbiotic regions of the genomes, rhizobia isolated from the Vavilovia formosa (Stev.) Fed. are close
to the protosymbiont of the tribe Fabeae R. leguminosarum bv. viceae (E.R. Chirak et al., 2019).
However, in the evolution of R. leguminosarum, there was another earlier divergence between the
biotypes viceae and trifolii, the starting point of which was the protosymbiont of the entire species
R. leguminosarum, which existed before its separation into biovars. In this work we present the
results of genomes sequencing of a group of Rhizobium leguminosarum bv. trifolii and comparisons
of the structure of their symbiotic regions with the corresponding regions of the genomes of Rhizobium leguminosarum bv. viciae, related to the ancestral and “advanced” types. In the program
CLC Genomics Workbench 7.5.1, we compared the obtained genome-wide sequences of the
strains R. leguminosarum bv. trifolii (Oxford Nanopore sequencing technique) with reference
strains of R. leguminosarum bv. viceae, related to ancestral and “advanced” types. It was shown
that in the genomes of strains of clover symbionts, four of five ancestral characters are found: an
increased size of intergenic regions in the symbiotic region, the presence of the nodX gene in the
nod-operon, the absence of the nodT gene in the sym-region, and only one copy of the fixNOPQ
operon located on the pSym. Based on the results obtained, we suggest that the protosymbiont
R. leguminosarum could be close to clover rhizobia.
Keywords: Rhizobium leguminosarum bv. trifolii, symbiosis evolution, symbiotic genes, protosymbiont, genome-wide sequences

Nodule bacteria Rhizobium leguminosarum, the most widespread symbiotic nitrogen fixators in temperate latitudes, comprise two biotypes contrasting in
host specificity, bv. viciae (symbionts of vetch, pea, rank, lentil and vavilovia)
and bv. trifolii (clover symbionts) [1]. Symbiotic genes (sym-genes) are responsible for the function of symbiotic nitrogen fixation, the evolution of which is
largely determined by the host plants [2].
Three main groups of sym-genes distinguished in rhizobia are nod (syn489

thesis of lipochitooligosaccharide signaling Nod factors that induce nodule development) [3-5], nif (synthesis of nitrogenase) [5] and fix (energy supply for
nitrogenase and regulation of nif genes) [5, 6]. The evolution of the symbiotic
complex first occurred through the assembly of groups of genes encoding various
signaling and metabolic properties that ensure the functioning of symbiosis in
primary rhizobia. The primary rhizobia originated from non-symbiotic diazotrophs, followed by the transfer of the assembled symbiotic constructs into the
so-called secondary (derivative) species [7]. Primary rhizobia, the relatives of the
modern genus Bradyrhizobium, were close to the free-living phototroph Rhodopseudomonas and acquired the ability to fix nitrogen by recruiting some genes that
control photosynthesis into the fix system [8]. This reorganization led to the
emergence of photosynthetically active Bradyrhizobium spp., nodulating the
stems of tropical legumes without the use of nod genes. The ability to synthesize
Nod factors for which nod genes are responsible was probably first acquired by
bacteria of the genus Bradyrhizobium in which phototrophy was replaced by the
ability to use photosynthetic products of plant. These heterotrophic rhizobia usually retain the expression of ex planta nif genes, but they are not capable of diazotrophic growth due to low nitrogenase activity [9]. The most studied secondary
rhizobia are the members of genera Rhziobium, Sinorhizobium, Mezorhizobium,
and Neorhizobium. These bacteria are devoid of photosynthetic systems and cannot express ex planta nitrogenase genes; their appearance was the result of horizontal transfer of sym genes from primary rhizobia to various soil heterotrophic
bacteria [10].
Structural and functional organization of sym-gene regions has been
studied in detail in Rhizobium leguminosarum bv. viceae, the strains of which vary
significantly in the specificity towards different host plants. It has recently been
shown that, according to the type of organization of symbiotic regions (symregions) of rhizobial genomes, R. leguminosarum bv. viceae can be divided into
two groups [10]. The first group isolated from Vavilovia formosa (Stev.) Fed. (a
plant, presumably close to the last common ancestor of the entire tribe Fabeae)
[11] and possessing a complex of ancestral features of the genome, is characterized by i) an extended sym-region, sometimes divided between two symbiotic
plasmids (pSym), ii) the presence of nodX and fixW genes in plasmid symoperons, iii) the lack of chromosomal copies of fixNOPQ, and iv) the location of
nodT gene outside the operons of nod genes. In the second, derived (or evolutionarily “advanced”) group, the sym-region is more compact, there are chromosomal copies of fixNOPQ, nodT is integrated into the nod operon between nodN
and nodO, and the nodX and fixW genes are lost.
The transition from the ancestral form to the advanced one is associated
with general (structural and functional) compaction of the genome, an increase
in the intensity of nitrogen fixation and a narrowing of the host specificity. Thus,
it has been shown that the rhizobia isolated from V. formosa are close to R. leguminosarum bv. viceae, the protosymbiont of the tribe Fabeae. However, in the
evolution of rhizobia of this group, there was another earlier divergence between
R. leguminosarum bv. viceae and R. leguminosarum bv. trifolii, the starting point
of which was the protosymbiont of the entire species R. leguminosarum, which
existed before R. leguminosarum separation with the formation of biovars viceae
and trifolii. And although today nothing is known either about the host plant of
this protosymbiont, much less about the organization of its genome, it is obvious
that comparing the symbiotic operons of the R. leguminosarum bv. viceae ancestral variants and corresponding regions in the R. leguminosarum bv. trifolii genomes will be very helpful for understanding the evolutionary construction of the
protosymbiont.
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In this work, we present the first results of sequencing genomes of the
Rhizobium leguminosarum bv. trifolii (Rlt) group of the ancestral type to collate
the structure of their symbiotic regions with the corresponding regions in R. leguminosarum bv. viciae (Rlv) of the advanced type.
The investigation aimed to search for ancestral symbiotic characters in
the genome of Rhizobium leguminosarum bv. trifolii.
Materials and methods. Nodule bacteria were isolated from 50 samples of
soil from rhizosphere of three clover plants (species Trifolium pratense L., T. repens
L., and T. hybridum L.) collected in the village. Vyritsa (Leningrad Province,
Gatchinsky District). To collect samples, we selected areas of compact growth of
flowering plants (not farther than 0.2-0.3 m from each other), the distance between the sampling sites was at least 5 m.
Soil suspensions were prepared from each sample, which were used to inoculate sterile seedlings of red clover (T. pratense) and white clover (T. repens).
The plants were grown in pots in gnotobiotic condition on a nitrogen-free
Krasilnikov-Korenyako medium. One nodule was taken from each green plant,
which was sterilized in 96% alcohol and washed twice with sterile water. The nodules were destroyed with a glass rod in an eppendorf; 0.1 ml of an aqueous suspension was plated on agar medium 79 [12]. On day 3 of growth, individual colonies were subcultured in tubes on bean agar for storage [12]. A total of 37 clover
rhizobia isolates were obtained, of which five were selected and grown in 5 ml of
liquid medium 79 for 1 day at 28 С. The cultures were used to isolate genomic
DNA according to a standard technique [13].
For whole genome sequencing, the libraries were constructed according to
the 1D native barcoding genomic DNA protocol, recommended by the manufacturer, with EXP-NBD104, EXP-NBD114, and SQK-LSK109 kits (Oxford Nanopore, Great Britain). The libraries were sequenced (a MinION nanopore sequencer, Oxford Nanopore, UK) according to the manufacturer’s instructions on
well R9.4. Basecalling of fast5 raw files resulted from sequencing was performed
with Albacore v. 1 software (https://rubygems.org/gems/albacore/ver-sions/2.3.1).
We used Deepbiner v. 0.2.0 software [14] to demultiplex the reads, Porechop v.
0.2.3 software (https://github.com/rrwick/Porechop) for cleaning sequence reads.
The reads were assembled in Flye v. 2.6 (https://github.com/fenderglass/Flye).
The resulting assemblies were corrected with the use of Racon v. 1.3.2 software
(https://github.com/lbcb-sci/racon; -m 8 -x -6 -g -8 -w 500 options), as well as in
Medaka v. 0.10.0 software (https://github.com/nanoporetech/medaka). Genome
annotation was performed using the Prokka program [15]. Genomes were deposited in GenBank (http://www.ncbi.nlm.nih.gov/bioproject/PRJNA611463,
the PRJNA611463 bioproject).
Sequence extraction, concatenation, and other manipulations with genomes
during information processing were performed in CLC Genomics Workbench v.
7.5.1 (https://secure.clcbio.com/helpspot/in-dex.php?pg=kb.printer.friendly&id=15).
The sequences were aligned using Molecular Evolutionary Genetics Analysis
(MEGA) X program (https://www.megasoftware.net) [18]. The construction
of phylogenetic trees by the maximum likelihood method with a bootstrap
(1000 repeats) was carried out with PhyML v. 3.3 software(http://www.atgcmontpellier.fr/phyml/) [19]. The choice of the distribution model was automatically determined using the least BIC (Bayesian information criterion)
method [20]. The resulting dendrograms were visualized in the online application iTOL (https://itol.embl.de) [21].
Results. Genome analysis was performed for five local isolates (3B, 9B,
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22B, 23B, and 31B) and five strains of R. leguminosarum (Table 1).
1. Rhizobium leguminosarum strains used
Strain

Region

Host plant

GenBank accession number Reference

R h i z o b i u m l e g u m i n o s a r u m bv. t r i f o l i i (Rlt)
3B

Pgt Vyritsa,
Leningrad Province, Russia
9B
Pgt Vyritsa,
Leningrad Province, Russia
22B
Pgt Vyritsa,
Leningrad Province, Russia
23B
Pgt Vyritsa,
Leningrad Province, Russia
31B
Pgt Vyritsa,
Leningrad Province, Russia
WSM1689 Greece
Rhizobiu
Vaf10
North Ossetia, Russia
Vaf108
Dagestan, Russia
TOM
Turkey
248
England

Trifolium repens L.

PRJNA611463

This work

Trifolium pratense L.

PRJNA611463

This work

Trifolium pratense L.

PRJNA611463

This work

Trifolium pratense L.

PRJNA611463

This work

Trifolium pratense L.
PRJNA611463
This work
Trifolium uniflorum L.
CP007045-CP007050
[17]
m l e g u m i n o s a r u m bv. v i c i a e (Rlv)
Vavilovia formosa (Stev.) Fed. CP016286-CP016293
[10]
Vavilovia formosa (Stev.) Fed. CP018228-CP018236
[10]
Pisum sativum L.
AQUC01000001-AQUC01000006
[16]
Vicia faba L.
ARRT01000001-ARRT01000007
[16]

We sequenced the genomes of five Rlt isolates (3B, 9B, 22B, 23B, 31B) to
collate them with the genomes of the Rlv strains (see Table 1). The strains to
compare were Vaf108 and Vaf10, the symbionts of Vavilovia formosa [22] which is
probably the closest living relative of the common ancestor of the tribe Fabeae
[23], TOM which is a symbiont of pea (Pisum sativum L.) Afghan cultivars [24],
248, a symbiont of Vicia faba L., and WSM1689, a symbiont of T. uniflorum (see
Table 1). Since the divergence of R. leguminosarum biovars is determined by symbiotic genes, while the chromosome background of these biovars is common [25],
we focused on the symbiotic regions of the genomes.

Fig. 1. Differences in the organization of sym-operons in the genomes of Rhizobium leguminosarum
isolates. 3B, 9B, 22B, 23B, 31B, and WSM1689 are R. leguminosarum bv. trifolii (Rlt) strains, Vaf10,
Vaf108, TOM, and 248 are R. leguminosarum bv. viciae (Rlv) strains. The nod-operons are marked
in blue, nif is green, and fix in yellow. The top scale is the length of sym-regions, bp.

Fig. 2. Schematic structure of sym-operons in Rhizobium leguminosarum isolates. 3B, 9B, 22B, 23B,
31B, and WSM1689 are R. leguminosarum bv. trifolii (Rlt) strains, Vaf10, Vaf108, TOM, and 248 are
R. leguminosarum bv. viciae (Rlv) strains. The nod operons are marked in blue, nif in green, and fix
in yellow. An asterisk (*) marks a gene located on a chromosome.

S t r u c t u r e of sym-o p e r o n s. Comparing sym-regions of the genomic sequences of Rlt 3B, 9B, 22B, 23B, and 31B isolates with the sym-regions of Rlt
WSM1689 and Rlv Vaf10, Vaf108, TOM, and 248 strains revealed differences be492
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tween Rlt and Rlv strains in the arrangement and location of sym genes (Fig. 1).
In strains 3B, 9B, 22B, and 23B, the sym genes are organized into sym operons
located on the pSym. Strain 31B is somewhat different due to the fixNOQPGHIS
operon location on the chromosome (Fig. 2) and two additional genes (fixLK) not
detected in other strains (see Fig. 2).
The nodT gene was also found on the chromosomes of Rlt strains 3B,
9B, 22B, and 31B, but there was no fixW gene. The nodT gene was not identified in 23B strain, but of all the studied Rlt strains, only 23B has the fixW gene
separately located on a plasmid. In the nod operons of all Rlt strains, the nodX
gene was found, but the nodO gene was absent.
G e n o m i c d i s t r i b u t i o n o f sym- r e g i o n s. In Rlt strains, the structure of sym-regions varied (see Fig. 1). In 31B, in contrast to the other strains
under consideration, the fixNOQPGHIS operon is located on the chromosome.
In strains 3B, 9B, and 22B, the distance between nifHDKE and fixNOQPGHIS
operons is greatly increased, while in strain 23B it is noticeably smaller (Fig. 3).
Fig. 3. The proportions between the sizes of
sym-regions (black bars) and sym-genes (white
bars) in the genomes of Rhizobium leguminosarum bv. trifolii (Rlt) strains (1 — 3B, 2 —
9B, 3 — 22B, 4 — 23B, 5 — 31B, 6 —
WSM1689) and R. leguminosarum bv. viciae
(Rlv) (7 — 248, 8 — TOM, 9 — Vaf10, 10 —
Vaf108).

In addition, the sym-region
clusters in strain 23B is the most
compact and comparable in size to
that in strain 248, a V. faba symbiont. The sizes of the sym-region in
strains 23B and 31B correspond to
those characteristic of the evolutionarily advanced group, for which a compact arrangement of sym-genes is typical, while strains 3B, 9B, and 22B, in which the symregion is expanded, can be attributed to the ancestral evolutionary group.
P h y l o g e n e t i c a n a l y s i s o f sym-g e n e s. In strains Rlt and Rlv, in
addition to the revealed structural features of the symbiotic region, we analyzed
the nucleotide polymorphism of three gene groups, fix, nif, and nod. Figure 4
shows the phylogenies of the corresponding concatenates. The grouping of clover
symbionts in a relatively compact cluster occurred in two gene groups, nif and
nod, while Rlv strains grouped in a compact cluster only for fix genes. Noteworthy is the fact that, in the phylogeny for the nif and nod genes, the advanced
symbionts Rlv (248 and TOM) appear, with reliable statistical support, in one
cluster with clover rhizobia, while for fix genes, there are two Rlt strains
(WSM1689 and 31B) fall into a relatively compact cluster with the Rlv group,
which includes both advanced and ancestral Rlv strains.
The biovars of R. leguminosarum are represented by symbionts of two
very different leguminous tribes. The R. leguminosarum separation into viciae and
trifolii biovars has a long evolutionary history, and strains of these biovars do not
nodulate legumes from the tribes Trifolieae and Fabeae upon cross-inoculation.
In biovar viciae, symbionts of Vavilovia are distinguished, possessing a number of
ancestral characters, and it is assumed that they are closest to the protosymbiont
of the tribe Fabeae, the common ancestor of the biovar R. leguminosarum bv.
viceae [10]. In the presented study, when comparing the Vavilovia rhizobia genomes sequenced earlier and the genomes of clover rhizobia studied in this
work, we obtained data concerning the protosymbiont common for the entire
493

species R. leguminosarum, which existed evolutionary earlier, i.e. before the separation into biovars viceae and trifolii.

Fig. 4. Dendrogram of Rhizobium leguminosarum strains based on concatenated sequences of genes
fixABCGHINOPQ (A), nifABDEHKN (B), and nodABCDEFIJLMN (C). 3B, 9B, 22B, 23B, 31B,
and WSM1689 are R. leguminosarum bv. trifolii (Rlt) strains, Vaf10, Vaf108, TOM, and 248 are
R. leguminosarum bv. viciae (Rlv) strains.

A significantly larger size of intergenic regions in the symbiotic region,
due to the primary “rough” assembly at the early stages of evolution, is an ancestral character. Later in evolution, these regions have compacted [10]. An important result of our studies is that we have identified in the Rlt strains 3B, 9B,
and 22B a sym-region with the size which is much larger than in symbionts of
Vavilovia (see Fig. 1, Table 2).
2. Summarized ancestral genomic characters of in Rhizobium leguminosarum biotypes (based on genome-wide sequencing of 10 strains)
Extended Absence of nodT
Absence of chromosoPresence of nodX Presence of fixW
sym-region in nod-operon
mal copy of fixNOPQ
R. leguminosarum bv. trifolii
+
+
+
–
+
R. leguminosarum bv. viciae
+
+
+
+
+
N o t е. «+» or «–» — the trait is present or absent, respectively. The studied strains are 3B, 9B, 22B, 23B, 31B,
and WSM1689 (R. leguminosarum bv. Trifolii, Rlt), Vaf10, Vaf108, TOM, and 248 (R. leguminosarum bv. viciae,
Rlv).

Rhizobium biovbar

All Rlt strains are characterized by the presence of the nodX gene in nodoperon, which in Rlv strains also serves as a trait that marks ancestral genotypes
[25]. The significance of nodX gene for symbiosis with clover has not been studied, and its loss in advanced Rlv strains is associated with a narrowing of the
host specificity and an increase in the activity of nitrogen fixation [26].
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Another ancestral feature is the absence of the nodT gene which encodes
the efflux system ensuring effective release of the nod factor from the rhizobial
cell [27]. As shown in Rlv strains, a probable evolutionary scenario is associated
with the recruitment of this gene from the chromosome into a symbiotic cluster
through duplication, neofunctionalization, and transfer. In Rlt strains, nodT gene
is present in one copy only on the chromosome (the exception is isolate 31B in
which nodT was not detected at all). Thus, according to this trait, the genomes
of clover rhizobia demonstrate correspondence to even earlier stages of the evolution of the symbiotic gene cluster.
In Rlv strains, ancestral traits associated with functional redundancy of
ancestral genotypes also include the presence of fixW gene. In the studied clover
symbionts, fixW gene was found only in strain 31B, but not in the fix operon on
pSym as in Rlv, but in a separate nonsymbiotic contig. The fixW function, as
suggested earlier, may be associated with deep differentiation of bacteroids characteristic of rhizobia. The fixW manifestation and significance for symbiosis have
not been studied in detail, but, most likely, fixW does not affect the host specificity [28].
Finally, strains Rlt 3B, 9B, 22B, and 23B, like strains Rlv Vaf10 and
Vaf108, have only one copy of fixNOPQ genes per pSym (the operon is absent
in the chromosome), in contrast to other members of Rlv which have two
fixNOPQ copies in their genome, i.e. in pSym and in the chromosome. In strain
31B, one copy of fixNOPQ was detected, but in the chromosome. The fixNOQP
genes and their homologues in Gram-negative nitrogen-fixing bacteria encode a
high-affinity terminal cytochrome oxidase of the cbb3 type which provides respiration under microaerophilic conditions [29], for example, in nodule symbiosis.
Most likely, the duplication of fixNOQP cluster and its transfer to the chromosome occurs during the late evolution of R. leguminosarum [30].
The differences that we revealed in the phylogenetics topology of
fixABCGHINOPQ, nifABDEHKN, and nodABCDEFIJLMN concatenates indicate an independent evolution of the groups of genes that control various functions. The data obtained make it possible to extend the assumptions made earlier
about the independent evolution of these groups within the viceae biovar [10] to
the whole species R. leguminosarum.
So, the analysis of whole genome sequencing data showed that at least
three (3B, 9B, and 22B) of the studied Rhizobium leguminosarum bv. trifolii
strains possess a large part of the ancestral features (extended sym-region, absence of a chromosomal copy of fixNOPQ and nodT gene in the nod-operon,
and the presence of nodX) found in rhizobia of Vavilovia formosa (Stev.) Fed.
However, the evolutionary interpretation of the obtained data is complicated
by the fact that the mechanisms of R. leguminosarum bv. viciae and R. leguminosarum bv. trifolii evolution, undoubtedly, are determined not only by the host
plants and their phylogenesis, but also by the history of adaptation of these
plants to various ecological and geographical zones. It is possible that characters identified in one group of rhizobia as ancestral in another group may have
a different evolutionary meaning. Despite these constraints, one of the significant results of our study, is, in our opinion, the assumption that clover rhizobia, together with Vavilovia rhizobia, may be close to the protosymbiont of
R. leguminosarum. We consider this assumption as one of the working hypotheses for further research.
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Abstract
Plant breeding success largely depends on knowledge of the genetic diversity and pedigree of
cultivars, which is important for determining parental pairs for crossbreeding, donor genotypes of
valuable traits and intraspecific homogeneity. AFLP is one of the popular methods for detecting genomic polymorphism and genotyping plant accessions, cultivars and lines. In addition to solving taxonomic and phylogenetic problems, the AFLP method is widely used to determine the variability,
homogeneity, and the introgression and hybridity degree of S. tuberosum cultivars, reconstruct their
pedigrees, and also to search for markers linked to various traits. Despite the importance of cultivar
certification and inter-cultivar genomic variability assessment, in the Russian Federation, there are few
studies on molecular marking of the potato domestic and foreign cultivars farmed in Russia. In the
present work, the nuclear genome variability of 60 potato cultivars and five perspective clones was
evaluated using the multilocus AFLP analysis. With primer combinations E35/M40 and E41/M35, 218
AFLP fragments were detected, 189 (86.7%) of which were polymorphic and 19 were unique for
individual cultivars. Each of the 65 analyzed accessions was characterized by a specific AFLP spectrum.
The genetic distances between the analyzed accessions varied widely from 0.37 to 0.77 with an average
value of GD = 0.61. The species Solanum stoloniferum, used as an outgroup genotype, was most similar
to the cv. Fioletovyi (GD = 0.59), and the greatest difference was to the cv. Aurora (GD = 0.80).
Statistical analysis of the obtained AFLP data resulted in statistically insignificant clustering. On dendrograms constructed using the PAST and Structure v. 2.3.4 software, there was a tendency toward
clustering (with low bootstrap support) of cultivars from the Lorch Potato Research Institute, and
accessions with resistance to late blight, cyst nematode or PVY, as well as with yellow-coloured tuber
peel. The high polymorphism level of the analyzed cultivars, the lack of their clear clustering and their
“unstable” position at the dendrograms may be due to the current intensive exchange of breeding
material, as well as to the increasing popularity of using wild potatoes in the potato breeding programs.
Keywords: Solanum tuberosum, potato, Russian cultivars, foreign cultivars, genomic polymorphism, tuber skin color, tuber flesh color, resistance, potato blight, cyst nematode, PVY, AFLPclustering

A success of any breeding program largely depends on knowledge of the
genetic diversity and pedigrees of plant cultivars, which is important for identifying
parental pairs for crossing, donors of valuable traits and intravarietal homogeneity.
Modern methods of molecular analysis make it possible to characterize the genotype, as well as to determine the degree of diversity within a cultivar and between
cultivars of different geographical and breeding origin [1].
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Currently, DNA genotyping of plants by assessing the polymorphism of
both the entire genome and its functional regions (gene families, individual loci
and genes) is becoming more and more relevant. In plants, DNA markers based
on polymorphic DNA sequences obtained by molecular analysis methods are used
to identify valuable genotypes, specific genes and chromosomal loci, as well as for
the certification of cultivars and lines. DNA markers are not influenced by the
environment and can be detected at any stage of development [2, 3]; therefore,
their use makes it possible to overcome the disadvantages of protein markers in a
number of breeding issues, including cultivars certification.
AFLP (amplified fragment length polymorphism) is a popular technique
to detect genomic polymorphism and to genotype plant accessions, cultivars, and
lines [4]. AFLP analysis makes it possible to assess the genome variability without
determining the specific loci sequence, as well as to study an extensive, predominantly selectively neutral, part of the genome represented by unique and moderately repetitive DNA sequences [4]. High efficiency of AFLP markers has been
shown in determining genetic distances and phylogenetic relationships at various
taxonomic levels [5]. The frequency of its use evidences about the effectiveness of
the method. AFLP is actively and successfully used to assess intervarietal variability
in many agricultural crops, including wheat [6[, barley [7], peas [8, 9], and pepper
[10, 11].
In potato research, AFLP technique was used to assess genetic diversity in
existing world collections, for example, in wild species Solanum microdontum
(GenBank USDA, USA) [12], S. acaule and S. demissum (CGN GenBank, the
Netherlands) [13]. AFLP was used to revise 619 accessions of 13 wild potato
species from the CPC (Great Britain) and NRSP6 GenBanks ― The US Potato
GenBank (USA) [14]. The method allowed assessing the levels of polymorphism
of representative accessions of wild and cultivated potato species differing in geographic origin, ploidy and breeding system [14]. A number of taxonomic issues in
the genus Solanum were solved using the AFLP method, e.g. the grouping of
potato species in a series, previously proposed by Hawkes [15], has been revised;
the effectiveness of AFLP for studying phylogeny of the genus Solanum and potato
cultivars was shown [16], and the differences between taxa S. americanum and S.
nodiflorum were confirmed [17].
In addition to addressing taxonomic and phylogenetic problems, the AFLP
method is widely used to determine variability, homogeneity, degree of introgression and hybridity of S. tuberosum cultivars, to reconstruct their pedigrees, and
also to search for markers associated with various traits. Thus, AFLP genotyping
of 20 local Chilean cultivars was performed [18]. An analysis of 32 potato varieties
cultivated in Scandinavian countries (NGB — Nordic Gene Bank, Sweden)
showed that the collection consists of genetically and morphologically different
clones, without any grouping by geographic origin [19]. AFLP analysis of 54 potato
cultivars from the SASA GenBank (Great Britain) identified a group of 7 cultivars
that were recommended for use in breeding programs in southern Italy [20].
Despite the significance of certification and assessment of intervarietal genomic variability, for potato cultivars of domestic and foreign origin cultivated in
Russia, little is known about analysis and development of systems for molecular
genotyping [21-24] or the determination of gene allelic variants for pathogen resistance [25-28].
The research aimed to assess the genomic variability of 60 potato cultivars
and five perspective breeding clones of domestic and foreign breeding by the
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AFLP method, as well as the effectiveness of AFLP analysis in genotyping potato
varieties cultivated in Russia.
Materials and methods. Sixty domestic and foreign cultivars and five
promising breeding clones of potato S. tuberosum (provided by the Lorkh AllRussian Research Institute of Potato Farming — VNIIKH, Moscow Province, Russia)
were analyzed (a related species S. stoloniferum was an outgroup accession). Of the 60
varieties, 59 (or 90.77%) are included in the State Register of Breeding Achievements
Allowed for Use (RF, 2020; http://reestr.gossortrf.ru/reestr/culture/159.html). The
tubers were germinated in standard greenhouse conditions (23 С/25 С and 16
h/8 h day/night).
Genomic DNA was extracted from freshly harvested seedlings by the
CTAB method [21, 29].
AFLP analysis was carried out according to a standard technique with
hydrolysis of 350 ng of each accession genomic DNA with EcoRI and MseI restriction enzymes followed by ligation with EcoRI and MseI adapters [4] Selective
amplification was carried out in two stages. The first step was a pre-amplification
(denaturation at 94 С for 30 s, annealing at 56 С for 30 s, elongation at 72 С
for 1 min; 24 cycles) using adapter primers EcoRI+1 and MseI+1 [4] with a 3´end selective nucleotide A. The second step was amplification using primers
EcoRI+3 and MseI+3 with three selective nucleotides at the 3´-end. The results
were visualized in a denaturing 6% polyacrylamide (a LI-COR 4300 gel analyzer,
LI-COR operator manual, LI-COR, USA).
The obtained AFLP fragments were entered in MS Excel for calculation
as binary matrices. Based on the constructed spectra and matrices, the varietyspecific DNA markers were identified, the coefficients of pairwise genetic similarity between the accessions (GS) and the genetic distances (GD = 1  GS) were
calculated; cluster analysis was performed (by Neighbor Joining method and principal coordinates analysis), and groups of genetically similar accessions were identified using PAST software [30]. The genomic structure of the studied accessions
was analyzed with Structure v. 2.3.4 (https://web.stanford.edu/group/pritchardlab/home.html) which allows identification of common genetic blocks and their
ratio in each accession [31, 32].
Results. The description of the cultivars used in the study (originators,
ripening dates, year of entry into the State Register, color of the tuber skin and
flesh, resistance to golden potato cyst nematode, late blight, potato virus Y (PVY),
resistance genes) are given in the Table 1 (see at http://www.agrobiology.ru).
T h e p r i me r/en z y me c o mb i n a t io n s t e s t in g f or m ul t i l o c u s
A F L P g e n o m i c a n a l y s i s o f S. tuberosum c u lt i v a r s. The restriction endonucleases EcoRI and MseI were used to digest DNA of the potato accessions,
since it was previously shown that these enzymes provide the highest efficiency of
AFLP analysis [10, 13, 18]. At the second step of amplification, seven combinations of EcoRI+3/MseI+3 primers differing in the composition of selective nucleotides at the 3´-end were tested using five cultivars (from different breeding
centers), namely E35/M40 (E-ACA/M-AGC), E41/M35 (E-AGG/M-ACA),
E41/M48 (E-AGG/M-СAC), E41/M45 (E-AGG/M-ATG), E12/M50 (EAC/M-CAT), E32/T55 (E-AAC/M-CGA), and E32/T61 (E-AAC/M-CTA). Only
two combinations, E35/M40 and E41/M35, could generate the polymorphic,
clearly differentiated profiles with an optimal number of fragments and were
subsequently used for AFLP labeling of 60 cultivars and five breeding clones
of S. tuberosum.
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1. Potato varieties and lines subjected to AFLP analysis (see at http://www.agrobiology.ru)

AFLP a n a l y s i s o f p o t a to c u l t i v a r s a nd b r e e d i n g c l one s. AFLP
analysis of 60 cultivars and five breeding clones of S. tuberosum and accession of
wild species S. stoloniferum (an outgroup) detected 218 fragments (80-450 bp), 189
(86.7%) of which were polymorphic (Table 2). The E41/M35 primer combination
was the most effective with 122 out of 139 obtained fragments variable (see Table
2). For some cultivars, unique fragments were found (19 in total).
2. AFLP analysis results for 65 potato cultivars and breeding clones
Primer combination
E35/M40
Е41/М35
Total

total
79
139
218

Number of fragments
polymorphic
total
%
67
122
189

84,8
87,8
86,7

unique
7
12
19

The combinations E35/M40 and E41/M35 revealed the polymorphism
of cultivars with greater efficiency than in a number of other studies. For example, AFLP analysis of 32 potato cultivars from the NGB GenBank with five
EcoRI+3/MseI+3 combinations revealed 21-26 fragments of which only 4-18
were polymorphic [19]. Labeling of 22 potato cultivars (Chile) with five
EcoRI+3/MseI+3 combinations showed only 26-71 polymorphic fragments out
of 34-77 described [18]. AFLP genotyping of 25 potato cultivars from Iran with
16 primer combinations PstI+3/MseI+3 identified only 16-52 polymorphic fragments out of 19-53 [33]. It was previously reported that up to 80% of a standard
AFLP pattern can serve as markers for detecting genetic polymorphisms at
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restriction sites or within an excised fragment and, as a consequence, for determining the population structure and reconstructing the species phylogeny [4]. At
the same time, careful selection of primer combinations can significantly increase
the number of detected polymorphic bands. Thus, in some studies [18, 33], the
percentage of polymorphic fragments in AFLP analysis of potato accessions is
almost as high as in this study (75-100%) (see Table 2) while in other reports it
varies from 17.4 to 78.3% [19].
Thus, it is obvious that the polymorphism revealed by the E35 M40 and
E41/M35 primer combinations is so high that even one of the combinations would
be sufficient for genotyping the analyzed potato accessions. As a result of AFLP
analysis using E35/M40 and E41/M35 primers, each of 60 analyzed cultivars and
five breeding potato clones was characterized by a specific AFLP pattern.
AFLP d a t a s t a t i s t i c a l a n a l y s i s . The analysis of the obtained data
showed that genetic distances of the analyzed cultivars vary within wide limits,
from 0.37 (between cv. Tanay and Yugan) to 0.77 (between cv. Aurora and Nakra)
with an average of 0.61. S. stoloniferum, used as an outgroup, shows the greatest
similarity with the cv. Fioletovii (GD = 0.59), and the greatest difference with
the cv. Aurora (GD = 0.80).
Based on the AFLP analysis data, a dendrogram was obtained using the
PAST program, where group 1, separated with low bootstrap support, comprised
14 cultivars of which half were of VNIIKH breeding origin, four (cv. Lady Claire,
Red Scarlett, Impala and Saturn) were of Dutch breeding and three (cv. Aurora,
Elizaveta and Charodei) were originated by other breeding centers (Fig. 1, see
Table 1). Group 2 consisted of three cultivars of foreign (Gala) and domestic
(Zhigulevskii and Safo) breeding (see Fig. 1). The cultivars of VNIIKKH (Meteor,
Golubizna, Pamyami Rogacheva, Nakra and Velikan), Ural Research Institute of
Agriculture (Gornyak), Tatar Research Institute of Agriculture (Reggi) and those
bred in the USA (Newton) grouped in the third implicit cluster (group 3). It was
the sister group to the outgroup accession, which, together with S. stoloniferum,
included the cv. Fioletovii (see Fig. 1). All other analyzed cultivars formed a highly
polymorphic cluster without reliable segregation into subclusters (see Fig. 1). Interestingly, the cv. Fioletovii had a high similarity (GD = 0.54-0.59) with nine
cultivars, Fritella, Krasavchik, Lyuks, Irbitskii, Lina, Kortni, Virazh, Tanai, and
Sarovskii. However, cv. Fioletovii grouped with the wild species S. stoloniferum.
When trying to group the cultivars by agronomic traits, country of origin
or originator (see Table 1), we did not identify statistically significant groups.
However, it should be noted that not seeing the clustering by country of
origin in the analyzed accession set may be because mainly the domestic cultivars
were studied.
The outer group (cv. Fioletovii and S. stoloniferum) turned out to be resistant to late blight and PVY. Cv. Velikan, Gornyak, and Newton from group 3,
which are closest to the outer group, are also resistant to late blight, and the
subgroup that unites cv. Velikan and Gornyak is resistant to PVY. Group 2 cultivars are completely susceptible to late blight. In a large cluster, the subgroup of
cv. Tanai, Yugana and Lina is resistant to late blight, and three other subgroups
(subgroup 1 — cv. Favorit and Bravo; subgroup 2 — cv. Kolobok, Irbitskii, Start
and Kortni, and subgroup 3 — cv. Lomonosovskii and Charoit) are resistant to
PVY. The cultivars resistant to nematode Globodera rostochiensis show a slight
trend to form a cluster. For the remaining subgroups of the large cluster and group
1, we did not find common traits.
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Fig. 1. Genetic diversity among 60 cultivars and five breeding clones of potatoes (AFLP analysis,
Neighbor Joining method, PAST software). The cultivars resistant to late blight are highlighted in
bold and underlined, the cultivars resistant to potato virus Y are marked with (+), to golden cyst
nematode with (). The originator of the cultivars marked with (v) is Lorkh All-Russian Research
Institute of Potato Farming.

Such a high polymorphism between the analyzed cultivars and the absence
of statistically significant clustering may be due to the growing popularity of the
wild potato species as genetic donors in recent decades. A total of 57 accessions,
i.e. most of those we used in the study, are promising breeding clones and cultivars
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(the entries in the Russian State Register of Varieties since 2000). The majority of
these clones and cultivars are complex interspecific hybrids, in which wild potato
species are often donors of economically valuable traits, e.g. resistance to pathogens, abiotic factors, etc. [34]. This is also evidenced by recent studies of potato
cultivars originated from Russia and neighboring countries, which showed a relationship between a constant increase in the number of cultivars with rare and
unique SSR loci alleles, on the one hand, and the use of interspecific hybridization, on the other hand [22].
The dendrogram obtained shows a tendency to clustering cultivars from
Lorkh All-Russian Research Institute of Potato Farming (see Fig. 1). Earlier, SSR
analysis of 41 domestic and foreign potato cultivars and 26 breeding accessions
revealed clustering of the cultivars of related origin [23]. On the other hand, according to the AFLP analysis results, the cultivars Udacha and Lyubava, which
have a common origin [22], belong to different clusters (see Fig. 1). In addition
to cultivars, five lines from three originators (see Table 1) used in the study clustered with the cultivars of other originators (see Fig. 1). This may be the result of
an intensive exchange of breeding material between breeding centers.
SSR analysis carried out by Kolobova et al. [23] demonstrated the possibility
of potato cultivars clustering according to the tuber color. However, in the present
work, such clustering (with low bootstrap values) was observed only for the cultivars
with yellow tuber skin or flesh (see Fig. 1, Table 1). The cultivars Fioletovii and
Vasilek with blue-violet tuber skin (the flesh of cv. Fioletovii tubers is also blueviolet) are distant from each other on the dendrogram (see Fig. 1).

Fig. 2. РСA graph of AFLP analysis data for 60 cultivars and five breeding clones of potatoes. The
numbering is as in Table 1. The outgroup comprises Solanum stoloniferum (1) and cv. Fioletovii (20).
The cultivars resistant to late blight are highlighted in bold and underlined, those resistant to potato
virus Y are marked with (+).

On the PCA graph, the analyzed cultivars form a single diffuse pool of
genotypes, in which the same external group is distinguished as on the dendrogram,
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however, the clustering of cultivars occurs in a slightly different way, although there
is a noticeable convergence of the accessions resistant to late blight or to PVY (Fig.
2). It is interesting to note that a cultivar resistance, as it is described by the originator in the State Register does not always coincide with the research data. An
example is the study of Klimenko et al. [26]. This is very probably due to the difficulty of visual determination of infection symptoms [26]. S. stoloniferum (the outgroup) is located on the PCA plot quite close to the rest of the S. tuberosum cultivars
and accessions. The explanation may be that S. stoloniferum members have been
quite often used in breeding programs as donors of resistance to various stresses [34].
The rather high general polymorphism of the analyzed cultivars, the absence of clear clustering and the “unstable” position of the accessions most likely
result from the intensive exchange of breeding material, which is currently going
on. When selecting parental pairs, breeders include accessions from various world
breeding centers, which is confirmed by many studies. For example, SSR analysis
of 113 domestic potato cultivars (80 accessions cultivated in Russia and 33 accessions from neighboring countries), including 12 cultivars that were studied in our
work, showed no country-based clustering [22]. Even a morphologically little polymorphic collection of 32 potato cultivars grown in Scandinavian countries was not
grouped according to the countries of origin as per the AFLP analysis results [19].
We also determined the genomic structure of potato accessions with Structure v. 2.3.4 software. Genomic structure analysis makes it possible to identify
common genetic blocks and the ratio of such blocks in each accession to distribute
the accessions into subgroups. In comparing the number of subgroups (k) from 2
to 15, the best result (LnLike = 23219.2) was obtained for k = 3.
The resulting graph shows the genomic structure of the studied 65 cultivars
and breeding clones as different ratios of three blocks (Fig. 3). Any clear correlation
between the ratios of the blocks and any of the considered features (see Table 1)
was not revealed. There is some weakly expressed tendency of grouping cultivars
resistant to nematodes (groups 1, 2, 3) and PVY (group 3), and cultivars having the
same tuber color, namely those with yellow tuber skin, which is probably due to the
prevalence of yellow tuber cultivars in the accession set) (see Fig. 3, Table 1).

Fig. 3. Genomic structure of 60 cultivars and five breeding clones
of potatoes for k = 3 as per AFLP analysis (Structure v. 2.3.4
software, numbers according to Table 1). The Solanum stoloniferum is excluded. The cultivars resistant to late blight are highlighted in bold and underlined, the cultivars resistant to potato
virus Y are marked with (+), to golden cyst nematode with ().
The originator of the cultivars marked with (v) is Lorkh AllRussian Research Institute of Potato Farming. The tuber skin
color is marked as r (red) and y (yellow).

So, the AFLP marking of selectively neutral
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regions in the genomes of 65 cultivars and promising breeding clones of potatoes,
including modern domestic cultivars, revealed a high level of genomic polymorphism. No clear clustering was detected according to cultivar origin (a certain
breeding center) or morphological traits. It has been shown that the AFLP analysis
with the primer combinations we have chosen is promising for genotyping potato
cultivars during the initial screening in collections and the primary selection for
target traits for subsequent in-depth analysis.
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Abstract
The genus Brassica L. is a source of oilseeds, vegetables, spices, fodder and ornamental crops
widely cultivated around the world. The six most cultivated species of the genus Brassica comprise
allotetraploid species B. juncea (L.) Czern. (2n = 36, genome AABB), B. napus L. (2n = 38, genome
AACC) and B. carinata A. Braun (2n = 34, genome BBCC), which are natural hybrids of corresponding diploid species B. rapa L. (2n = 20, genome AA), B. nigra L. (2n = 16, genome BB), and
B. oleracea L. (2n = 18, genome CC). An effective way to increase the genetic diversity and improve
the agronomic traits of Brassica crops, such as high yields, resistance to diseases, and abiotic stresses
is to introduce traits of interest by the interspecific hybridization. To control the introgression of
genomic material upon the hybridization, the development and implementation of genetic markers are
necessary. This paper proposes an effective approach for controlling the introgression of A, B, and C
genomes of Brassica in intraspecific hybrids. The investigation aimed to develop a high-throughput
technology based on multiplex PCR analysis of genome-specific microsatellite markers for controlling
the introgression of A-, B-, and C-genomes in Brassica intraspecific hybrids. Control samples were
obtained from the Center for Genetic Resources CGN (Netherlands) and the All-Russian Institute of
Plant Genetic Resources N.I. Vavilov (VIR, St. Petersburg). Plant material for the genomic material
introgression study were obtained from the Timofeev Breeding Station (Moscow). Genomic DNA was
extracted by sorbent method. PCR was run with specific primers for the Na10-D09, Na12-A02, Na12F12, Ni2-B02, Ni2-F02, Ni3-G04B, Ol12-A04, Ra2-E12, BRMS-043, BN6A2 loci. Fluorescently
labelled PCR products were analyzed by high-resolution electrophoresis using a Nanofor-05 genetic
analyzer (Syntol — The Institute for Analytical Instrumentation, Russia). The length of the amplified
DNA fragments was determined using the DNA Fragment Analysis software (The Institute for Analytical Instrumentation, Russia). A multiplex PCR technique was developed based on the six microsatellite loci Na12-A02, BRMS-043, Na10-D09, Ol12-A04, Ni2-F02, BN6A2, allowing us to determine
the markers of three Brassica genomes in one run. A, B, and C genome-specific markers were identified
during multiplex PCR analysis of control samples of six Brassica species with known taxonomic attributions and genome compositions: B. rapa (AA), B. nigra (BB), B. oleracea (CC), B. napus (AACC),
B. juncea (AABB), and B. carinata (BBCC). The length of marker fragments was determined by high
resolution electrophoresis using a genetic analyzer with an accuracy of one nucleotide. A-genome
specific markers were identified at the loci Na12-A02 (178 bp, 180 bp, 182 bp), BRMS-043 (303 bp,
307 bp, 313 bp), and Na10-D09 (283 bp, 285 bp, 291 bp, 293 bp, 299 bp). B-genome specific markers
were detected at the loci Na12-A02 (196 bp, 198 bp, 200 bp, 202 bp, 204 bp, 212 bp, 214 bp, 216 bp),
Ol12-A04 (125 bp, 127 bp, 129 bp), Ni2-F02 (198 bp, 200 bp ., 202 bp, 204 bp, 208 bp), and BN6A2
(222 bp). C-genome specific markers were detected at the loci Na12-A02 (164 bp, 168 bp, 170 bp)
and Ni2-F02 (164 bp, 166 bp, 168 bp, 186 bp). The developed multiplex PCR system reveals
introgressions of fragments of genomes A, B and C in the genetic profiles of interspecific hybrids
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(Et2 ½ KK)2 ½ Tsv9, (Et2 ½ KK)1, Green ½ FBLM(1), JR ½ Agr2ki, BK ½ ZM1-1(6), BK ½ ZM1-1(8),
BK, and KB. The method also confirmed the presence of the corresponding genomes in the studied
samples with a known breeding history. Due to the automation, analysis allows the large-scale screening
of plant samples. The proposed technology can be used in breeding practice as a tool for controlling
the introgression of A, B and C genome material upon the interspecific hybridization, as well as
controlling its inheritance in subsequent generations.
Keywords: Brassica, U triangle, Brassica genomes, interspecific hybridization, introgression,
microsatellites, genome-specific markers

Among Brassicaceae family, the genus Brassica L. is of the greatest economic value as a source of oilseeds, vegetables, spices, fodder and ornamental crops
widely cultivated all over the world. The genus Brassica includes 39 species [1]. Most
of the cultivated plants belong to B. napus L. (oilseed rape, rutabaga), B. rapa L.
(Asian collard and head cabbage, turnip and turnip), B. oleracea L. (head, Brussels
sprouts and cauliflower, broccoli, kohlrabi), B. juncea Czern. (Sarepta mustard), B.
carinata A. Braun (Ethiopian mustard), and B. nigra (L.) K. Koch (black mustard).
Morphological, cytogenetic and molecular relationships between cultivated
Brassica species have been extensively studied. There are six cytogenetic groups of
Brassica [2]. According to the U’s evolutionary model [3], natural hybridization of
three diploid species, the B. rapa (2n = 20, AA genome), B. nigra (2n = 16, BB),
and B. oleracea (2n = 18, CC), resulted in appearance of amphidiploid species
B. juncea (2n = 36, AABB), B. napus (2n = 38, AACC), and B. carinata (2n = 34,
BBCC). A comparative analysis of the three Brassica genomes reveals significant
conservatism, which indicates that all three genomes completely inherited from the
common ancestor, were significantly rearranged [4]. The difference in the number
of chromosomes presumably arose as a result of fusion/fragmentation of chromosomes during species divergence [5]. Analysis of chloroplast, mitochondrial, and
nuclear genomes shows two evolutionary pathways of Brassica species, the B. nigra
(B genome) and B. rapa/B. oleracea (A/C genomes) [6]. According to genetic mapping data, genomes A and C, despite the difference in the number of chromosomes,
are highly colinear [7]. Divergence between B. nigra and B. rapa/B. oleracea presumably occurred 7.9 million years ago, B. rapa and B. oleracea diverged about
4 million years ago. The hybridization of the species that gave rise to B. napus apparently took place 10 thousand years ago [6]. Also, some differences were revealed
in the structure of subgenomes of allotetraploid species as compared to the corresponding genomes of diploid species [8, 9]. Differentiation of subgenomes during
interspecific hybridization and long-term domestication of polyploid Brassica species
could occur due to translocation, inversion, deletion, duplication, and homeologous
recombination [8].
Distant hybridization is an effective way to improve the agronomic traits
of Brassica crops, such as high yield, resistance to diseases and adverse environmental conditions [10]. In crosses of Brassica species with each other and with
other related members of the Brassicaceae family, the barrier of interspecies or
intergeneric incompatibility is successfully overcome by embryo rescue or somatic
hybridization techniques [11, 12].
Wild members of Brasicaceae family can be donors of potentially useful
agronomic traits for crop improvement [12, 13], e.g. Brassica maurorum Durieu
and Eruca versicaria ssp. sativa (Mill.) Thell. resistant to white rust Albugo candida
Pers.) [14], Raphanus sativus L. resistant to nematode Heterodera schachtii
Schmidt [15], Sinapis alba L. resistant to nematode H. schachtii and blackleg Leptosphaeria maculans (Sowerby) P. Karst. [16], Sinapis arvensis L. resistant to blackleg L. maculans) [17], Sinapis incana L. and Diplotaxis L. as sources of cytoplasmic
male sterility [18].
Cultivated Brassica species also possess useful agronomic traits, for
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example, B. oleracea shows resistance to powdery mildew caused by Hyaloperonospora parasitica (Pers.) Constant [12], B. rapa, B. oleracea and B. napus are resistant to clubroot disease (Plasmodiophora brassicae Woronin) [19], B. carinata to
vascular disease caused by Xanthomonas campestris (Pammel) Dowson [20], and
B. juncea possesses tolerance to heavy metals [21]. Brassica species with B genome
are genetic donors of resistance to blackleg and unfavorable environmental conditions [22, 23].
Interspecific hybridization is a natural phenomenon which results in appearance of new species or introgression of adaptive traits. In Brassica allotetraploids
resynthesized from diploid parental species the genetic diversity increases. Allotetraploids B. juncea, B. napus, and B. carinata were de novo assembled in order to
expand their genetic basis [24-26]. The Raphanus genome was used to produce synthetic nematode-resistant allotetraploids [12]. Brassica allohexaploids (2n = 54,
AABBCC) derived from crossing B. napus ½ B. nigra and B. carinata ½ B. rapa [27].
In hybridization of B. carinata and B. rapa, meiotically stable allohexaploids were
obtained [28-31]. For a long time, meiotic aberrations due to uncontrolled pairing
between three genomes hindered creation of stable allohexaploids with the expected
number of chromosomes [32]. Synthetic polyploids are involved into crosses as
sources of new agronomic traits
Mechanisms underlying relationships between genomes A, B and C are of
practical importance. A capability of economically important Brassica crops to
acquire traits from B. nigra and related members of genera Sinapis and Raphanus
may depend on the degree of genomic collinearity between B. nigra and widely
cultivated B. oleracea and B. rapa species. Detection of homologous regions in
genomes will improve the methodology of genetic determinant transfer into resynthesized hybrids via homeologous recombination followed by marker-assisted
selection of forms with the desired hybrid chromosomes.
Modern breeding technologies that allow distant hybridization required
effective breeding control based on genetic analysis. Along with cytogenetic methods, such as fluorescence in situ hybridization technique (FISH) [31] and genomic
in situ hybridization (GISH) [32, 33] techniques, DNA markers, e.g. RFLP (restriction fragment length polymorphism), RAPD (random amplified polymorphic
DNA), AFLP (amplified fragment length polymorphism) [34], SSR (simple sequence repeats) [35-37], and SNP (single nucleotide polymorphism) [38], are
widely used to study genetic relationships between Brassica species, evolutionary
changes in genomes and to control chromosome inheritance when creating digenomic and trigenomic hybrids.
Microsatellite markers are effective for studying introgressions in interspecific hybrids. Due to uniform distribution over the genome, codominant inheritance and high polymorphism, the microsatellite markers are a good tool to estimate homozygosity or heterozygosity of loci. Since the genomes of related Brassica
species are highly linear, they are characterized by homology of flanking sequences
of microsatellite loci. Due to conservativeness of flanking sequences, loci found in
one species can in most cases be used to study related species.
For genus Brassica, microsatellite markers were developed independently
by several research teams [39-41]. Linkage groups and locations on the genetic
map have been established for many of these loci. A number of works have shown
advantages of microsatellite loci in assessment of interspecific and intraspecific
diversity of Brassica [42, 43], distinctness, uniformity, and stability of cultivars
[44, 45], and in use as markers of diseases resistance genes, for example, upon
clubroot [46, 47] and vascular disease [48].
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In this research study, we have identified effective A-, B-, and C-genome
specific microsatellite markers of Brassica and determined their length by a highresolution electrophoresis with an accuracy of one nucleotide. The obtained results
show the possibility of using these markers for the analysis of breeding samples upon
interspecific hybridization.
Our goal was to develop an efficient methodology based on multiplex micro-satellite PCR analysis of genome-specific microsatellite markers, which would
be suitable for monitoring the introgression of the A, B and C genomes in Brassica
plants during distant hybridization.
Materials and methods. The control plants were obtained from the CGN
Center for Genetic Resources (the Netherlands) and Vavilov All-Russian Institute
of Plant Genetic Resources (VIR, St. Petersburg). Plants for the introgression
study were provided by the LLC. Timofeev Breeding Station (Moscow).
Genomic DNA was extracted by adsorption method on a sorbent in accordance with instructions for the Fitosorb kit (OOO NPF Sintol, Russia). Five
plants of each denomination were used. Microvolumes of solutions were dispensed
automatically (Lenpipet, Russia), the sedimentation was carried out using a Centrifuge 5415D (Eppendorf, Germany). The plant biomass was lysed (a Termit
thermostat, NPO DNA-Tekhnologiya, Russia). A Microspin FV-2400 mini-vortex
centrifuge (SIA Biosan, Latvia) was used to mix and sediment DNA samples.
Plant DNA was amplified by PCR (a CFX-96 thermal cycler, Bio-Rad,
USA) in a 25 μl reaction mixture of 67 mM Tris-HCl, pH 8.8; 16.6 mM
(NH4)2SO4; 2.5 mM MgCl2; 5 units/μl of Taq-DNA polymerase (NPO DNATechnology LLC, Russia), 25 mM dNTP (Medigen LLC, Russia), 5-20 pmol of
each primer, depending on the fluorescence intensity (LLC NPF Syntol, Russia),
and 10 ng of DNA template. The primers were specific to the loci Na10-D09,
Na12-A02, Na12-F12, Ni2-B02, Ni2-F02, Ni3-G04B, Ol12-A04, Ra2-E12
[39], BRMS-043 [40], and BN6A2 [41]. The PCR protocol was as follows: 5 min
at 95 C; 30 s at 94 C, 30 s at 48 C, 30 s at 72 C (30 cycles); 5 min at 72 C.
To confirm amplification, the products were electrophoresed on 2% agarose gel
stained with ethidium bromide.
Fluorescently labeled PCR fragments were analyzed by capillary electrophoresis under denaturing conditions in a Nanofor-05 genetic analyzer (OOO
NPF Sintol, FGBNU Institute for Analytical Instrumentation RAS — IAI RAS,
Russia) according to the instructions for the instrument (Shared-Use Equipment
Center Biotechnology, All-Russian Research Institute of Agricultural Biotechnology). For fragment analysis, 1 μl of the PCR product mixed with 1 μl of molecular
weight marker S-450 (OOO NPF Syntol, Russia) and 8 μl of Super DI formamide
(MCLab, United States), were denatured for 5 min at 95 С.
The PCR fragment length was determined using a DNA Fragment Analysis software tool (FGBNU IAI RAS, Russia).
Results. In previous study, using an 8% polyacrylamide gel electorophoresis, we revealed the most polymorphic loci suitable for B. rapa, B. nigra, B.
oleracea, B. napus, B. juncea, and B. carinata species differentiation [49-51]. Since
most of these loci have conserved flanking sequences in the A, B, and C genomes,
their amplification occurs in all six Brassica species, which allows comparative
analysis and identification of genome-specific markers. As a result, 10 microsatellite loci were selected. Length polymorphism of the microsatellite fragments was
assessed in the control samples of six species, the B rapa (AA), B. nigra (BB), B.
oleracea (CC), B. napus (AACC), B. juncea (AABB), and B. carinata (BBCC), with
known species attribution and genomic composition (Table 1).
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1. Members of six Brassica L. species and interspecies hybrids with studied microsatellite fragment length polymorphism
Name

Description

Control samples
1-02 (VIR), Ural (VIR), VikRos (VIR)
B. napus L. (2n = 38, genome AACC)
CGN06832, CGN06818, 114 (VIR), 107 (VIR)
B. rapa L. (2n = 20, genome AA)
CGN06619, CGN006634, CGN02656
B. nigra L. (2n = 16, genome BB)
CGN03950, CGN03952
B. carinata A. Braun (2n = 34, genome BBCC)
CGN15778, CGN06998, CGN07004, CGN07022
B. oleracea L. (2n = 18, genome CC)
CGN04588, CGN04594, CGN015193
B. juncea (L.) Czern. (2n = 36, genome AABB)
Breeding samples
Nos. 63, 69, 70, ]97, ]98, ]106
Regenerants derived from in vitro microspore culture of ВС2
plants upon interspecific hybridization B. oleracea and B. carinata:
{[(B. oleracea ½ B. carinata) ½ B. oleracea] ½ B. oleracea}
(Et2 ½ КК)2 ½ Tsv9
Progeny ВС1 from interspecific hybridization
(B. oleracea ½ B. rapa) ½ B. oleracea
Tsv9
Inbred line of B. oleracea
КК
Inbred line of B. rapa
(Et2 ½ КК)1
Interspecific hybrid F1 (B. oleracea ½ B. rapa)
Grin ½ FBLM(1)
Interspecific hybrid F1 (B. oleracea ½ B. juncea)
FBLM
Inbred line of B. juncea
JR
Inbred line of B. rapa
JR ½ Agr2ki
Interspecific hybrid F1 (B. rapa ½ B. oleracea)
PR3
Inbred line of B. oleracea
ZM tetr
Tetraplois line of B. oleracea
BK ½ ZM1-1(6), BK ½ ZM1-1(8)
Progeny ВС1 from interspecific hybridization B. oleracea
and B. carinata: [(B. oleracea ½ B. carinata) ½ B. oleracea)]
B. carinata 1
Inbred line of B. carinata
BK
Interspecific hybrid F1 (B. oleracea ½ B. carinata)
B. carinata 2
Inbred line of B. carinata
KB
Interspecific hybrid F1 (B. carinata ½ B. oleracea)
N o t е. CGN — Centre for Genetic Resources (the Netherland), VIR — Vavilov All-Russian Institute of Genetic
Resources (St. Petersburg). The breeding samples are produced by ООО Timofeev Breeding Station (Moscow).

Fragments of a certain length identified in plants of the species B. rapa
(AA) and absent in control samples of B. nigra (BB) and B. oleracea (CC) were
taken as markers of the A genome material (A-genome-specific). Fragments
identified in B. nigra (BB) but not in B. rapa (AA) and B. oleracea (CC) were
deemed markers of the B genome (B-genome-specific). Fragments identified
in B. oleracea (CC) and not found in B. rapa (AA) and B. nigra (BB) were
markers of the C genome (C-genome-specific).
PCR analysis of Na12-A02 locus in B. rapa (AA), B. nigra (BB), and
B. oleracea (CC) plants revealed the A-, B-, and C-genome-specific fragments.
Also, a codominant combination of the corresponding fragments was identified
in amphidiploid species B. napus (AACC), B. juncea (AABB), and B. carinata
(BBCC). Locus BRMS-043 was amplified only in plants with A genome, i.e.
B. rapa (AA), B. juncea (AABB), and B. napus (AACC), which allows us to
distinguish them from plants with B and C genomes. For Na10-D09 locus, Agenome-specific fragments were found. PCR products were synthesized in the
studied samples of all six species. However, only the DNA fragments found in
B. rapa (AA) plants significantly differed in length from those in B. nigra (BB)
and B. oleracea (CC) plants. B-genome-specific fragments were identified for
loci Ol12-A04 and BN6A2. PCR analysis of Ni2-F02 locus revealed B- and
C-genome-specific fragments. In loci NI2-B02, RA2-E12, NA12-F12, fragments of similar length were found in control samples of B. rapa, B. nigra, and
B. oleracea. That is, these loci were unsuitable for studying the A-, B-, and Cgenome introgressions and not further used.
Based on investigation of the control samples, six microsatellite loci
(Na12-A02, BRMS-043, Na10-D09, Ol12-A04, Ni2-F02, and BN6A2) were
selected to develop a multiplex PCR system that allows assay for all loci simultaneously (Table 2). For amplification of microsatellite loci in one PCR run, a
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single optimal annealing temperature for primer pairs was selected (Tm = 48 C).
In the multiplex system, of each microsatellite locus was amplified with a pair
of specific primers, one of which was labeled with a certain fluorescent dye
(FAM, R6G, ROX, and Sy630). This allows for separate assay of PCR fragments for each locus through the corresponding detection channel (see Table
2). The loci were selected in such a way that the ranges of the lengths of their
fragments did not overlap when detected through the same channel. The PCR
fragment length was measured with a single nucleotide accuracy due to use of
high-resolution capillary electrophoresis with fluorescence detection technique
(an automatic genetic analyzer Nanofor-05).
2. Parameters of the multiplex PCR system for analysis of A, B and C genome introgressions in Brassica L. species based on microsatellite loci
Locus
Na12-A02
BRMS-043
Na10-D09
Ol12-A04
Ni2-F02
BN6A2

Genome specificity

Stain

Amplicon size, bp

ABC
A
A
B
ВC
B

FAM
FAM
R6G
ROX
ROX
Sy630

164-216
303-313
155-299
125-153
164-200
108-222

Genetic profiling of control plants of six Brassica L. species by a multiplex PCR analysis of microsatellite
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loci: A — CGN06832 (В. rapa, genome АА), B — CGN006634 (B. nigra, genome ВВ), C —
CGN15778 (B. oleracea, genome CC), D — CGN015193 (B. juncea, genome ААВВ), E — ВИР
ВикРос (B. napus, genome ААСС), F — CGN03950 (B. carinata, genome ВВСС). The color of
the peak (fragment) corresponds to the detection channel on the Nanofor-05 device (OOO NPF
Syntol —FGBNU Institute for Analytical Instrumentation RAS, Russia) and indicates the locus
the fragment belongs to, i.e. blue (FAM) for Na12-A02 and BRMS-043, green (R6G) for NA10D09, red (ROX) for Ol12-A04 and Ni2-F02, and orange (SY630) for BN6A2. Non-discriminatory
fragments amplified simultaneously in two or three genomes are shown in gray. For a description
of the samples, see Table 1.

The developed multiplex system generates output data as digitized genetic
profiles of Brassica samples, in which each peak corresponds to a PCR fragment
of a certain length (Fig.). Microsatellite analysis of the control plants identified
fragments specific for genomes A, B, and C. In the genetic profile of the control
sample CGN06832 (B. rapa) there were 180 bp (locus Na12-A02), 303 bp (locus
BRMS-043), and 293 bp (locus Na10-D09) fragments characteristic of the genome
A (see Fig., A). The profile of the sample CGN006634 (B. nigra) contained distinctive markers of the B genome with a length of 198 bp and 211 bp (locus Na12A02), 125 bp and 129 bp (locus OL12-A04), 200 bp (locus NI2-F02), and 222 bp
(locus BN6A2) (see Fig., B). In sample CGN15778 (B. oleracea), the 170 bp (locus
Na12-A02) and 186 bp (locus Ni2-F02) C-genome-specific fragments were found
(see fig., B). Genetic profiles of the allotetraploid species showed a codominant
combination of fragments of the corresponding diploid genomes (see Fig. D-F).
From the profiling data, we identified the allele composition of each microsatellite locus and the markers specific for genomes A, B and C (Table 3).
3. А-, В- and С-genome-specific markers revealed in six Brassica L. species by a
multiplex PCR analysis of microsatellite loci
Locus

Genome

Na12-A02
BRMS-043
Na10-D09
Ol12-A04
Ni2-F02
BN6A2
N o t е. Dashes

Microsatellite fragment length, bp
B-specific

A-specific

ABC 178, 180,
A
303, 307,
A
283, 285,
B
BC
B
mean the absence

C-specific

182
196, 198, 200, 202, 204, 212, 214, 216 164,168,170
313
–
–
287, 291, 293, 299
–
–
–
125, 127, 129
–
–
198, 200, 202, 204, 208
164, 166, 168, 186
–
222
–
of a corresponding genome-specific marker in the loci.

4. Genome-specific markers (bp) revealed in lines and interspecific hybrids of Brassica L. by a multiplex PCR analysis of microsatellite loci:
Sample

Locus
Na12-A02 BRMS-043 Na10-D09 Ol12-A04

BN6A2

145
143

–
–

108
114

AA
AA

–
–
–
–
–
–
–
–

108
108
108
108
108
108
108
108

CC
CC
CC
CC
CC
CC
CC
CC

108

CC

–

166С
166С
166С
166С
166С
166С
166С
166С
186С
166С
186С
–

108

CC

–

166С

108

CC

145

166С

108

AACC

145

166С

108

AACC

КК
JR

303А

293А

180А

311А

No. 63
No. 69
No. 70
No. 97
No. 98
No. 106
Tsv9
PR3

164С
164С
164С
164С
164С
164С
164С
164С

–
–
–
–
–
–
–
–

285А
341А
155
155
155
155
155
155
155
–

ZM tetr

164С

–

–

–

BK ½ ZM1-1(6)

164С
168С
164С
168С
170С
180А
170С
180А

–

167

–

155

BK ½ ZM1-1(8)
(Et2 ½ КК)2 ½ Tsv9
(Et2 ½ КК)1
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303А
303А

155
293А
293А

Genome

Ni2-F02

180А

JR ½ Agr2ki
FBLM
Grin ½ FBLM(1)

B. carinata 1

164С
180А
178А
198В
164С
178А
198В
16

311А

287А

145

166С

313А

163
285А
163
287А

127В
145
127В
145

198В

Continued Table 4
108
AACC
114
222В
AABB

166С
198В

108
222В

AABBCC

155
167
155
167
155
167
155
167

127В

164С
200В
166С
200В
166С
200В
166С
200В

108

BBCC

313А

–

164С
–
127В
108
BBCC
214В
222В
B. carinata 2
164С
–
127В
108
BBCC
214В
222В
KB
164С
–
127В
108
BBCC
168С
222В
214В
N o t е. Superscripts (А, В, С) indicate the genomic specificity of the marker fragment. Dashes indicate the absence
of the corresponding genome-specific marker of the indicated locus. For a description of the samples, see Table 1.
BK

We also used the developed PCR system to identify A-, B-, and C-genomespecific fragments in breeding samples (see Table 1), obtained their genetic profiles
and found genome-specific fragments (Table 4). Consequently, the multiplex system used makes it possible to reliably detect the of A, B, and C genome fragment
introgressions in species of the genus Brassica. Codominant combinations of genomic fragments in the genetic profiles of breeding samples (Et2 ½ KK)2 ½ Tsv9
obtained from hybridization (B. oleracea ½ B. rapa) ½ B. oleracea, (Et2 ½ KK)1
(F 1 B. oleracea ½ B. rapa), Grin ½ FBLM (1) (F 1 B. oleracea ½ B. juncea),
JR ½ Agr2ki (F1 B. rapa ½ B. oleracea), BK (F1 B. oleracea ½ B. carinata) and
KB (F1 B. carinata ½ B. oleracea) confirmed introgressions as a result of interspecific hybridization. The data obtained by microsatellite analysis correspond to the
breeding history of the samples.
The developed system for multiplex analysis based on six microsatellite
loci specific for genus Brassica A, B, and C genomes reliably differentiates plants
of six species of the U triangle and also can evaluate genetic diversity, since each
genomic marker possesses several allelic variants. Each genome is defined by at
least two markers, which serve as internal controls for each other.
This multiplex system also provides tracing an introgression of certain regions of the Brassica genome, since linkage groups for the loci used in it have
been determined (http://www.brassica.info/resource/markers/ssr-exchange.php).
For example, it was shown that the BRMS-043 locus is associated with resistance
to vascular diseases of B. rapa (48).
The effectiveness of DNA markers in genotyping new forms and detection
of genomic material transfer during plant breeding has been demonstrated in a
number of works. The analysis of potential genetic changes in 25 synthesized allohexaploids (H1 B. rapa ½ B. carinata, AABBCC, 2n = 54) was carried out using
162 combinations of A-, B-, and C-genome-specific SSR primers [31]. To assess
the genetic variability of the new form of B. napus obtained by crossing B. rapa
with a hexaploid (B. napus ½ B. oleracea, AACCCC), 153 combinations of primers
for microsatellite loci were used [32]. With 34 SSR markers, homeological recombination of chromosomes was detected in the offspring of B. napus ½ B. carinata
(ABCC) trigenomic hybrids derived from microspores [37].
The Illumina Infinium B. napus 60K SNP (Illumina, Inc., USA) array of
SNP markers for B. napus allotetraploid was developed to identify Brassica species
and assess genetic diversity [52]. Also, a multiplex PCR analysis (MPCR) of A-,
B-, and C-genome-specific sequences using five combinations of primers was proposed for rapid identification of Brassica species of the U triangle [35]. The MPCR
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results were validated on 120 genetically characterized Brassica samples. Due to
the direct detection of specific fragments in a 2% agarose gel, the MPCR assay is
useful as an affordable and rapid diagnostic technique that can be easily applied
in a conventional laboratory. However, as noted by the authors themselves, this
method has a rather low throughput and should be adapted for high throughput
real-time screening.
In contrast to expensive and more complicated methods that require special data processing (for example, when using the Illumina Infinium B. napus 60K
SNP DNA chip), the technology we propose is more accessible and convenient
to use. Electrophoretic analysis is carried out automatically using high-precision
equipment. This significantly increases the reliability of the obtained data and thir
interpretation (un-like the empirical assessment in the gel without precise determination of the lengths of the analyzed DNA fragments) [35, 45, 48]. Due to the
automation of all stages in a 96-well plate format, the proposed approach allows
large-scale screening of selection samples. The multiplex system can be used to
assess the introgression of Brassica genomes during interspecific hybridization and
control the inheritance of genomic material in subsequent generations.
Thus, we have developed a system for multiplex PCR analysis of six Brassica microsatellite loci (Na12-A02, BRMS-043, Na10-D09, Ol12-A04, Ni2-F02,
BN6A2) for detecting A, B, and C genome fragments. The reliability of the system
is confirmed with the control samples of known genomic composition and taxonomic attribution. The developed markers allowed us to identified the A-, B- and
C-genome-specific fragments and to determine the genomic composition of a
number of breeding samples. The results of the investigation can be used to detect
sequences specific for genomes A, B, C in Brassica plants and to control the
inheritance of genetic material during distant hybridization.
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Abstract
European cultivated grape Vitis vinifira L. is one of the most common agricultural crops
grown by man since ancient times. Of course, the usual companion of the cultivation of this culture is
a traditional hybridization and clonal selection, which allows you to select spontaneous mutants. Nevertheless, the study of such an important agrobiological trait as anthocyanin coloration and, in particular, the genes that determine it, is one of the most important problems both in modern grape genetics
and in studies of plant metabolic pathways in general. The study of this problem can not only provide
the basis for subsequent fundamental research on the functioning of both individual genes and the
genome as a whole, but also create a basis for the selection of varieties for economically valuable traits.
The VvMybA family of grape transcription factors is responsible for anthocyanin accumulation in berries
of cultivated and wild grapes. In the present work, alleles of the VvMybA1 gene were first identified in
native Russian grape varieties. Theses alleles in the colored and uncolored grape varieties were found
out to be the same in size. Sequence alignment showed the characteristic features of alleles for each
of the studied genotypes. The purpose of our study, we set a description of the four alleles of the
VvMybA1 gene in the Chardonnay, Sibirkovskii, Cabernet Cortis and Sypun cherny varieties. Two
introduced and well-known varieties and two indigenous varieties also cultivated in the Krasnodar
Territory were investigated. The leaves for DNA extraction was collected at the Anapa zonal experimental station. DNA was isolated by CTAB method with mercaptoethanol. PCR was performed using
primers and amplification parameters published in the literature. For PCR amplification and isolation
of VvMybA1 gene alleles we used markers which allow simultaneous identification of two alleles,
VvMybA1b and VvMybA1c. We sequenced and compared with each other and with the GenBank NCBI
database the sequences of the VvMybA1 gene alleles of these varieties. Alignment of sequences in the
ClustalO program revealed structural features of the allele nucleotide sequences. In particular, a single
nucleotide insert was found in white-berry varieties and nucleotide substitutions in different places in
varieties with colored and uncolored berries. Further, comparing with the GenBank NCBI database
found that the alleles of colored varieties have a structure characteristic for varieties with a pronounced
color of berries, while uncolored varieties apparently have a specific reason for the loss of color. Thus,
it was found that the Chardonnay variety has an allele with the insertion of Gret-1 transposon which
blocks the normal expression of VvMybA1 gene. It was also revealed that the Sibirkovky variety also
has the allele of VvMybA1 gene which is not functional due to the blocking by Gret-1 transposon.
As shown in previous studies by other authors, this allele is also present in other uncolored varieties,
and, therefore, this is the reason for blocking gene expression. A study of the amino acid sequence
also revealed differences between the groups of colored and uncolored varieties. These differences
can be obviously divided into those characteristic of colored and uncolored varieties. However, a
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mutation was detected in Sypun cherny variety, which affected the replacement of the amino acid
isoleucine with valine, but did not affect the overall color of the berries. When searching for the
amino acid sequence in the GenBank NCBI database, it was revealed that this mutation is not
unique in nature, as it was found in the Alphonse Lavallée variety, as well as in interspecific hybrids.
Keywords: Vitis vinifera L., indigenous varieties, introduced varieties, allele, gene, VvMybA1,
sequencing, anthocyanin, mutations, amino acids, transposons

European wine grape (Vitis vinifera L.) is one of the most widespread and
economically important agricultural crops. The color of its berries is one of the
main characteristics when describing existing varieties and creating new forms.
The trait depends on the amount and composition of anthocyanins, which the
colored varieties accumulate in the berries, while the uncolored ones do not synthesize [1].
Methods of cultivating grapes and processing the grape vine harvest depend on which hybrid, clone and stock are used in production, that is, on the
ampelographic properties [2]. Vegetative reproduction preserves the desired traits,
but significantly influenced the frequency of spontaneous somatic mutations observed in vineyards [3, 4]. Thence, many traits of grape plants were acquired not
only by hybridization, but also due to clonal selection, for example, yield per bush,
shape and compactness of a bunch, size and color of berries [5-7]. That is, the
varieties intermediate in berry color (pink, red, yellow, etc.) appeared as a result
of hybridization and mutations. The ripening and berry formation are also influenced by the environment [8-10], however, berry color is determined by genes.
The metabolic pathways of anthocyanin color are primary regulated by the group
of MYB genes [11-13].
VvMybA family of grape transcription factors is responsible for the content
of anthocyanins in the berries of cultivated and wild grapes. Previous studies have
shown that uncolored grapes arose due to the insertion of a retroelement in
VvMybA1 [14-16] and a single nucleotide polymorphism mutation in VvMybA2
[17, 18]. That is, a gene cluster located on chromosome 2 is responsible for most
of the color change, and the phenotype is due to the joint work of the VvMybA
genes [19]. This locus consists of three MYB genes, among which VvMybA1 and
VvMybA2 are functionally involved in berry pigmentation [13, 14]. It was shown
that the appearance of a genotype characteristic of white berry varieties depends
exactly on VvMybA1 and VvMybA2 [11, 13, 15]. Loss of VvMybA1 gene function
occurs due to the insertion of the Gret1 transposon [16, 20], while VvMybA2 can
have a single nucleotide polymorphism (SNP) K980 in the coding sequence, which
modifies the putative -helix of the recognition domain R2R3 and leads to the
loss of the allele functionality [15, 21].
It should be noted that in our country, well-known western introduced varieties have earlier been studied intensively, while the native varieties of the Black
Sea basin, which have a huge potential for breeding new hybrids and selecting
clones, remain unexplored. In particular, the structures of their genes, for example,
VvMybA1, remains unknown, information about which is important for identifying
the unique genetic structure of alleles, understanding particular cases of phenotypic
diversity, and studying Vitaceae family evolution.
In this work is the first to identify VvMybA1 gene alleles in native Russian
grape varieties. The size of the alleles in colored and uncolored varieties is the
same, but alignment of the sequences showed characteristic features of the allele
structure for each of the studied genotypes
Our investigation aimed to reveal and identify structural features and
to compare the VvMybA1 gene alleles in two native and two introduced grape
varieties.
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Materials and methods. Two colored (Cabernet Cortis and Sypun black)
and two uncolored (Chardonnay and Sibirkovy) grape varieties (respectively, native and introduced) were compared. Plant apical leaves were collected in Anapa
zonal ampelographic collection SKFNTSSVV (AZOSViV). DNA was extracted by
a modified CTAB method with mercaptoethanol [22]. For PCR optimization, the
DNA concentration was measured (an Implen NP80 nanophotometer, Implen
GmbH, Germany) and adjusted to 20 ng/μl with deionized water.
To perform classical PCR and identify target alleles of VvMybA1 gene, we
used markers described by Azuma et al. [23], which allow identification of two
alleles, VvMybA1b and VvMybA1c, at once in a single PCR run. A 25 µl PCR
mixture contained 20 ng of a template DNA, 200 mM dNTP, 0.2 mM of each
primer [23] synthesized by JSC Evrogen (Russia), and one unit Taq-DNA polymerase (JSC Evrogen, Russia). PCR was performed in the following mode: 3 min
at 95 C (initial denaturation); 30 s at 94 C, 30 s at 65 C, 30 s at 72 C (35
cycles); 10 min at 72 C (DT-322, DNA-Technology LLC, Russia). The PCR
results were checked for compliance with the expected fragment lengths in 6%
PAGE with 1½ TBE buffer; amplification products were separated in a VE-20
vertical electrophoresis chamber (Helicon, Russia) for 3 h (7 V/cm) (molecular
weight marker M12, NPO SibEnzyme, Russia).
The amplicons were separated in 2% agarose gel with 0.5½ TAE buffer at
5 V/cm, then excised from the gel plate and extracted using Cleanup Standard kit
(Evrogen, Russia). The DNA concentration in the sample was measured (an Implen NP80 nanophotometer), and the volume was adjusted to 6 μl with deionized
water (the purified amplified fragment concentration was 30 ng/μl).
Sequencing was performed with forward and reverse PCR primers [23] to
ensure greater reliability (equipment of ZAO Evrogen, Russia).
A compliance with the expected amplicon size was assessed by searching
the sequence in the GenBank NCBI database (https://www.ncbi.nlm.nih.gov/genbank) with BLAST, blastx, and CD-search web tools [24]. The obtained DNA
and protein sequences were aligned according to standard parameters of the ClustalO program using the VIENNA (for fasta alignment) and ClustalW (for subsequent analysis) formats [25]. MView interface as applied to analyze the aligned
sequences [26]. Phylogenetic relationships between the studied amino acid sequences were established using MEGA7 program [27] by the Maximum Likelihood method [28] with the Jones-Taylor-Thornton model [29] (999 bootstraps).
Results. After separation of the amplification products in agarose gel (Fig. 1),
it was found that all four grape samples had
alleles of the VvMybA1 gene of the same
size (approximately 850 bp). Similar works
on grapes have already demonstrated the
similarity of DNA sequences obtained by
PCR not only in size, but also in primary
Fig. 1. Separation of amplified DNA fragments structure [14, 16, 30]. However, in addiof VvMybA1 alleles in colored (Cabernet Cortis tion to this, it was shown that areas of the
CC and Sypun black SB) and uncolored
same size can be polymorphic and differ in
(Chardonnay Ch and Sibirkovy S) varieties of
European wine grape (Vitis vinifera L.) (М — structure, which also affects the color trait
molecular weight marker M12, NPO SibEn- [16, 21]. We sequenced the amplified
zim, Russia; Anapa zonal ampelographic colDNA regions to establish their nucleotide
lection SKANCSVV).
sequences in alleles of the same size and
obtained the following results (Fig. 2):
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Fig. 2. Sequencing of 850 bp amplicons of VvMybA1 alleles in colored (Cabernet Cortis and Sypun
black) and uncolored (Chardonnay and Sibirkovy) varieties of European wine grape (Vitis vinifera L.)
(Anapa zonal ampelographic collection SKANCSVV) (for the figure, see http://www.agrobiology.ru).

The obtained nucleotide sequences were compared with each other using
the ClustalO program (Fig. 3):

Fig. 3. Analysis of VvMybA1 gene allele regions in four native and introduced varieties of European wine
grape (Vitis vinifera L.) (colored Cabernet Cortis and Sypun black and uncolored Chardonnay and
Sibirkovy) (ClustalO program; Anapa zonal ampelographic collection SKANCSVV). Nucleotide polymorphisms identified by alignment of the analyzed sequences in four genotypes are highlighted as in
white. A unique nucleotide substitution at nucleotide position 281 in Sipun black variety is marked
by white background. For the figure, see http://www.agrobiology.ru.

Sequence alignment revealed nucleotide substitutions that made it possible
to distinguish between white and red berry varieties, for example, nucleotides 4-10.
These differences were revealed in both pairs of the varieties we studied, the colored
(Sypun black and Cabernet Cortis) and uncolored (Chardonnay and Sibirkovy). The
same was confirmed by a search among the corresponding sequences deposited in
the GenBank NCBI databases where the 100% similarity was found (except for the
Sipun black variety).
The nucleotide sequences of the analyzed alleles in the Chardonnay and
Sibirkovy cultivars were identical and coincided with that of the allele characteristic
of the white berry cultivars with the Gret-1 insert. This retrotransposon, as previously
reported [16, 31], causes loss of the VvMybA1 allele function. Consequently, it is
the presence of such an insert in the specified gene that suppresses the synthesis of
anthocyanins which provide berry coloration in the Sibirkovy variety. Despite the
fact that we identified in the Sipun black cultivar a unique mutation in nucleotide
281 (see Fig. 3), in general, the nucleotide sequence of this allele (as in the Cabernet
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Cortis cultivar) was characteristic of the colored cultivars (in particular KY406230.1,
GU145121.1 and GU145120.1 accession numbers). Interestingly, a similarity appeared with the VvMybA1SUB allele which was present but not expressed in uncolored varieties Sultanina, Pirovano 166A, and others [16], that is, did not play a
decisive role in berry coloration.

Fig. 4. A search for amino acid sequences translated from VvMybA1 gene alleles in four native
and introduced varieties of European wine grape (Vitis vinifera L.) (colored Cabernet Cortis and
Sypun black and uncolored Chardonnay and Sibirkovy) (blastx algorithms; Anapa zonal ampelographic collection SKANCSVV). When compared with the reference sequences in NCBI Protein
(https://www.ncbi.nlm.nih.gov/protein/), an insert was identified which is highlighted by dashes (most
likely, it is the intron sequence not deleted by blastx tool during translation).

After assignment of the sequences to the sought alleles, we used blastx tool
to search among the corresponding amino acid sequences. For all four sequences,
the presumptive structure of the amino acid chain was established (Fig. 4). The
results of the search showed 100% coincidence in all analyzed samples, with the
exception of a large insert in the middle of the sequences which were turned out
to be characteristic of all genotypes and resulted from translation of the intron
region not excluded by the algorithm for some reason. This statement is also supported by a search in EnsemblPlants [32] and CD-search [33].
Having shown single nucleotide polymorphisms, we aligned the amino acid
sequences in ClustalO program (Fig. 5). Differences between the white berry and
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red berry varieties were found for amino acids 12, 49, and 62. A unique substitution
of isoleucine for valine was found in Sypun black variety (amino acid 23). In addition, two of the four polymorphisms were located in the coding part of the sequence.
One of them was typical for white and red berry genotypes, and amino acid 23 in
Sipun black variety was unique. As per CD-search, this substitution was located in
a conservative region. It is noteworthy that no differences were found in this position
from the variety Alphonse Lavallée [16]. However, both varieties are brightly colored. Therefore, the change in amino acid sequence did not affect the expression of
this trait in any way. The search for the amino acid sequence of Cabernet Cortis in
NCBI Protein confirmed that it is often found among interspecific hybrids that have
a similar sequence of amino acids encoded by VvMybA1 [11, 13], but differ from
the Sipun black genotype by replacing valine to isoleucine.

Fig. 5. Alignment of amino acid sequences (with an intron insertion marked) translated from VvMybA1
gene alleles in four native and introduced varieties of European wine grape (Vitis vinifera L.) (colored
Cabernet Cortis and Sypun black and uncolored Chardonnay and Sibirkovy) (ClustalO program;
Anapa zonal ampelographic collection SKANCSVV). In Sypun black variety, in the position 23 (highlighted in white background) there is an amino acid substitution (isoleucine characteristic of the other
three varieties is replaced to valine). For the figure, see http://www.agrobiology.ru.

As a whole, our results were in line with the expected ones, since it was
revealed that the studied varieties are similar in nucleotide sequences of VvMybA1
gene alleles to the known genotypes. An unexpected result was the similarity of the
amino acid sequence encoded by the VvMybA1 gene allele in the Sibirkovy variety
and the colored varieties Benitaka, Cabernet Sauvignon, and Roditis [16, 34]. This
can be explained by the fact that Benitaka variety is a spontaneous mutant of the
white-berry variety Italia [31], whereas varieties Cabernet Sauvignon and Roditis are
hybrids harboring both VvMybA1b and VvMybA1c alleles [16, 34, 35].
To compare the sequences of genes that determine colored and uncolored
berries, we clustered them based on amino acid sequences (Fig. 6). The genotype
Rosa chinensis (XP_024179665.1) of Rosaceae family was involved as an outgroup.
Fig. 6. Clustering of four native and introduced varieties of European wine grape (Vitis vinifera L.)
(colored Cabernet Cortis and Sypun black and
uncolored Chardonnay and Sibirkovy) based on
amino acid sequences translated from the sequenced VvMybA1 gene alleles (Anapa zonal ampelographic collection SKANCSVV). Bootstrap
values over 50 are indicated.

In clustering, genotypes formed
three groups (the outgroup, colored and
uncolored varieties). Interestingly, on the
generated tree the white-berry varieties
were located separately from the main
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branch between the colored varieties and the outgroup. These data are confirmed
by other studies. Indeed, some uncolored varieties, such as Pinot blanc and Pinot
Gris, appeared as a result of mutation [36], while the reverse process was also
observed, i.e. the appearance of berry coloration in the Benitaka variety, that is, a
transition from white berry color to pink [31].
Thus, in the introduced and native Russian grape varieties, the VvMybA1
gene alleles are identified, the size of which does not differ in colored and uncolored varieties. The alleles reveal unique single nucleotide substitutions inherent in
the specific genotypes we studied, including a unique nucleotide substitution in
the Sypun black variety, as well as an insert in the uncolored Chardonnay and
Sibirkovy varieties. A search for these sequences in the GenBank NCBI database
using BLAST algorithms showed that three genotypes (varieties Cabernet Cortis,
Sypun black, and Chardonnay) have alleles characteristic of white and black berry
forms. In the Siberian variety, the VvMybA1 gene allele is similar to the VvMybA1a
allele with Gret-1 transposon insertion. Obviously, the VvMybA1 allele expression
in the Sibirkovy variety is turned off by this very factor. A similar result was obtained for the Chardonnay variety (the presence of the Gret-1 transposon which
suppresses functional activity of the VvMybA1 allele).
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Abstract
In vitro androgenesis is among the leading methods in creating source material for crop breeding. Many breeders a priori consider the seed progeny of any doubled haploid a new line, regardless
of which callus the line was obtained from. In practice, it often turns out that in field conditions the
lines from one callus are outwardly identical, so the breeders discard them, leaving two or three of
ones for further work. The validity of such a controversial approach requires experimental confirmation
or refutation of polymorphism and genetic variability of doubled haploids of the same callus line. About
100 genes of rice resistance to Pyricularia oryzae Cav. [Magnaporthe grisea (Hebert Barr.)] are known
of which Pi-ta и Pi-ta2 are the most relevant for the Russian Far East. This paper is the first to report
intracallus morphological polymorphism and genetic variability for Pi-ta и Pi-ta2 genes due to gametoclonal and somaclonal variability of rice Oryza sativa L. doubled haploids derived from a hybrid
plant via in vitro androgenesis. For the first time, a monomorphism in the absence of genetic variability
due to callus cell clonal reproduction (mitotic division) was revealed among doubled haploids produced
by the same callus line. Our work aimed to study the intracallus morphological and genetic variability
of Oryza sativa L. doubled rice haploids derived in vitro androgenetically from a hybrid plant. Experiments were performed in 2017-2018 at the Federal Research Center of Agricultural Biotechnology of
the Far East (Russia) and the Crop Resources Institute, Heilongjiang Academy of Agricultural Sciences, (China). A F1 Don 4237 ½ Dolinnyi rice hybrid was used. A total of 386 anthers of this hybrid
were cultured in vitro with the callus formation rate of 17.1%. Six of eighteen callus lines producing
green regenerants were selected for further study. Two seeds of each doubled haploid line were sown
in soil and grown in plastic pots (a culture room, 24 С, 5000 lux, 16 hours/8 hours day/night). One
plant of each pair was cut 90 days after sowing to assess the presence/absence of anthocyanin coloration. Plant growth stages (late tillering, stem extension, heading, and flowering) were recorded. Doubled haploids that reached the first two of these stages were assigned to a later group, and those that
reached the heading and flowering stages were combined into an early group. The presence or absence
of awns, their length and color were estimated after maturation. DNA was extracted from fresh leaves
by CTAB method. The DNA quality and quantity were estimated electrophoretically using a 1.0 %
agarose gel. Alleles of the Pi-ta and Pi-ta2 genes which determine blast resistance were detected by
PCR method. Plants of the Chinese monogenic variety K12 were a positive control for Pi-ta gene, and
varieties K27 for Pi-ta2 gene. The doubled haploids of two callus lines, 7.2.2 and 21.2.1, are
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monomorphic without genetic variability for both resistance genes, Pi-ta and Pi-ta2. Plant seeds of
each callus line (7.2.2 and 21.2.1) will be further combined into two separate breeding lines to intensify
breeding due to a larger number of seeds. Doubled haploids of the callus lines 1.2.1, 4.1.2, 8.2.1, 36.2.3
are polymorphic in awn formation, plant growth stage and anthocyanin pigmentation of stem cuts.
The callus line 8.2.1 is genetically variable (ten plants carried alleles of both resistance genes, Pi-ta
and Pi-ta2, eight plants possessed none of the alleles, and in 26 plants only Pi-ta2allele was detected).
Thus, upon callus formation via in vitro androgenesis, the two opposite processes occurred are
somaclonal variation and cell cloning. Somaclonal variation leads to polymorphism of callus cells and
plant-regenerants, while cell cloning determines intra-callus uniformity, as well as the uniformity of
some regenerants (and, in many cases, all regenerants derived from the same anther). Monomorphic
doubled haploids, after a preliminary assessment for morphological traits and molecular characteristics,
comprises a single selection sample.
Keywords: Oryza sativa, in vitro androgenesis, intra-callus variability, rice blast, resistance,
Pi-ta, Pi-ta2

In vitro androgenesis is one of the leading methods for creating breeding
material of many agricultural crops [1-3], including rice Oryza sativa L. [4, 5].
Under appropriate conditions, it is relatively easy to obtain a significant number
of doubled haploids, constant in morphological and genetic characteristics, with
no segregation due to their homozygosity, thus the selection period becomes several years shorter [1, 4, 6]. When characterizing doubled haploids, researchers
usually reveal their variability between varieties and hybrids [5, 7]. The issues of
intravarietal/intrahybrid and intracallus variability remain poorly understood. According to the complex of quantitative characters in the rice cultivar Kaskad, significant differences were shown between the doubled haploids of two callus lines
obtained from two anthers [9].
It is theoretically believed that one anther cultured in vitro can produce
more than 1000 haploid plants [10)] which are clones [11, 12]. On one callus
line of rice, tens [13] and sometimes more than a hundred doubled haploids
appear. In this case, all doubled haploids of one callus line could be combined
into one breeding line, which would speed up the breeding process by increasing
seed pool per sample. Wheat as an example has convincingly proved the origin
of androgenic embryoids from one cell [14]. It is known that there is genomic
variability of rice regenerants (haploids—doubled haploids—tetraploids) within
one callus line of derived from one anther [13]; therefore, genetic variability
among doubled haploids is also probable. Many breeders a priori deem the seed
progeny of any doubled haploid to be a new line [8, 15], regardless of which
callus it was derived from. However, in the field, lines from one callus often
look the same and are discarded, and only two or three of them are finally
involved in further work. The validity of such a contradictory approach requires
experimental confirmation or refutation of polymorphism and genetic variability
of doubled haploids of one callus line.
About 100 genes of Pi family are known in rice for resistance to fungal
pathogen Pyricularia oryzae Cav. [Magnaporthe grisea (Hebert Barr.)] [16] of
which many are involved in breeding programs worldwide correspondingly to
the pathogen race specificity. Pi-ta and Pi-ta2 genes are the most relevant for
the Russian Far East [17]. Molecular markers allow their identification in rice
plants [18-20].
This paper is the first to reveal intracallus morphological polymorphism
and genetic variability for Pi-ta и Pi-ta2 genes due to gametoclonal and somaclonal
variability of rice Oryza sativa L. doubled haploids derived from a hybrid plant via
in vitro androgenesis. Also, there is the first demonstration of monomorphism of
the doubled haploids of the same callus line without genetic variability, due to
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clonal reproduction (mitotic division) of callus cells.
The work aimed to assess intracalus morphological and genetic variability
of rice Oryza sativa L. doubled haploids generated via a hybrid plant in vitro
androgenesis.
Materials and methods. Experiments were carried out in the Chaika Federal
Research Center of Agricultural Biotechnology of the Far East (Russia) and the
Crop Resources Institute, Heilongjiang Academy of Agricultural Sciences
(China) in 2017-2018. The plant used to produce doubled rice haploids was Don
4237 ½ Dolinny F1 hybrid in which a significant intracalus awnedness variability
of doubled haploids was preliminaryly revealed in the R1 regenerants. The Dolinny
rice variety harbors alleles of Pi-ta and Pi-ta2 genes for the rice blast resistance
[21, 22]. The technique for doubled haploid production was described earlier [23].
In each callus line (6 lines in total), from 9 to 44 seeds of doubled haploids of the
first generation R1 (106 lines of doubled haploids in total) were collected. For
each line, two seeds per plastic pots with soil were planted and grown in a culture
room at 24 С, 5000 lx and 16 h (day)/8 h (night) mode. In the R2 regenerants
emerged from these seeds, the variability of morphological characters and growth
phases were assessed.
One plant from each line of doubled haploids R2 (106 plants in total) was
cut off 90 days after planting, and the color of the cut indicative of the presence/absence of anthocyanin pigment was recorded. Leaves were collected from
the same plant for DNA isolation. For another plant of the line, the following
phases of growth were noted: late tillering (a straw without a flag leaf, the panicle
is not visible inside the straw), stem extension (a straw with a flag leaf, the panicle
is visible inside the straw), heading (5-6 upper panicle flowers), flowering (the
panicle is fully visible). Double haploids that reached the first two stages were
assigned to the late group, and those that reached heading and flowering were
assigned to the early group. After maturation, discrete traits were assessed, that is,
the presence or absence of awns, their length (short when less than 1 cm in size
or as spines on some caryopses of panicles, long when more than 2 cm) and color
(white black).
DNA was extracted from fresh leaves by the CTAB method [24]. The
DNA quality and concertation were determined electrophoretically in 1.0% agarose gel with DNA of known concentration as a standard. Alleles of the Pi-ta and
Pi-ta2 genes, encoding resistance, were identified by polymerase chain reaction
(PCR) with the primers 5´-AGCAGGTTATAAGCTAGGCC-3´ and 5´-CTACCAACAAGTTCATCAAA-3´ for Pi-ta [18] and 5´-CAGCGAACTCCTTCGCATACGCA-3 and 5´-CGAAAGGTGTATGCACTATAGTATCC-3´ for Pi-ta2 [20].
The reaction mixture (20 μl) contained 2½ PCR buffer, 2.5 mM MgCl2, 0.2 mM
dNTP, 0.25 μl each of forward and reverse primers, 1 unit of Taq DNA polymerase
(Takara, Japan) and 70-120 ng of template DNA. Amplification was run in 3-fold
repetition (a Veriti 96-Well Thermal Cycler, Applied Biosystems, USA). The following modes were used: 5 min at 94 С (initial denaturation); 1 min at 94 С
(denaturation), 1 min at 56 С (primer annealing), 1 min at 72 С (elongation)
(35 cycles); 10 min at 72 С (final elongation) for Pi-ta, and 5 min at 95 С
(initial denaturation); 1 min at 95 С (denaturation), 1 min at 60 С (primer
annealing), 1 min at 72 С (elongation) (35 cycles); 10 min at 72 С (final
elongation) for Pi-ta2 .
Amplification products were separated electrophoretically in 1.0% agarose
gel with 0.5½ TBE buffer (a Sub Cell Model 192 chamber, Bio-Rad, USA; a
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PowerPac Basic power supply, Bio-Rad, USA), stained with a 1.0% solution of
ethidium bromide and visualized in ultraviolet light (the Gel Doc XR + gel documentation system, Bio-Rad, USA). The presence of the resistance allele was
recognized only in the case of bright staining of DNA samples.
The Chinese monogenic cultivar K12 was a positive control for Pi-ta, and
the cultivar K27 was a positive control for Pi-ta2.
Results. In vitro culture was generated from 386 hybrid anthers. Calli were
formed in 17.1% of the anthers. Eighteen callus lines (27.3%) produced green
regenerants. Six callus lines with numerous doubled haploids were finally selected
for the experiment (Table 1).
1. Regeneration capacity of rice (Oryza sativa L.) callus lines derived from a Don
4237 ½ Dolinny F 1 hybrid plant via in vitro androgenesis
Callus line
1.2.1
4.1.2
7.2.2
8.2.1
21.2.1
36.2.3

Green regenerants, n
138
34
16
69
24
76

n

Doubled haploids
%

24
28
15
57
19
71

17
82
94
83
79
93

Sample size (R2), n
12
9
11
44
15
15

Molecular marking revealed that electrophoretic patterns of amplification
products in the paternal cultivar Dolinny and the initial hybrid plant have a band
characteristic of the Pi-ta allele (1042 bp), whereas in the maternal cultivar Don
4237 this DNA fragment is absent (Fig. 1).

Fig. 1. Electrophoretic identification of amplicons characteristic of blast resistance gene Pi-ta in the
parental rice (Oryza sativa L.) Don 4237 and Dolinny varieties, their F1 hybrid and doubled haploids
R2 of six callus lines derived from the F1 hybrid plant: 1, 2 — 1.2.1; 3, 4 — 4.1.2; 5, 6 — 7.2.2; 716 — 8.2.1, 17, 18 — 21.2.1; 19, 20 — 36.2.3; 21 — Dolinnyi variety, 22 — Don 4237 variety, 23 —
Don 4237 ½ Dolinnyi F 1 hybrid, 24 — positive control (1042 bp, the monogenous line К12), 25 —
a molecular-weight size marker D2000 («TIANGEN», China).

The Pi-ta2 allele was found in both parental forms and in the hybrid.
Doubled haploids of five callus lines (1.2.1, 4.1.2, 7.2.2, 21.2.1, and 36.2.3) had
alleles for both Pi-ta and Pi-ta2 resistance genes (Table 2). Doubled haploids derived from the callus line 8.2.1 showed genetic variability, i.e. 10 plants harbored
alleles of both resistance genes, in 8 plants both alleles were absent, and in the
remaining 26 plants only the Pi-ta2 allele was revealed. The peculiarities of differentiation of the callus line 8.2.1-derived doubled haploids had little effect on the
presence of detectable amplification products. Thus, out of 69 green regenerants
formed (see Table 1), plants with alleles of both resistance genes were found among
the R2 doubled haploids Nos. 1-44, of only Pi-ta2 among the R2 doubled haploids
Nos. 22-68. Note, alleles of both resistance genes were absent in a part of the
doubled haploids Nos. 2-69, thence, no definite regularity was observed.
An analysis of phenotypic variability showed that the doubled haploids of
callus lines 7.2.2 and 21.2.1 are monomorphic. Polymorphism was observed among
the doubled haploids of four callus lines. The callus line 8.2.1 showed the greatest
morphological variability, and this variability was not associated with the genetic
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variability of doubled haploids (see Table 2).
2. Genotypes and phenotypes of rice (Oryza sativa L.) doubled haploids R2 of six callus
lines derived from a Don 4237 ½ Dolinny F 1 hybrid plant via in vitro androgenesis
Callus line
1.2.1

Doubled
haploids, n

2
1
6
3
4.1.2
2
4
1
2
7.2.2
11
8.2.1
3
2
1
3
1
1
1
18
1
5
1
5
1
1
21.2.1
15
36.2.3
2
13
N o t е. «+» — presence of the

Stem cut color
Anthocyanin
Anthocyanin
Anthocyanin
Anthocyanin
Anthocyanin
Anthocyanin
Anthocyanin
Anthocyanin
No anthocyanin
Anthocyanin
Anthocyanin
No anthocyanin
Anthocyanin
No anthocyanin
Anthocyanin
Anthocyanin
Anthocyanin
Anthocyanin
No anthocyanin
Anthocyanin
Anthocyanin
No anthocyanin
No anthocyanin
Anthocyanin
Anthocyanin
Anthocyanin
resistance gene; «–»

Awns, size

Type of development

Short
Early
Absent
Early
Short
Late
Long
Late
Short
Early
Short
Late
Absent
Early
Absent
Late
Long
Late
Short
Early
Long
Late
Long
Late
Absent
Early
Absent
Early
Short
Early
Long
Early
Short
Late
Long
Late
Short
Late
Short
Early
Short
Late
Short
Early
Short
Late
Absent
Early
Absent
Early
Absent
Late
— absence of the resistance gene.

Genes
Pi-ta
Pi-ta2
+
+
+
+
+
+
+
+
+
+
+
+
+
+
–
–
–
–
–
–
–
–
–
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
–
–
–
–
+
+
+

Figure 2 shows the detailed distribution of doubled
haploids according to the stage
of growth. All plants of callus
line 21.2.1 flowered, no variability in other traits was observed either. Plants of line
4.1.2 were clearly divided into
two groups, three early (in the
flowering stage) and five late
(in the tillering stage), among
those and others were those
awned and awnless (see Table
2). Plants of line 7.2.2 were
late in the timing of both tillering and stem extension
stages and monomorphic in
Fig. 2. Distribution of rice (Oryza sativa L.) doubled haploids other traits. In three of the six
R2 of six callus lines derived from a Don 4237 ½ Dolinnyi F1
callus lines (1.2.1, 8.2.1, and
hybrid plant via in vitro androgenesis according to the growth
stage 90 days after planting: a — tillering, b — stem extension, 36.2.3), all four growth stages
were observed in doubled hapc — heading, d — flowering.
loids. Of these, line 36.2.3 is
completely awnless with anthocyanin coloration of the straw cut, that is, variable only
in early maturity, line 1.2.1 is polymorphic in two traits, the awn formation and growth
stages. In line 8.2.1, doubled haploids exhibited both genetic and phenotypic variability, and among the doubled haploids, a different combination of morphological and
genetic traits was revealed (see Table 2). We did not observe variability in the color of
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awns among doubled haploids of the same callus line, i.e. in line 7.2.2, the awns of
caryopses were white, in lines 1.2.1, 4.1.2, and 8.2.1 they were black
The anther of rice contains about 1,000 pollen grains [25] which can be
induced into callus. The callus line from one anther derived from callus aggregates,
which can be formed by several immature microspores. This leads to both polymorphism and genetic variability among doubled haploids and to genomic variability of regenerates of one callus line (haploids, doubled haploids, and tetraploids)
[13]. However, clonal reproduction of regenerants in vitro is also not excluded.
Thus, for some morphotypes and genotypes, there are from a small number to
several tens of doubled haploids, i.e. 18 plants in the callus line 8.2.1 (see Table
2). Earlier, we detected the formation of up to 7-18 tetraploid plants of one callus
line. Although the polymorphism of tetraploids of one callus line has not been
studied, their massive formation on one callus most likely occurs due to mitotic
the replication of 4n callus cells [26]. The doubled haploids of callus lines 7.2.2
and 21.2.1, which are monomorphic, can be considered as identical plants and
combined into two separate sets during selection. Similar methodology is obviously
applicable for groups of identical plants within other callus lines.
The callus line 8.2.1 is of particular interest due to emergence of various
regenerant types, i.e. those with alleles of both resistance genes, Pi-ta and Pita2, having only Pi-ta2 and not carrying alleles of any of these genes. There are
several possible explanations for such a segregation of the line 8.2.1 regenerants. One of the parents (variety Dolinnyi) is a carrier of the Pi-ta allele
which determines resistance, and his hybrid inherited this gene in a heterozygote. As a result, some of the doubled haploids had the Pi-ta allele, and some
did not (see Fig. 1). Both parents and the hybrid possessed the Pi-ta2 allele,
but it was absent in 8 doubled haploids (see Table 2). The primers we used
allow detection of the presence or absence of an allele of the resistance gene
but do not reveal the allelic state of the gene. It can be assumed that one of
the parents (variety Don 4234) is heterozygous, and the other (variety Dolinnyi) is homozygous for Pi-ta2 gene, while the hybrid is heterozygous for this
gene. Figure 3 shows a possible scheme of dihybrid crossing which leads to
genetic variability among the doubled haploids of callus line 8.2.1. Only the
second variant of crossing provides for three types of combinations of resistance
alleles in regenerated plants. AB, aB, and ab microspores induced callus formation, followed by spontaneous chromosome doubling and regeneration. Microspores of the fourth type Ab either did not generate a callus, or only produced haploids.
Fig. 3. A possible scheme for the dihybrid crossing of rice
(Oryza sativa L.) parental varieties, followed by callus formation from microspores to produce doubled haploids with
two alleles of the blast resistance genes Pi-ta and Pi-ta2,
with one allele (only for Pi-ta2) and without alleles of both
resistance genes: A — Pi-ta allele which determines resistance, a — Pi-ta allele which determines susceptibility,
B — Pi-ta2 allele which determines resistance, b — Pi-ta2
allele which determines susceptibility.

Wang et al. [27] consider the Pi-ta and
Pi-ta2 genes to be allelic or closely linked to
each other. According to Oryzabase [28], this
is the same gene of 7281 nucleotides in size
detected by different primers that amplify different parts of the gene. Pi-ta gene allele polymorphisms have been studied in
several rice species and varieties. Only 99% of alleles are found to be similar in
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nucleotide sequence and show not identical level of divergence [29]. True, the
phenotypic manifestation of Pi-ta and Pi-ta2 genes, revealed with the use of differentiating varieties, differs significantly [17, 20, 30]. In the studied plants, one
could expect either the presence or the complete absence of resistance alleles for
both genes. However, we have revealed in 26 plants only the Pi-ta2 gene allele
which determines resistance.
The phenomenon of somaclonal variability is widespread in cell and tissue
cultures in vitro, it causes an increase in genetic variability and often does not
affect the viability of regenerants derived from calli [31-33]. In our experiment,
genetic mutations caused by in vitro culture are not excluded. These changes could
have occurred in the DNA region of the Pi-ta gene, which is not identical to the
Pi-ta2 gene, in callus cells even before the spontaneous doubling of chromosomes
followed by formation of doubled haploids. It is impossible to exclude mutations
in DNA regions that led to the absence of resistant alleles of both genes in 8
doubled haploids. This is supported by the presence of the resistant alleles of Pita and Pi-ta2 among the doubled haploids of 5 other callus lines. Possibly, due to
somaclonal variability that arose after spontaneous doubling, several samples could
harbor any of the studied genes in a heterozygous state, which cannot be detected
using the primers chosen.
The revealed polymorphism may indicate that in the anther, which was
used to obtain line 8.2.1, callus formation was induced in at least 14 immature
microspores, followed by chromosome doubling and regeneration. However, a
high frequency of physiological and quantitative changes among somaclones was
previously noted, such as the time of flowering (panicle emergence), ripening time,
presence or absence of awns, plant height [32, 34]. Morphological, biochemical,
and molecular genetic analysis showed that during somaclonal variation, already
at early culture stage, similar genetic transformations occur, leading to the appearance of common characters in different groups of somaclones of the same cultivated species [35]. The coincident variability can be explained by transposition
explosions [34]. Among the tobacco and rapeseed dihaploids, morphological mutants segregate, which must be completely homozygous [34]. If such variability
occurs in the doubled haploids of the four callus lines obtained by us (1.2.1, 4.1.2,
8.2.1, 36.2.3), genetic changes are possible even at the stage of haploid cells with
subsequent spontaneous doubling. The other two callus lines not affected by this
variability are probably more stable (7.2.2, 21.2.1). Therefore, it can be assumed
that the ability to accumulate mutational changes in cell in vitro culture is significantly influenced not only by the variety of the original plant, which was established by Kuznetsova et al. [33], but also by the genotype of the pollen grain used
for in vitro androgenesis.
In vitro androgenesis allows production of a huge variety of doubled haploid lines for breeding programs. In particular, the combination of monomorphic
doubled haploids of one callus line into a single breeding line accelerates breeding
due to the increased number of seeds per sample. It is also possible to use the
diversity of doubled haploids observed in some O. sativa callus lines, considering
each of them as a separate breeding line. This is especially important for genotypes
with a hindered androgenesis in vitro: even upon callus formation induced only in
one of the many immature anthers, the derived callus line allows one to obtain
several polymorphic lines of doubled haploids.
Next, we plan to study the resistance of the obtained early-maturing leafless lines of doubled rice haploids carrying alleles of both genes, Pi-ta and Pi-ta2,
upon artificial infection with P. oryzae strains circulating in the Far Eastern rice
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growing zone.
Thus, we have revealed for the first time intracallus morphological polymorphism and genetic variability for Pi-ta and Pi-ta2 blast resistance genes in
rice (Oryza sativa L.) doubled haploid lines obtained via in vitro androgenesis
from one hybrid plant. The doubled haploids of callus lines 7.2.2 and 21.2.1 are
monomorphic and do not show genetic variability for both resistance genes, Pita and Pi-ta2. The doubled haploids of four other callus lines (1.2.1, 4.1.2, 8.2.1,
and 36.2.3) are polymorphic in awnedness, plant development rate, and anthocyanin coloration of cuts. The callus line 8.2.1 is genetically variable and represented by three types of plants, those with alleles of both Pi-ta and Pi-ta2
genes, only the Pi-ta2 gene allele, or without alleles of both genes. Callus formation during in vitro androgenesis involves two-direction events. The first is
the well-studied scenario of somaclonal variation which causes polymorphism
of cells or regenerants, and the second is cell cloning which leads to intracallus
homogeneity, the homogeneity of some of the regenerants, and in many cases
of all the regenerants derived from one anther. The monomorphic doubled haploids, after a preliminary morphological and molecular genetic characterization,
are grouped into one sample to be further involved in the breeding program.
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Abstract
In order to increase the productive potential of crop plants, a selection of economically
valuable traits is needed, the combination of which in the breeding process will lead to the development of the desired genotype. The purpose of the present study was to establish the impact of main
quantitative traits on broad bean productivity (in organic production conditions) and to select parental components with increased adaptability and stability. The experimental activity was carried out in
the Institute of Forage Crops (Pleven, Bulgaria), during the period 2016-2018, with source collection
of 17 accessions of broad bean. A linear equation of regression was used to determine the effect of
quantitative traits on seed productivity. The optimal parameters of model broad bean plant with high
seed weight was characterized by the following traits: plant height — 69 cm to 90 cm, 1st pod
height — 22 cm to 36 cm, pod number per plant — 9 to 14, seed number — 22 to 35, pod length —
7 to 11 cm, pod width — 15 to 19 mm, and 100 seeds weight — from 80 g to 120 g. The obtained
results showed that the traits of seed number (R = 0.72) per plant, pod number (R = 0.48), 100seed weight (R = 0.28) and 1st pod height (R = 0.25) had the greatest and statistically significant
impact on the seed productivity. Accessions FbH 14, FbH 16, BGE 032012, FbH 15, and Fb 2486
were distinguished as highly adaptable regarding seed productivity, and Fb 1903 and BGE 041470
were determined as low adaptive. Accessions Fb 1896, Fb 2486, BGE 032012 and BGE 043776
combined good adaptability with low variability and were suitable as parental components for use
in the combinative breeding.
Keywords: model, broad bean, regression, traits, plant height, pod size, pod number, 100seed weight, seed productivity

Broad bean is an annual legume plant known in botany as Vicia faba L.
It is known by different names (Horse bean, Broad bean, Faba bean, Fava bean,
Windsor bean, Tick beans), most of which refer to a separate subgroup rather
than the whole species [1, 2]. Broad bean is one of the oldest crops, worldwide
it is third most important forage grain legume after peas and soybeans [3]. The
long history of growing, wide spread in diverse environments, and different
breeding methods have turned the broad bean into one of the most variable species, possessing a wide range of variations in plant architecture, leaf shape and
size, seed size, color and shape [4, 5].
Studies in the field of legume breeding have made essential progress in
recent years with regard to the creation of new varieties with increased productivity and ecological adaptability [6]. Despite successes in this line, the need for
further improvement and development of new varieties continues to be a major
task due to the changing environmental conditions and the lack of suitable varieties for them [7]. New challenges present the requirements that impose on cultivars the production systems with reduced levels of inputs (and in particular the
organic and biodynamic production systems) and the main problem with these
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systems is low productivity.
Crop breeding is a prolonged process that is dependent on a number of
factors [8]. The ideotypic breeding distincts from the traditional one in that the
breeders mean to change exactly certain traits in order to increase the productivity and adapt the plants to the particular environment of growing [9].
In order to enhance the productive potential of crop plants, a selection
of economically valuable characteristics is needed. Their combination in the
breeding process will lead to the creation of the desired genotype [10]. Of particular importance for enhancing the efficiency of the selection activity is information on the interrelationships among the quantitative signs in the plant population. One of the commonly used methods for clarifying dependencies is
through applying correlation and regression analysis [10, 11].
This study compares the variability of quantitative traits in a number of
breeding varieties of forage beans of different origins and local populations and
determines optimal parameters of a highly productive variety for organic technologies. The most promising donors are identified for creating a variety corresponding to the model for these conditions.
The purpose of the study was to establish optimal parameters of model
broad bean cultivar for the central part of the Danube plain and to select parental components with increased adaptability for the needs of combinative
breeding.
Materials and methods. Seventeen accessions of broad bean (Vicia faba
L.) (FbH 13, FbH 14, FbH 15, FbH 16, BGP, Fb 1896, Fb 1903, Fb 1929, Fb
2481, Fb 2486, Fb 3270, BGE 002106, BGE 029055, BGE 032012, BGE
041470, BGE 043776, BGE 046721) with different origin were objectives of this study
(collection of the Institute of Forage Crops, Pleven, Bulgaria). The introduced accessions
were local cultivars and the Bulgarian ones were local populations. A starting point in the
formation of the initial collection was the choice of samples with high seed productivity.
The experimental activity was carried out in the Institute of Forage Crops (Pleven) during
the period 2016-2018. The variants were located in randomized block method [12], with a
size of the experimental plot of 4 m2 and a threefold repetition of the variants. The sowing was manual, with a sowing rate of 30 seeds m2. Accessions were cultivated under
organic farming conditions, without application of fertilizers and pesticides. The biometric
characteristics at harvesting included the following traits: 1st pod height (cm), plant height
(cm), pods number per plant, pod length (cm), pod width (cm), seeds number per plant,
seed weight per plant (g), 100 seeds mass (g).
The data were processed by regression analysis of variance for each trait for determining the influence of factors of genotype (accession) and environment. The phenotypic variability of the broad bean traits was evaluated by the nonparametric method [13],
and the general adaptability (A) was calculated [14]. All experimental data were processed
statistically with using the computer software GENES 2009.7.0 for Windows XP
(ftp://ftp.ufv.br/dbg/biodata/) [15].

Results. The studied samples (breeding varieties and local populations)
are listed in Table 1.
1. Broad bean Vicia faba L. accessions included in the study (Institute of Forage
Crops, Pleven, Bulgaria, 2016-2018)
Accessions
Fb 1896
Fb 1903
Fb 1929
Fb 2481
Fb 2486
Fb 3270
BGE 002106
BGE 029055

Status
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar

Origin
Portugal
Portugal
Portugal
Portugal
Portugal
Portugal
Spain
Spain
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Continued Table 1
BGE 032012
BGE 041470
BGE 043776
BGE 046721
FbH 13
FbH 14
FbH 15
FbH 16
BGP

Cultivar
Cultivar
Cultivar
Cultivar
Landrace
Landrace
Landrace
Landrace
Landrace

Spain
Spain
Spain
Spain
Bulgaria
Bulgaria
Bulgaria
Bulgaria
Bulgaria

A task of each breeding program is to approximate the biometric values
of the plant to theoretically calculated and optimal parameters. The results of
the regression analysis (Table 2) showed that the linear component in the regression of seed productivity with respect to the studied quantitative indicators
was significant.
2. Regression analysis of seed productivity regarding main quantitative traits in broad
bean Vicia faba L. cultivars and landraces (Institute of Forage Crops, Pleven, Bulgaria, 2016-2018)
Source
Model
Residual
Total

Sum of Square (SS)

Degrees of freedom (df)

Mean Square (MS)

F-ratio

p-value

5.31038
4.01082
9.32120

7
145
152

0.758625
0.027661

27.43

0.00001

3. Regression coefficients (R) of seed productivity regarding main quantitative traits in
broad bean Vicia faba L. cultivars and landraces (Institute of Forage Crops, Pleven,
Bulgaria, 2016-2018)
Parameters

Estimate (R)

Standard error

Constant
–29.72
Plant height
–0.09*
1st pod height
0.25**
Pods number
0.48*
Seeds number
0.72**
Pod length
0.44
Pod width
0.27
100 seeds mass
0.28**
* and ** Regression coefficients are statistically significant at p =

t-statistic

1.9816
–14.9986
0.0282
–3.2561
0.0571
4.3878
0.1360
3.5531
0.0487
14.7781
0.2265
1.9346
1.4198
0.1876
0.0138
20.6404
0.01 and p = 0.001, respectively.

p-value
0.0000
0.0014
0.0000
0.0005
0.0000
0.0550
0.8514
0.0000

Based on the data from the biometric analysis of the collection of accessions, a statistical model of broad bean plant under the climatic conditions
of Central Northern Bulgaria was developed. A regression equation (Table 3)
was presented, which expresses the impact of each individual trait on seed
productivity:
Y = 0,883 – 0,09X1 + 0,25X2 + 0,48X3 + 0,72X4 + 0,44X5 + 0,27X6 + 0,28X7,
where Y is seed productivity, X1 is plant height, X2 is 1st pod height, X3 is pods
number per plant, X4 is seeds number per plant, X5 is pod length, X6 is pod
width, X7 is 100 seeds mass.
The graphical representation of the relationships between the seed
productivity and studied quantitative components allowed statistical results to be
obtained (with sufficient approximation) and main dependencies between the
quantitative traits to be established (Fig. 1). Of the investigated characteristics,
only plant height had a negative impact (R = 0.09) on productivity. The negative interaction of this characteristic was very low and expressed at values lower
than 69 cm and higher than 90 cm.
The increase in the height of 1st pod placement had a slight positive effect (R = +0.25, р < 0.001) on seed productivity of the broad bean, with the
optimal limits of this trait in the study conditions between 22 and 36 cm. The
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influence of the pods number (R = +0.48, p < 0.01) was also statistically significant and favorable, especially when ranging from 9 to 14 pods.

Fig. 1. Dependencies (R) between seed productivity per plant and quantitative traits in broad bean
Vicia faba L. cultivars and landraces (Institute of Forage Crops, Pleven, Bulgaria, 2016-2018).

The impact of the seeds number was significantly positive and with the
greatest heaviness (R = +0.72, р < 0.001), suggesting that increasing the number of seeds will be crucial for the seed weight of the plant. Its optimal values,
which had a favorable effect on seed productivity, ranged from 22 to 35 seeds.
Other traits that had a positive impact on productivity were the length
and width of pods. The regression coefficients for both traits (R = 0.44, R = 0.27)
were insignificant as the pod width was almost twice smaller than that of pod
length. According to the data obtained, it could be assumed that these signs will
not play an essential role in the expression of the seed weight. Seed productivity
would decrease if the plants form pods with a length and a width beyond the
range 7-11 cm and 15-19 mm, respectively.
Another characteristic, with significant influence (R = +0.28, р < 0.001)
on the broad bean productivity, was the mass of 100 seeds. The beneficial impact
of this indicator occurs at values ranging from 80 to 120 g. Seed productivity will
decrease with a reduction or increase in the mass of 100 seeds beyond the indi547

cated limits.
According to the analysis carried out, the model of a broad bean plant
for the climatic conditions of Central Northern Bulgaria for the purpose of realizing high seed productivity should contain parameters within the following limits: plant height — from 69 to 90 cm, 1st pod height — from 22 to 36 cm, pods
number per plant — from 9 to 14, seeds number — from 22 to 35, pod length —
from 7 to 11 cm, pod width — from 15 to 19 mm, and 100 seeds mass — from 80
to 120 g.
It should be noted, however, that the full performance of productive
potential depended not only on the individual influence of each parameter on
the seed weight but also on the complex interrelationships between the
individual traits and their combination in the plant [16].
Modern principles of modeling of varieties should be applied differentiated and to be adapted to the specifics of the respective soil-climatic conditions
[17]. For example, the development of a model in lupine required studying the
morpho-physiological nature of indicators influencing the productivity and sustainability to stress factors. The analysis conducted by the author showed that
plant productivity depends to a large extent on the number of seeds and pods per
plant. The studies of some authors [16] related to cultivar model in chick pea
showed that the plant should have the following main characteristics: height —
38-43 cm; pods number — 25-45; seeds number — 25-45 и mass of 1000
seeds — 28-45 g. A similar investigation in fodder peas [18] found that the plant
model was characterized by an average height of 60-70 cm, 8-10 pods, 30-40
seeds and 160-260 g regarding the mass per 1000 seeds. The author stated that
the number of seeds per plant, height of 1st pod and 1000 seeds mass had the
greatest impact on the grain yield of peas.
Adaptability is defined by the ability of plants to form high yields under
different environmental conditions. Adaptive potential of species and cultivars is
based on modifying genotypic variability and is characterized by the terms “plasticity” and “stability” [19]. To evaluate the adaptability in the present study
conditions, the coefficient of general adaptability (Fig. 2) was calculated according to the values of which the production capabilities of accessions can be estimated. Selective value represents those that have a high general adaptation (coefficient A has maximum values) and at the same time, they exhibit low variability of the trait. The obtained data showed that almost all broad bean accessions
have positive coefficients of general adaptability. Accessions with the highest
adaptation can be arranged in the following order: FbH 14 > FbH 16 > BGE
032012 > FbH 15 > Fb 2486 > BGE 046721. Fb 1903 and BGE 041470 are
characterized by the lowest (poorly negative) adaptive ability.
An important condition for ensuring sustainable and organic forage production is the use of cultivars with increased stability of the yield [20]. The conditions under organic farming are much more diverse than in traditional farming,
so varieties must be much more adaptable, and yield stability is as important as
its magnitude [21]. Some of the varieties that have been developed in conventional conditions have stable yields also in the organic farming system, but they
have to be tested for selecting such ones with stable yields, suitable for the conditions of organic farming [20]. The stability assessment in the present study (see
Fig. 2), according to the parameter of Kang [13], showed that accessions BGE
043776, Fb 2486, BGE 002106, Fb 2481 and Fb 3270 exhibited good stability
and low variability (YSi varied from 14 to 20). In contrast, FbH 14, BGE
029055 and FbH 13 occupied the last positions, defining them as the most un548

stable in productivity.

Fig. 2. Coefficient of general adaptability (a) and index of stability (YSi, b) regarding seed productivity in
broad bean Vicia faba L. accessions: from left to right Fb 1896, Fb 1903, Fb 1929, Fb 2481, Fb 2486,
Fb 3270, BGE 002106, BGE 029055, BGE 032012, BGE 041470, BGE 043776, BGE 046721,
FbH 13, FbH 14, FbH 15, FbH 16, BGP (А1-А17, respectively) (Institute of Forage Crops, Pleven,
Bulgaria, 2016-2018). The a and b values are for А1 — 1.30 and 13, respectively, for А2 — 1.6 and
4; for А3 — 1.53 and 3; for А4 — 0.05 and 14; for А5 — 2.03 and 19; for А6 — 0.39 and 14; for
А7 — 0.69 and 17; for А8 — 0.82 and 9; for А9 — 2.75 and 7; for А10 — 1.17 and 8; for А11 —
1.08 and 20; for А12 — 1.90 and 2; for А13 — 1.34 and 8; for А14 — 6.23 and 10; for А15 —
2.42 and 5; for А16 — 5.31 and 7; for А17 — 1.61 and 6.

Thus, a linear equation of regression was used to determine the effect of
quantitative traits on seed productivity in broad bean accessions. The optimal
parameters of model broad bean plant with high productivity in organic production conditions was characterized by the following traits: plant height — from 69
to 90 cm,1st pod height — from 22 to 36 cm, pods number per plant — from 9
to 14, seeds number — from 22 to 35, pod length — from 7 to 11 cm, pod
width — from 15 to 19 mm, and 100 seeds mass — from 80 to 120 g. The obtained results showed that the traits of seeds number (R = 0.72) per plant, pods
number (R = 0.48), mass of 100 seeds (R = 0.28) and 1st pod height (R = 0.25)
had the greatest and statistically significant impact on the seed productivity. The
accessions distinguished in high adaptability regarding seed productivity were
FbH 14, FbH 16, BGE 032012, FbH 15, Fb 2486, and Fb 1903, and BGE
041470 were determined as low adaptive. Accessions Fb 1896, Fb 2486, BGE
032012 and BGE 043776 combined good adaptability with low variability and
were suitable as parental components for use in the combinative breeding.
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Abstract
Spelt (Triticum spelta L.) is an ancient species of wheat demand for which is currently increasing. Along with positive characteristics of spelt (high protein, gluten and amino acids content,
high adaptive potential, presence of a powerful stem and high resistance to lodging) it is significantly
inferior to soft wheat T. aestivum L. in terms of yield capacity. However, new perspective genotypes
with improved quantitative traits can be obtained from crosses of spelt and soft wheat due to introgression of genetic material of T. aestivum into T. spelta genome. In present research in result of
hybridization of spelt wheat and soft wheat we obtained new forms which differ from each other in
terms of morphobiological and economically valuable traits. The research aimed to create new initial
material of spelt with high quality of grain based on hybridization of Triticum aestivum and T. spelta
and its introduction to the breeding scheme for creating high productive varieties of the crop. Samples of spelt wheat obtained by the method of remote hybridization followed by multiple individual
selection. Spelt samples of local breeding from foothill regions of the Carpathians and regionalized
varieties of winter wheat Favoritka, Kharus, Panna, Ermak, Podolianka, Kryzhynka, Farandol, Kopilovchanka, Krasnodarskaia 99 were used as initial breeding material. Derived F1 hybrids were selfpollinated or back-crosses with parental forms. Hybrid progenies F2-5 were analyzed in terms of morphobiological and economically valuable traits (plant height, shape of the bush, wax coating on
plants, pubescence on the stem and spike, length, color and awnedness of the spike, number of
spikelets in the spike, density of the spike, threshing of grain, grain shape and color, weight of the
grain from the main spike, number of productive stems per plant, 1000-grain weight, gluten and
protein content, grain hardness, productivity). In fifth generation (F5) when segregation was no longer observed, considering productivity and quality of previous years, 18 best samples of spelt wheat
were selected. Their field testing was conducted during 2012-2018 (F5-11) (a research field of Uman
National University of Horticulture, right-bank Forrest-steppe of Ukraine, Cherkassy region). Gluten
and protein contents were determined by infrared spectroscopy (Laboratory of genetics, breeding and
seed production, a device InfratecTM Nova, FOSS Analytical, Sweden). Biometric traits (plant
height, ear length, number of grains per ear, grain weight from head ear) were determined on 50
plants selected from each plot in two non-adjoin repetitions. Grain threshing was performed, and
yield capacity was determined. From crossing, the collection of spelt initial material which include
more than 200 samples was created. Obtained forms were divided into four groups according to plant
height: semi-dwarf, low-growing, medium-growing and high-growing. In each group the best samples
were selected which were analyzed for grain quality, yield and productivity structure. A possibility
was proved of breeding improvement of spelt based on interspecific hybridization with soft wheat. It
was established that eight samples significantly exceeded standard for yields. In the same time samples Nos. 76, 155, 1695 и 1725 had improved grain threshing (80-90 %), samples Nos. 76 and 1817
were characterized by high quality, in particular, 25.2 and 22.0 % protein content, respectively, and
52.1 and 44.7 % gluten level. Samples Nos. 40 and 13 were the best in terms of gluten and protein
content with 30.1 and 27.2 % for protein, and 63.2 and 56.5 % for gluten, respectively. As a result of
the study, spelt wheat forms were selected which possess several valuable traits, i.e. the sample No. 124
is distinguished due to low plant height (92 cm) and high quality traits (1000-grain weigh of 53.8 g,
protein content of 17.9 %, I group gluten level of 37.4 %), while the sample No. 155 shows high
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productivity (5.36 t/ha) and an improved grain threshing out from the ear (92 %). A winter spelt variety
Europe derived from spelt and soft wheat hybridization has been listed to State register of plants suitable
for growing in Ukraine from 2015.
Keywords: spelt wheat, soft wheat, hybridization, yield capacity, grain threshing, protein
content, gluten content

Spelt wheat (Triticum spelta L.) is one of the most ancient cultivated
wheat species, which was known as early as the 7th-8th millennia BC. Spelt
originates from Southeast Asia, from where it spread to North and Central Europe. The Asian spelt subspecies are most likely result from spontaneous hybridization of T. turgidum ssp. dicoccon and Aegilops tauschii ssp. strangulata, and later
from the spelt the naked hexaploid species were derived, including T. aestivum
L. Spelt wheat is identical to common wheat in genomic composition and
chromosome structure of some genomes [1, 2].
Spelt wheat was grown in ancient times, but gradually it disappeared
from crops because of low productivity. Currently, the demand for spelt is growing due to the high protein content in grains and the presence of a number of
nutrients and amino acids not found in animal products [3-6]. In protein content spelt plants exceed T. aestivum by 8-10%, T. sphaerococum Persiv. by 3-8%,
T. petropavlovskyi Udacz. et Migusch by 2-6% [7-10]. In tryptophan level, it
surpasses soft wheat by 10-15%, hard wheat by 15-20%, and also spelt grain
contains 16-20% more general gluten (prolamines and glutenins) than soft
wheat. Moreover, spelt grain contains less gluten fraction than soft wheat, barley, and oats, which allows spelt to be used in dietary nutrition [11, 12].
Recent market offers to grain producers a small number of spelt varieties, and their diversity is limited mainly by local forms of folk selection. In this
regard, spelt cannot compete with soft wheat [3, 13]. An urgent task of spelt
breeding is to increase productivity while maintaining a high content of protein
and grain fibrin [14, 15]. New hybrids with improved quality parameters can be
obtained by crossing T. spelta with T. aestivum.
Many researchers engaged in the breeding improvement of spelt by
crossing spelt with soft wheat indicate a positive effect from hybridization, in
particular, a significant expansion of genetic diversity and the production of new
transgressive forms [14, 16-18]. However, according to Fishing [19], such crosses
are undesirable, since they lead to grain quality deterioration in spelt, and to
difficult grain threshing and ear fragility in soft wheat.
Spelt wheat breeding in Ukraine focuses on increased productivity, reduced plant height, and improved grain threshing. Large-scale research was
launched at the Yuriev Institute of Plant Industry NAAN (Kharkov), Remeslo
Mironov Institute of Wheat NAAN (settlement Central, Kiev region), AllUkrainian Research Institute of Breeding (VNIS) (Kiev) and Uman National
University of Horticulture (UNUS) (Uman) [20-22]. Joint efforts of scientists
from UNUS and VNIS created the first two varieties of winter spelt wheat, Zarya Ukraine and Europe, which are included in the State register of plants suitable
for growing in Ukraine [23]. However, spelt is still a little widespread crop that
requires breeding improvement.
In this work, as a result of hybridization of soft wheat with spelt, we obtained a number of new forms that differ from each other in morphobiological
and economically valuable traits.
Our research aimed to initially improve grain quality of spelt wheat by
hybridization of Triticum aestivum and T. spelta and then to use the obtained
forms in breeding spelt wheat for high grain quality and yields.
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Materials and methods. Spelt wheat samples derived from distant hybridization were subjected to multiple individual selection. The creation of the collection began in 2006 under the leadership of F.N. Parii. Spelt wheat samples of
local selection from the foothill regions of the Carpathians and zoned varieties of
winter soft wheat Favoritka, Kharus, Panna, Ermak, Podolyanka, Kryzhinka,
Farandol, Kopilovchanka, Krasnodarskaya 99, etc. (about 60 varieties in total)
were used as the initial material. Hybridization was carried out by manual castration of flowers on the maternal plants and their forced pollination with the
paternal pollen. Upon reaching full maturity of the grain, the crop was harvested
and evaluated.
Hybrid offspring F2-5 were analyzed for the following morphobiological
and economically valuable traits: plant height, shape, waxy coating on plants and
pubescence on stem and spike, spike length, color and awnedness, number of
spikelets per spike, spike density, grain threshing, grain shape and color, grain
weight per main spike, number of productive stems per plant, 1000-grain weight,
protein and gluten content in grain, grain hardness and yield. In the fifth generation (F5), when segregation was no longer observed, 18 best spelt wheat samples were selected for the research given the productivity and grain quality of
previous years. The sample testing on the experimental field of the Uman National University of Horticulture (right-bank forest-steppe of Ukraine, Cherkasy
region) lasted for 2012-2018 (F5-11).
The content of grain fibrin and protein was determined by infrared spectroscopy (an Infratectm Nova instrument, FOSS Analytical, Sweden). The
height of the plants was measured in the field before harvesting according to the
method of the State Scientific and Technical Expertise of Varieties [24]. The
samples were grouped by plant height as per Dorofeev et al. [25]. Test 10 m2
plots were systematically distributed. The samples were grown in blocks with a
crop density of 400,000 plants/ha. The experiment was repeated 5 times. Biometric indicators (plant height, spike length, number of grains per spike, grain
weight per main spike) were determined for 50 plants selected from each plot in
2 distant replicates. Grain threshing was carried out and the yield was determined. The threshing ability was estimated as a percentage ratio of the amount
of threshed grain to the total amount of grain from the site.
The data were statistically processed using Microsoft Excel 2010. When
determining the means (M), their standard errors (±SEM) and the relative
standard errors (experimental error, SХ, %) were calculated. The least significant
difference (LSD0.99 for the grain fibrin and protein content, LSD0.95 for other
indicators) and the coefficient of variation (Cv, %) were calculated as per Ermantraut and Gudz [26].
Results. The original plants of spelt wheat were high (more than 120
cm), had a long (20 cm), loose, narrow, fragile, hulled, awnless ear of white
color without wax coating. An ear, when ripe, splits into separate segments
with grain which is difficult to thresh due to thick coarse spikelet hulls. In the
initial form, grain productivity was 4.15 t/ha, with 25% protein content, and
50-52% grain fibrin. The parental soft wheat varieties were semi-dwarf (Kopilovchanka, Panna, Ermak, Kharus) or with low stem height (Favoritka, Podolyanka, Krasnodarskaya 99, Kryzhinka, Farandol). All varieties are bare-grain,
with optimal threshing ability, differing from each other in approbation traits
(wax coating, pubescence of plants and spikes, plant, spike and grain color,
shape, density and length of spike, size and shape of spikelet scales, plant
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shape, awnedness-awnless, grain shape and size) and economically valuable
traits (yield, grain fibrin and protein content).
The resulting F1 hybrids were self-pollinated or re-crossed with the parental forms. The significant genetic diversity that was involved in hybridization
provided intensive generation of varying forms. At the same time, special attention was paid to the detailed study of plants during the initial stages of breeding,
since only recombination variability in the F2-4 generations ensures the production of new transgressive forms with respect to economically valuable traits [27].
1. Yield structure in spelt wheat samples (F5-11) derived from hybridization of Triticum aestivum L. ½ Triticum spelta L. (M±SEM, Ukraine, Cherkasy region,
2012-2018)
Genotype Maternal parent

Grain weigh
Ear length, cm
per main ear, g

Grains
per ear

Ear density,
Plant
grains per 10 cm height, cm

S e m i - d w a r f (60-84 cm)
2.04±0.051
15.1±0.20
44±0.3
15.2±0.14
78±0.7
2.02±0.063
15.5±0.22
44±0.4
15.5±0.17
82±0,8
2.56±0.090
18.0±0.28
46±0.4
14.5±0.13
75±0,7
0.07
0.6
2
0.6
3
9.28
10.8
3
3.9
5
3.41
3.9
4.5
3.9
3.8
U n d e r s i z e d (85-104 cm)
Average value per group
1.52±0.081
14.2±0.15
45±0.3
14.6±0.15
96±0.9
13
Panna
1.41±0.062
13.6±0.18
42±0.3
15.2±0.13
100±0,9
124
Ermak
1.88±0.089
12.9±0.15
45±0.3
14.3±0.10
92±0,8
179
Podolianka
1.47±0.050
13.1±0.16
46±0.3
15.6±0.15
103±0,9
1559
Kryzhinka
2.40±0.122
18.0±0.24
48±0.4
15.8±0.16
87±0,8
1674
Farandol
2.02±0.113
14.4±0.20
45±0.3
15.0±0.14
89±0,8
1694
Farandol
1.74±0.102
18.3±0.23
44±0.3
14.1±0.15
98±0,8
1755
Panna
2.33±0.131
17.1±0.22
46±0.4
14.7±0.15
98±0,9
LSD0.95
0.06
0.5
2
0.6
4
Сv, %
13.45
14.3
3
18.9
7
SХ, %
3.94
3.5
4.4
3.8
4.2
M e d i u m - s i z e d (105-119 cm)
Average value per group
1.54±0.062
14.8±0.20
44±0.3
14.4±0.17
110±0.9
40
Panna
1.24±0.028
14.5±0.21
39±0.3
14.4±0.16
113±0,9
76
Kryzhinka
1.81±0.080
15.2±0.24
42±0.3
14.7±0.18
110±0,9
155
Panna
1.85±0.071
16.5±0.28
45±0.3
13.9±0.10
109±0,9
1721
Panna
1.58±0.049
17.4±0.31
42±0.3
13.9±0.11
106±0,9
1725
Kopilovchanka
1.53±0.052
17.3±0.29
45±0.4
13.7±0.09
110±0,9
LSD0.95
0.06
0.5
2
0.6
4
Сv, %
6.34
12.6
2
4.7
3
SХ, %
3.8
3.6
4.5
3.7
3.6
T a l l (> 120 cm)
Average value per group
1.75±0.060
14.1±0.20
44±0.3
13.2±0.10
125±1.1
86
Panna
1.89±0.091
13.2±0.16
45±0.3
14.7±0.15
122±1,1
1691
Krasnodarskaya 99
2.05±0.132
15.8±0.23
43±0.3
14.1±0.13
120±1,1
1695
Panna
2.70±0.149
16.1±0.25
45±0.4
15.3±0.18
129±1,5
1730
Favoritka
1.76±0.064
15.7±0.22
41±0.3
13.7±0.09
127±1,2
LSD0.95
0.06
0.5
2
0.5
5
Сv, %
12.25
9.5
2
11.6
2
SХ, %
3.4
3.5
4.5
3.9
4.0
N o t е. Сv — coefficient of variation, SХ — relative standard error. The paternal form of all genotypes was spelt
wheat from the foothills of the Carpathians. Genotype numbers are listed according to the field trial records.
Average value per group
1786
Favoritka
1817
Khrust
LSD0.95
Сv, %
SХ, %

Spelt wheat samples characterized by a significant diversity in morphobiological features were isolated among the offspring by individual and family selection. The obtained collection includes early maturing forms small in height,
with high winter and frost resistance and other valuable traits. Some forms exceeded the original varieties in terms of yield, grain protein and fibrin content,
and grain weight per ear (Table 1).
Spelt wheat is distinguished by its tallness [28, 29]; therefore, it is important to reduce the stem height while maintaining a high content of protein
and fibrin. Our collection includes forms that differ significantly in plant height.
The range of variability for this trait was 52-129 cm.
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According to some reports [15, 30, 31], the hybrids obtained by crossing
different wheat types, occupy an intermediate position between the parents in
terms of plant height. However, the scientific literature describes the facts of
dominance and overdominance of a tall parent [14, 32, 33]. Selective (due to
additive gene interaction) and hybrid (due to complementary interaction of
genes) dwarfism are also recorded in the offspring [34].
A comparative study of more than 200 accessions of spelt wheat and the
original forms indicates a different pattern of plant height inheritance, from typical intermediate to heterosis and dominant dwarfism. The created samples were
divided into tall (over 120 cm in height), medium-sized (105-119 cm in height),
undersized (85-104 cm in height), semi-dwarf (60-84 cm in height) and dwarf
(less than 60 cm in height) according to the classification of Dorofeev et al. [25].
The most numerous and productive were the undersized and medium-sized
groups.
Published research information contains few reports on the genetic control of plant height in T. spelta. In generations F5 from crosses of tall forms, tall
offspring were obtained, which suggests that tall stems are characteristic of spelt
plants [1]. Upon spelt hybridization with common wheat varieties carrying dominant or recessive dwarf genes, there are various types of gene interactions (complementary, epistatic, polymeric) and the formation of offspring with a wide
range of variability in plant height.
Spelt wheat has a long, loose ear, which leads to low grain number per
ear. In breeding, it is important to increase ear density, which, in turn, will improve productivity.
The speltoid shape of the ear of hexaploid wheat species is controlled by
S gene, the dominant allele of which affects ear length and density. In addition,
C gene influences spike length, that is, the dominant allele causes its shortening
[34]. When spelt wheat with dominant alleles of S gene is crossed with soft
wheat having C gene, the ear length and density are mainly inherited in generations according to an intermediate type. Thus, the samples obtained by us occupied the intermediate position between the initial forms in the spike length, and
were closer to the spelt wheat in terms of the spike density (less than 16 spikelets
per 10 cm of the spike length).
The undersized and tall specimens showed a moderate variation in grain
weight per the main spike (Cv = 12.25-13.45%). All studied samples showed a
significant increase in this parameter, with the exception of Nos. 13 and 40. The
sample No. 1559 significantly exceeded the group standard with regard to the
grain number per spike (48 grains). For other forms, except for Nos. 13 and 40,
the values were comparable to the standard.
In hybridization of soft wheat with spelt wheat, it is important to maintain grain protein and fibrin content at a high level. When a parental form of
soft wheat rich in grain protein and fibrin is crossed with spelt wheat samples
poor in these substances, the offspring inherit the traits of the worst parent [16,
19]. To create spelt wheat varieties, the hard wheat varieties also valuable in
other grain quality parameters should be involved in hybridization. In our studies, such a variety was winter wheat variety Panna. The offspring from crosses
of this variety with spelt wheat had the highest grain protein and fibrin levels,
in particular, for No. 40 (medium-sized) and No. 13 (undersized), the grain
protein content reached 30.1 and 27.2%, respectively, with the fibrin content
of 63.2 and 56.5%, respectively, which significantly exceeded the average value
per group (Table 2).
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50.2±0.25
50.6±0.21
53.8±0.18
47.5±0.28
64.4±0.14
55.2±0.18
50.7±0.20
50.7±0.19
2.1
13.1
3.8

Average value per group
13
Panna
124
Ermak
179
Podolianka
1559
Kryzhinka
1674
Farandol
1694
Farandol
1755
Panna
LSD0.95-0.99
Сv, %
SX, %

1000-grain
weight, g

49.8±0.20
51.5±0.35
50.0±0.38
2.2
2.0
4.0

Maternal parent

Average value per group
1786
Favoritka
1817
Khrust
LSD0.95-0.99
Сv, %
SX, %

Genotype

660±15.2
650±14.9
660±13.3
640±15.2
660±12.1
680±14.8
660±12.2
660±12.4
29
5
3.9

655±15.1
650±16.2
675±15.0
28
2
3.6

Bushel
weight, g/l

75±0.6
89±0.4
74±0.5
85±0.4
82±0.5
66±0.5
74±0.5
75±0.5
3
9
3.8

74±0.6
82±0.9
87±1.0
3
2.78
4.1
–
II
I
II
I
III
II
II
–
–
–

–
III
II
–
–
–

Gluten
quality
%
group

S e m i - d w a r f (60-84 cm)
18.2±0.14
38.5±0.28
20.4±0.09
41.6±0.21
22.0±0.12
44.7±0.24
0.1
0.3
2.67
2.54
0.5
0.8
U n d e r s i z e d (85-104 cm)
16.8±0.18
34.2±0.38
27.2±0.07
56.5±0.16
17.9±0.19
37.4±0.37
22.7±0.13
47.8±0.25
21.0±0.14
43.7±0.29
16.2±0.22
34.7±0.40
18.3±0.14
38.5±0.28
18.3±0.15
38.5±0.32
0.1
0.3
11.4
14.2
0.6
0.9

Vitreousness, % Protein content, %

5.12±0.201
4.42±0.184
5.05±0.242
4.56±0.221
6.27±0.290
5.74±0.248
5.12±0.209
5.87±0.261
0.20
11.8
3.9

5.75±0.231
5.78±0.250
6.47±0.281
0.22
4.05
3.81

Yield, t/ha

–
0.70
0.07
0.56
+1.15
+0.62
0.0
+0.75
–
–
–

–
+0.03
+0.72
–
–
–

±to averaged
value per group

77
80
84
78
72
75
77
78
3
10
3.5

78
75
70
3
9
3.4
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Grain threshing,
%

2. Grain quality and yields of the best spelt wheat samples (F5-11) derived from hybridization of Triticum aestivum L. ½ T. spelta L. (M±SEM,
Ukraine, Cherkasy region, 2012-2018)
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Continued Table 2
M e d i u m - s i z e d (105-119 cm)
Average value per group
49.3±0.25
650±15.2
78±0.5
18.8±0.16
37.2±0.34
–
–
–
76
40
Panna
49.1±0.24
650±16.0
92±0.3
30.1±0.05
63.2±0.11
II
4.26±0.183
0.61
78
76
Kryzhinka
50.3±0.20
650±15.1
85±0.4
25.2±0.07
52.1±0.15
II
5.15±0.208
+0.28
80
155
Panna
52.0±0.15
675±12.9
81±0.5
20.2±0.12
41.5±0.22
II
5.36±0.251
+0.49
92
1721
Panna
44.5±0.29
650±17.2
84±0.4
21.6±0.10
47.6±0.19
II
4.79±0.222
0.08
77
1725
Kopilovchanka
48.7±0.27
670±12.1
75±0.5
16.2±0.21
36.7±0.38
I
5.70±0.271
+0.83
90
2.0
28
3
0.1
0.3
–
0.18
–
3
LSD0.95-0.99
Сv, %
4.7
3
11
14.8
15.9
–
9.85
–
12
Sx, %
3.8
3.7
4.1
0.5
0.8
–
3.7
–
3.8
T a l l (> 120 cm)
Average value per group
48.2±0.26
660±15.7
75±0.5
18.7±0.15
38.7±0.32
–
5.87±0.257
–
75
54.0±0.15
0.66
86
Panna
45.2±0.25
660±15.1
87±0.4
26.2±0.08
I
5.21±0.228
78
0.10
80
1691
Krasnodarskaya 99
55.1±0.17
665±14.0
82±0.5
22.3±0.06
47.8±0.13
II
5.77±0.262
1695
Panna
50.3±0.19
670±12.1
74±0.5
19.0±0.13
40.5±0.25
I
6.45±0.311
+0.58
80
1730
Favoritka
45.8±0.23
680±11.2
62±0.6
15.2±0.23
37.2±0.38
I
4.86±0.190
1.01
78
LSD0.95-0.99
1.9
30
3
0.1
0.3
–
0.23
–
3
Сv, %
7.7
3
12
10.6
11.7
–
7.17
–
6
SX, %
3.5
4.1
3.7
0.5
0.8
–
3.9
–
3.8
N o t е. Сv — coefficient of variation, SХ — relative standard error. The paternal form of all genotypes was spelt wheat from the foothills of the Carpathians. Genotype numbers are listed according
to the field trial records. The significance level of P0.99 was used when processing data on protein and gluten content. Dashes indicate that statistics and the group mean were not determined.

For bread-making quality of grain, qualitative rather than qualitative gluten parameters are decisive. Physical parameters such as color, stretch, elasticity
and deformation index (GDI) greatly influence the dough formation and bread
yield. According to GSTU 3768:2010 [35)], gluten of quality group I should be
light gray or gray in color, elastic, with extensibility within 10-20 cm and gluten
deformation index (GDI) of 45-85 units of Gluten deformation meter VDK-M
(Ukraine). The quality group can be revised if the deformation index goes beyond the limits acceptable for group I, since it is the GDI that is the most important indicator of the gluten quality. In our study, six samples have gluten of
quality group I (see Table 2). Especially noteworthy is the No. 86 of the tall
group, which also stood out for its high gluten content (54.0%).
Vitreousness is an important trait that determines the suitability of grain
for various end products and influences the processing and milling. The grain
vitreousness of the spelt wheat samples studied by us ranged from 62 to 92%.
The highest it was in Nos. 40 (92%), 13 (89%) and 1817 (87%). The wheat grain
is considered vitreous for the values exceeding 70%, half-vitreous for 50-69%,
semi-mealy for 21-49%, and mealy for < 20%. The grain of all samples in the
experiment was vitreous, with the exception of Nos. 1674 and 1730, which had a
semi-vitreous endosperm consistency.
The 1000-grain weight in the studied samples ranged from 44.5-64.4 g. A
significant increase in this indicator as compared to the average group standard
was recorded in samples Nos. 124 (53.8 g), 1559 (64.4 g), 1674 (55.2 g), 155
(52.0 g) and 1691 (55.1 g). The grain yield of Nos. 76, 155, 1559, 1674, 1695,
1725, 1755 and 1817 significantly exceeded the standard. Worth noting is the
No. 1695 of the tall group, which combines a productivity of 6.52 t/ha with high
grain quality (1000-grain weight of 50.3 g, grain protein content of 19.0%, 40.5%
of gluten of the quality group I) and the No. 155 of the medium-sized group, in
which all quality and productivity indicators significantly exceeded the group’s
standards.
Spelt wheat grain is difficult to thresh because of the spikelet fragility
and the presence of coarse spikelet hulls. Unlike soft wheat, spelt wheat harbors
the recessive allele q of the Q gene, which controls the character of grain threshing (easy or difficult). The homozygotes for the q allele have spikes of a speltoid
type (long, fragile and loose) which are poorly threshed [36]. In addition, the
threshing is influenced by the type of spikelet, which in hexaploid wheat species
is controlled by the Tg gene recessive allele tg in a homozygous state [36]. Since
spelt wheat has dominant alleles of this gene, its spikes possess coarse spikelet
hulls, which negatively affects threshing. In the offspring from crossing soft
wheat with spelt wheat, various combinations of alleles of Q and Tg genes appeared. In this regard, both different threshing capacity and unequal structure of
the spikelet hulls were recorded. Probably Nos. 76, 155, 1695, and 1725 have the
QQtgtg genotype, which improves grain threshing (80-90%).
The growing season of spelt wheat lasts 7-10 days longer compared to
soft wheat. Among the samples studied by us, forms were distinguished, the periods of heading and ripening of which were comparable to those of early maturing varieties of common wheat. Nos. 1674 and 155 had a 280-285-day growing
season, while their yield (5.74-5.86 t/ha) significantly exceeded the standard.
In 2013 and 2015, spelt wheat crops were affected by brown rust (Puccinia recondita Rob. ex Desm f. sp. tritici). Nos. 13 and 124 showed high resistance to the pathogen. The lesion intensity was less than 5% of the leaf surface, which corresponds to 8-9 points on the resistance scale. It is obvious that
these samples inherited the resistance trait from the parental forms (the common
wheat varieties Ermak and Panna, as well as the original form of spelt wheat),
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which exhibit high resistance to brown rust. The genes for resistance to this disease in common wheat are in a heterozygous state, and therefore not all plants
of the offspring of the same parents were resistant to the disease.
The tests of the breeding samples obtained by us are still ongoing.
Among them, the search for new donors of valuable traits is being successfully
carried out. As a result, the winter spelt wheat variety Europe was created, which
is listed in the State register of plants suitable for growing in Ukraine (since
2015). Nos. 124 and 155 after reproduction will be subjected to the State Scientific and Technical Expertise.
Variety Europe (breeding sample No. 1725) is an awned form of spelt
wheat, in which 90% of the grain is separated from the hulls during threshing.
The variety derived from hybridization of Kopilovchanka winter bread wheat
and spelt wheat upon multiple individual selection. This is a winter type variety
with a plant height of 110 cm, a grain protein content of 17%, a gluten content (the quality group I) of 38%, a 1000-grain weight of 47 g, and a bushel
weight of 670 g/l. During the period of the State Scientific and Technical Expertise (2012-2015), the variety had an average yield in the forest-steppe zone
of 5.82 t/ha. The variety is resistant to brown rust, powdery mildew, snow
mold and tolerant to yellow spot, fusarium head blight and root rot. Breeding
sample No. 124 was created by hybridization of soft winter wheat variety Ermak with spelt wheat. This is a winter type undersized sample with a plant
height of 92 cm. The growing season lasts 290-295 days (a mid-season type).
The spikes are awnless, long, loose. The sample shows high grain quality, in
particular, the 1000-grain weight of 53.8 g, the protein content of 17.9%, the
gluten content (the quality group I) of 37.4%, the productivity is 5.05 t/ha.
Selection sample Nos. 155 was obtained by hybridization of winter soft wheat
variety Panna with spelt wheat. The sample is of a winter type, medium-sized
(109 cm in height), mid-season (290-295-day growing season), has an awnless,
long (16.5 cm), loose spike, combines high grain quality (1000-grain weight of
52.0 g, bushel weight of 675 g/l, protein content of 20.2%, gluten content of
41.5%) with a productivity of 5.36 t/ha and threshing capacity of 92%.
Thus, more than 200 spelt wheat samples derived from distant hybridization of soft winter wheat and spelt wheat has been created. This collection
includes unique recombinant forms that differ in economically valuable, morphobiological and biochemical traits. Spelt wheat sample No. 124 possesses a
combination of valuable traits, in particular, the plants are of 92 cm in height
and produce high quality grain (1000-grain weight of 53.8 g, protein content of
17.9%, quality group I gluten content of 37.4%). Spelt wheat sample No. 155
stands out for its high productivity (5.36 t/ha) and improved grain threshing
capacity (92%). The variety Europe of winter spelt wheat created within the
framework of this breeding program has been included in the State register of
plants suitable for growing in Ukraine.
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Abstract
Winter camelina (Camelina sylvestris Waller ssp. pilosa Zing.) is a promising oilseed crop that
enjoys great popularity in the world because of high oil content and a wide range of uses. From the
environmental point of view, winter camelina possesses phenotypic plasticity and seems to be particularly adapted to a wide range of soil and climatic conditions. Camelina is a cold-resistant and droughttolerant plant. Spread of winter camelina cultivation and its productivity improvement depends on the
genetic diversity of cultivars adapted to the conditions of the region of its cultivation, as well as on the
genotype-environment interaction. In the presented work, it was first established that in the conditions
of the Middle Volga and Steppe Crimea, winter camelina specimens are adaptable, stable and able to
produce high yield of good quality. This allows us to involve these forms in breeding new varieties
adapted for cultivation in both regions. The aim of the work is to evaluate the cultivars of winter
camelina for environmental adaptability and stability in two contrasting agroecological regions, the
Middle Volga Region (Penza Agricultural Research Institute) and the steppe zone of the Crimea (Research Institute of Agriculture of Crimea) in 2015-2017. Varieties of Camelina sylvestris of various
ecogeographical origins were investigated. Cultivar Penzyak (Penza Agricultural Research Institute)
served as a standard. This cultivar has been cultivated in the Crimea on an industrial scale since 2015.
Winter hardiness of the studied cultivars in the fields of Penza was high and ranged between 89.5 %
to 96.7 %, in the Crimean Peninsula territory it was 92.3-96.9 %. Various hardiness groups were
identified: samples with high cold tolerance (more than 98 %), samples with the middle level of winter
hardiness (90-95 %), and samples with low winter-tolerance (less than 90 %). Winter hardiness of the
same samples varied within the range of 92.3-96.9 % under the Crimean environment. The highest
level of winter hardiness was noted for the cultivar Baron and individual selection line 4156, which
exceeded standard cultivar Penzyak by 0.8-1.0 %, respectively. The productivity of varieties in the
Crimea was 1.64-1.83 t/ha. Seed oil content varied from 35.61 to 43.90 %. The highest content of fat
in seeds was noted in varieties Baron and Kozyr (43.90 and 43.60 %). Realization of yield potential of
winter camelina cultivars and samples in the forest-steppe zone of the Middle Volga and steppe zone
of the Crimea was relatively high, 70.9-88.9% and 71.1-86.3%, respectively. The highest level of yield
realization was identified for the cultivar Dikiy (86.3 % and 88.9 %). Two samples (Dikiy and individual
selection line 3290) were the most effective in terms of productivity. Their productivity was 1.83-1.97
when cultivated in Penza Agricultural Research Institute, and 1.73-1.85 t/ha in Research Institute of
Agriculture of Crimea. On average, cultivar Dikiy (88.9 g/m 2) and individual selection line 3290
(85.4 g/m2) showed the highest level of adaptability to the conditions of both territories. The lowest
adaptability criterion was identified for the individual selection line 4172 from Sverdlovsk and individual selection line 4175 from Czechoslovakia, the fitness coefficients amounted 56.3 and 59.6 g/m2,
respectively. High adaptability of the samples (bi = 0.98-0.99 for Dikiy and bi = 0.96-0.95 for individual selection line 3290) allows their cultivation both in the Middle Volga and in Steppe Crimea.
Low adaptability was noted for the individual selection line 2219 (bi = 0.89) in the Penza region; in
the Crimea, for the aforementioned individual selection line bi was 1.15.
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Negative environmental factors, including temperature fluctuations and
excessive or insufficient moisture, adversely affect plants during their growth and
development. Each plant has a genotypically determined ability to adapt to changing environmental conditions. According to Zhuchenko [1], plant adaptability and
resistance to unfavorable factors are the fundamental criteria in adaptive breeding.
At the same time, the adaptability of new varieties to specific soil and climatic
conditions characterizes their agroecological targeting [1].
Winter camelina (Camelina sylvestris Waller ssp. pilosa Zing.) is an
oilseed crop that is becoming more and more popular due to its high oil content
and multi-purpose use [2, 3]. The potential yield of camelina seeds is over 2.0
t/ha, and the oil content is over 40% [4, 5]. Camelina oil is an edible oil used
directly in food due to good taste, but it is also a raw material for production of
drying oil, synthetic lipids, green soap and other technical products [6-8], and
also is used in cosmetics, aromatherapy, and medicine [9, 10]. In addition, the
camelina is promising source for production of biodiesel and bio kerosene which
show excellent physical and chemical characteristics and operational parameters
[10-12].
The uniqueness of winter camelina lies in its low demands on growing
conditions due to its high adaptability [14-16]. From an ecological point of view,
winter camelina is a fairly plastic plant that easily adapts to various soil and climatic conditions [17, 18]. The distinctive features of camelina are high winter
hardiness [19], early maturation and drought resistance [20, 21].
According to the FAO (Food and Agriculture Organization) reports, winter camelina is currently cultivated in a number of regions of the Russian Federation on an area of 142 thousand hectares [22]. However, for Crimea, this is a
new crop the study of which began in 2015.
An increase in the acreage of winter camelina crops and an increase in its
productivity depend on the genetic diversity of varieties and specimens adapted to
local conditions, as well as on the genotype—environment interaction [23, 24].
Modern methods of plant breeding, including for oilseeds, aim not only to increase
seed productivity and quality, but also to improve potential adaptive capabilities
of the genotype when exposed to biotic and abiotic environmental factors [25, 26].
Estimates of adaptability and stability are mandatory in characterization of new
highly productive varieties of winter camelina intended for practical use.
This work, summarizing results of long-term research, shows that the varieties of winter camelina studied for the first time in the conditions of the Middle
Volga region and the steppe Crimea, are well-adaptable, stable and capable of high
yielding and producing quality seeds of high quality. Thence, these varieties can
be involved in breeding to derive varieties adapted to cultivation in both regions.
Our objective was to evaluate the ecological adaptability and stability of
winter camelina varieties in contrasting agroecological conditions.
Materials and methods. Winter camelina varieties Penzyak, Kozyr, Baron
and breeding lines Dikii, i.o.-4172, i.o.-1357, i.o.-2219, i.o.-4155, i.o.-4164, i.o.4156, i.o.-4175, i.o.-3290, i.o.-4165 of various ecological and geographical origin
were used in experiments carried out in 2015-2017 in two agroecological regions
with contrasting climatic conditions, the Middle Volga (Penza Research Institute
of Agriculture, settlement Lunino, Penza Province) and the steppe Crimea (Research Institute of Agriculture of Crimea, Klepinino village, Krasnogvardeiskii
District). The Penzyak variety originated by the Penza Research Institute of
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Agriculture served as the standard.
The soil of the first experimental site (the Penza Research Institute of
Agriculture) is leached chernozem with a humus content in the arable layer of
6.4% and 81.3, 136.7 and 164.9 mg/kg nitrogen, phosphorus and potassium,
respectively; pH 5.5. The soil of the second experimental site (the Research
Institute of Agriculture of Crimea) is southern low-humus chernozem with 2.42.6% humus and 2.2, 4.5 and 39.0 mg/kg nitrogen, phosphorus and potassium,
respectively; pH 7.3
In 2009, in the Penza Research Institute of Agriculture (PRIA), the initial
breeding material was obtained by individual selection method using accessions of
the PRIA collection of camelina varieties. In 2014, the resulting lines were subjected to environmental tests at the Research Institute of Agriculture of Crimea.
The cultivation of camelina in the crop rotation, field experiment design,
observations and measurements were carried out as per the recommendations for
oilseeds [27]. Sowing was carried out at the optimal time for a particular region
in an ordinary way with 15 cm row spacing and a seeding rate of 8.0 million/ha
Winter hardiness was assessed by the data of autumn and spring estimates of the
crop states in each repetition in both zones. The yield was measured in 1 m2 plots.
Statistical processing was performed according to Dospekhov [28] using
Microsoft Excel 2010 and a Statistica 8 software package (StatSoft, Inc., USA).
The mean values (M) and their standard errors (±SEM) were calculated. The
significance of differences between the options was assessed by the methods of
parametric statistics (Student’s t-test). Ecological stability and adaptability (bi)
were determined as described by Kilchevsky and Khotyleva [29] based on the
regression coefficient. Yield potential realization was expressed as the percentage
ratio of the maximum yield to the average yield according to Nettevich [30].
The plant fitness criterion (K0) was determined according to the method described by Belenkevich [31] which is based on the calculation of averaged parameters of plant productivity and its structural components.
Results. The climate of the Middle Volga region is temperate continental
with annual precipitation from 350 to 750 mm. During the years of our survey,
the climatic conditions differed in moisture conditions: growing season of 2016
was characterized as arid (the hydrothermal coefficient HTC 0.74), while 2015
was highly humidified (HTC 1.37). The year 2017 turned out to be optimal with
regard to water supply (HTC 1.10).
The second experimental site (the Research Institute of Agriculture of Crimea) belongs to the zone of the steppe Crimea, the climate is characterized as
continental, the amount of precipitation per year averages 428 mm. On average
for 2015-2017, from 334.7 to 606.9 mm precipitation fell during the growing season of winter camelina. The driest year was 2017 (HTC 0.61), 2016 was characterized as insufficiently humidified (HTC 0.82), and the optimal water supply was
in 2015 (HTC 1.11).
Winter hardiness is an important biological trait that determines the ability
of plants to withstand low temperatures and other stressors in winter and early
spring. Wither camelina differs from other winter cabbage crops (for example,
rapeseed and winter rocket) in high frost and winter resistance [18, 20]. Under the
conditions of Penza region, winter hardiness of the camelina varieties ranged from
89.5 to 96.7%. There were samples of a high (95.3-96.7% for Kozyr, Baron, i.o.4164, i.o.-3290, and i.o.-2219), moderate (93.2-94.8% for Penzyak, Dikii, i.o.4165, i.o.-1357, i.o.-4175) and low (89.5-89.9% for i.o.-4172, i.o.-4155, and i.o.4156) winter hardiness (Table 1).
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1. Winter hardiness of camelina (Camelina sylvestris Waller ssp. pilosa Zing.) varieties
and breeding lines cultivated in different regions (M±SEM, 2015-2017)
Variety, line
Panzyak (st)
Kozyr
Baron
Dikii
i.o.-4172
i.o.-1357
i.o.-2219
i.o.-4155
i.o.-4164
i.o.-4156
i.o.-4175
i.o.-3290
i.o.-4165
LSD05
N o t е. Panzyak

Origin

Region of cultivation
the Middle Volga (settlement the steppe Crimea (Klepinino
Lunino, Penza Province)
village, Krasnogvardeiskii District

Penza
Penza
Penza
Astrakhan
Sverdlovsk
France
Ukraine
Dagestan
Sweden
Mari El Republic
Czechoslovakia
Altai
Germany

94.8±0.98
95.3±0.98
96.5±0.98
93.9±0.98
89.9±0.98
94.2±0.98
95.9±0.98
89.7±0.98
96.3±0.98
89.5±0.98
93.9±0.98
96.7±0.98
93.2±0.98
1.08

95.9±0.33
95.6±0.33
96.7±0.33
93.3±0.33
93.9±0.33
92.3±0.33
93.1±0.33
92.9±0.33
95.7±0.33
96.9±0.33
96.3±0.33
95.0±0.33
94.2±0.33
0.99

variety is the standard (st), р = 0.05.

In Crimea, the resistance of camelina cultivars to overwintering conditions
was quite high (92.3-96.9%). The highest value was observed in the Baron variety
and i.o.-4156 breeding line, which exceeded the standard variety by 0.8 and 1.0%,
respectively.
The yield of the studied varieties and lines varied depending on the region of cultivation. However, the Dikii and i.o.-3290 lines were much more
effective than the control: their productivity in the Middle Volga region was 1.85
and 1.97 t/ha, respectively, in the Crimea 1.73 and 1.83 t/ha, respectively (Table
2), which indicates the highest adaptability, plasticity and stability of these varieties in stressful conditions. In addition, in the conditions of the steppe Crimea,
the line i.o.-1357 (France) stood out in terms of yield, exceeding the control by
0.10 t/ha.
2. Total seed yield and oil yield of camelina (Camelina sylvestris Waller ssp. pilosa
Zing.) varieties and breeding lines cultivated in different regions (M±SEM, 20152017)
Variety, line

Origin

Middle Volga (settlement
Steppe Crimea (Klepinino
Lunino, Penza Province)
village, Krasnogvardeiskii District)
yield, t/ha
oil content, % yield, t/ha
oil content, %

Panzyak (st)
Penza
1.65±0.08
Kozyr
Penza
1.79±0.07
Baron
Penza
1.86±0.05
Dikii
Astrakhan
1.97±0.08
i.o.-4172
Sverdlovsk
1.57±0.07
i.o.-1357
France
1.69±0.08
i.o.-2219
Ukraine
1.81±0.09
i.o.-4155
Dagestan
1.76±0.07
i.o.-4164
Sweden
1.64±0.08
i.o.-4156
Mari El Republic
1.72±0.09
i.o.-4175
Czechoslovakia
1.61±0.09
Altai
1.85±0.09
i.o.-3290
i.o.-4165
Germany
1.72±0.08
LSD05
0.12
N o t е. Panzyak variety is the standard (st), р = 0.05.

38.74±0.98
39.66±0.98
40.46±0.88
40.19±1.02
38.53±1.01
38.69±0.98
37.42±0.88
38.41±0.88
37.96±0.98
37.38±0.98
37.79±0.98
39.58±0.88
38.83±0.88
1.03

1.64±0.03
1.66±0.02
1.59±0.02
1.83±0.02
1.54±0.03
1.74±0.03
1.57±0.03
1.66±0.02
1.67±0.02
1.69±0.02
1.56±0.03
1.73±0.02
1.67±0.02
0.04

41.25±1.08
43.50±1.08
43.90±1.08
38.19±1.10
36.71±1.08
38.03±1.09
35.61±0.98
37.79±0.99
38.70±1.01
38.37±0.99
36.95±1.08
38.29±1.08
38.27±1.08
1.12

The seed oil content varied from 35.61 to 43.90%. The oiliest varieties
were Baron and Kozyr, 43.90 and 43.60%, respectively. It can be said that they
showed ecological plasticity when tested in various agroclimatic conditions. In
the Penza region, it is worth noting i.o.-2219 (Ukraine), the yield of which was
1.81 t/ha, exceeding the standard variety Penzyak by 0.16 t/ha.
The realization of the productivity potential of varieties and lines of winter
camelina both in the forest-steppe zone of the Middle Volga and in the steppe
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zone of the Crimea was generally comparable and reached the values of 70.9-88.9
and 71.1-86.3%, respectively. The lines i.o.-3290 and Dikii used their capabilities
most fully, 82.5-84.9 and 86.3-88.9%, respectively, which can be explained by
their greater ability to withstand the action of abiotic stresses (Fig. 1).

FIg. 1. Realization of potential productivity of camelina (Camelina sylvestris Waller ssp. pilosa Zing.)
varieties and breeding lines cultivated in the Middle Volga (settlement Lunino, Penza Province) (a) and
the Steppe Crimea (Klepinino village, Krasnogvardeiskii District) (b) conditions: 1 — Dikii, 2 — i.o.4172, 3 — i.o.-1357, 4 — i.o.-2219, 5 — i.o.-4155, 6 — i.o.-4164, 7 — i.o.-4156, 8 — i.o.-4175, 9 —
i.o.-3290, 10 — i.o.-4165 (2015-2017).

Fig. 2. Adaptability of camelina (Camelina sylvestris Waller ssp. pilosa Zing.) varieties and breeding
lines cultivated in the Middle Volga (settlement Lunino, Penza Province) (A) and the Steppe Crimea
(Klepinino village, Krasnogvardeiskii District) (B) conditions: 1 — variety Penzyk (standard, st), 2 —
variety Kozyr, 3 — variety Baron, 4 — Dikii, 5 — i.o.-4172, 6 — i.o.-1357, 74 — i.o.-2219, 8 — i.o.4155, 9 — i.o.-4164, 10 — i.o.-4156, 11 — i.o.-4175, 12 — i.o.-3290, 13 — i.o.-4165 (2015-2017).
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The most stable and plastic both under the conditions of the Middle Volga
region and the steppe Crimea were the breeding lines Dikii (bi = 0.98-0.99) and
i.o.-3290 (bi = 0.96-0.95), which turned out to be more adapted to various, including unfavorable, growing conditions (Fig. 2). Lines with the regression coefficient bi > 1.0 are of the intensive type, respond well to the improvement of
agrotechnological conditions, but more often decrease their productivity under
stressful agroclimatic conditions [22, 23].
The productivity of a crop depends on the components of the yield structure, the contribution of which to the final yield is determined by the influence of
genotype and environmental factors [24] and is assessed by the criterion of adaptability (K0) to the cultivation conditions [31]. In our experiments, for both regions
on average, in the lines i.o.-3290 (85.4 g/m2) and Dikii (88.9 g/m2) the fitness
criterion values were the highest (Table 3). Low K0 values were noted in the lines
i.o.-4172 (Sverdlovsk) and i.o.-4175 (Czechoslovakia), 56.3 and 59.6 g/m2, respectively. An increase or decrease in the K0 values in the camelina samples occurred as a result of changes in the ratio of the contributions of the main components to the final seed yield.
All breeding lines had positive K0 values, which was mainly due to compensatory effects of an increase in the number of pods per plant, the number of
seeds per pod, and the 1000-seed weight. Upon a negative value of one of the
parameters, the positive criteria were overlapped by positive effects on other components of the seed yield. This explains different response of varieties to climatic
factors during the growing season, as well as plant adaptability and fitness to the
regions of cultivation.
3. Plant fitness criterion (К0) of camelina (Camelina sylvestris Waller ssp. pilosa
Zing.) varieties and breeding lines cultivated in different regions (2015-2017-year
average)
Variety, line Total fitness criterion, g/m2
Panzyak (st)
83.7
Kozyr
84.1
Baron
84.9
Dikii
88.9
i.o.-4172
56.3
i.o.-1357
79.5
i.o.-2219
72.3
i.o.-4155
74.6
i.o.-4164
69.8
i.o.-4156
75.1
i.o.-4175
59.6
i.o.-3290
85.4
i.o.-4165
71.9
N o t е. Panzyak variety is the standard (st).

Contribution of yield structure component to К0, %
pod number
seeds per pod
1000-seed weigh, g
78.6
81.2
75.9
119.6
46.5
79.5
102.0
85.6
78.6
77.5
51.3
75.9
66.3

28.8
33.1
26.3
30.7
21.6
96.8
50.8
43.1
55.6
27.7
28.3
29.4
50.3

14.2
15.2
17.2
35.1
32.8
47.3
17.2
61.8
40.9
50.2
33.9
45.3
64.0

Currently, due to changes of climatic conditions, the assessment of the
crop adaptability and stability is one of the most important in breeding. Among
the first publications on assessing the stability and adaptability of winter camelina
varieties is the work of Prakhova et al. [20], where the varieties Penzyak, Kozyr,
Baron and Peredovik were tested in various agroecological conditions of Volgograd, Krasnodar, the Republic of Crimea, and the Penza region. We could not
find other similar publications for winter camelina. However, a large number of
similar works are known for other crops (also with regard to ecologically sustainable agriculture), including wheat [32], barley [33], corn [34], flax [24],
rapeseed [18].
Korolev et al. [24] reported about the possibility of identifying adaptive and
stable forms in fiber flax in the conditions of Belarus. Diederichsen et al. [35] carried
out such studies at the All-Russian Research Institute of Flax (Torzhok). Based on
the analysis of the works of other authors and the assessment of the breeding material
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of winter camelina, we have identified a number of promising varieties that exceed
the existing varieties in terms of adaptability and stability and can produce stable
yields upon a deterioration in temperature conditions and water supply.
Thus, as a result of the agroecological assessment of winter camelina for the
main parameters of productivity, stability and ecological plasticity in two contrasting
agroecological regions, we identified varieties characterized by high productivity and
resistance to various cultivation conditions. The most stable and plastic breeding
lines are Dikii (bi = 0.98-0.99) and i.o.-3290 (bi = 0.96-0.95), which significantly
exceeded the Penzyak variety in both regions. These samples have a high selection
value and can be used to derive varieties with high stable productivity and adaptability to the contrasting conditions of the regions. Among the studied samples, i.o.4155, i.o.-4156 and i.o.-4165 had low but stable yields over the years (1.661.76 t/ha) and bi = 1.02-1.10, which shows their responsiveness to changes in cultivation conditions
REFERENCES
1.
2.

3.

4.
5.

6.

7.
8.
9.
10.
11.
12.

13.
14.

15.
16.
17.
18.

19.
20.

570

Zhuchenko A.A. Adaptivnaya sistema selektsii rastenii (ekologo-geneticheskie osnovy) [Adaptive
plant breeding system (eco-genetic fundamentals)]. Moscow, 2001: 529, 539 (in Russ.).
Joshi S.K., Ahamada S., Meher L.C., Agarwal A., Nasim M. Growth and yield response of
Camelina Sativa to inorganic fertilizers and farmyard manure in hot semi-arid climate of India.
Adv. Plants Agric. Res., 2017, 7(3): 1-6 (doi: 10.15406/apar.2017.07.00258).
Ghamkhar K., Croser J., Aryamanesh N., Campbell M., Kon'kova N., Francis C. Camelina
(Camelina sativa (L.) Crantz) as an alternative oilseed: molecular and ecogeographic analyses.
Genome, 2010, 53(7): 558-567 (doi: 10.1139/G10-034).
Imbrea F., Jurcoane S., Hălmăjan H.V., Duda M., Botoş L. Camelina sativa: a new source of
vegetal oils. Romanian Biotechnological Letters, 2011, 16(3): 6263-6270.
Katar D., Arslan Y., Subaşı İ., Tekirdağ Z., Fakültesi D. Ankara ekolojik koşullarında farklı ekim
zamanlarının ketencik (Camelina sativa (L.) Crantz) bitkisinin yağ oranı ve bileşimi üzerine olan
etkisinin belirlenmesi. Journal of Tekirdag Agricultural Faculty, 2012, 3: 84-90.
Waraich E.A., Ahmed Z., Ahmad R., Ashraf M.Y., Saifullah, Naeem M.S., Rengel Z. Camelina
sativa, a climate proof crop, has high nutritive value and multiple-uses: a review. Australian Journal
of Crop Science, 2013, 7(10): 1551-1559.
Moser B.R. Camelina (Camelina sativa L.) oil as biofueis feedstock: golden opportunity or false
hope. Lipid technology, 2010, 22(12): 270-273 (doi: 10.1002/lite.201000068).
Zazulya L.N., Nagornov S.A., Romantsova S.V., Malakhov K.S. Dostizheniya nauki i tekhniki
APK, 2009, 12: 58-60.
Buyankin V.I. Masla i zhiry, 2008, 3: 19-22 (in Russ.).
Dobre P., Jurcoane Ş. Camelina sativa — an oilseed crop with unique agronomic characteristics.
In: Scientific Papers, Series A, Vol. LIV. Bucharest, 2011: 425-430.
Sharma N. Assessment of biofuel potential in India. International Journal of Recent Scientific
Research, 2017, 8: 17125-17127 (doi: 10.24327/ijrsr.2017.0805.0287).
Wu X., Leung D. Orthogonal array design for biodiesel production optimization — using ultrasonic-assisted transesterification of Camelina sativa L. Crantz oil. Proc. of the World Renewable
Energy Congress. Linköping, Sweden, 2011, V. 57: 79-86 (doi: 10.3384/ecp1105779).
Sidorov E.A., Ukhanov A.P., Zelenina O.N. Izvestiya Samarskoi gosudarstvennoi sel'skokhozyaistvennoi akademii, 2013, 3: 49-54 (in Russ.).
Mohammed Y.A., Chen C., Lamb P.F., Afshar R.K. Agronomic evaluation of camelina (Camelina sativa (L.) Crantz) cultivars for biodiesel feedstock. BioEnergy Research, 2017, 10: 792-799
(doi: 10.1007/s12155-017-9840-9).
Vinovets V.G., Lisnyak A.D., Ivanov M.V. Naukovo-tekhnіchnii byuleten' Іnstitutu olіinikh kul'tur
NAAN, 2014, 20: 86-91 (in Russ.).
Loshkomoinikov I.A., Kuznetsova G.N. Kormoproizvodstvo, 2009, 4: 24-27 (in Russ.).
Ryabtseva N.A. Sel'skoe, lesnoe i vodnoe khozyaistvo, 2015, 1(40): 14-17 (in Russ.).
Mostofa U.H., Nazrul I., Monjurul K., Noor H.M. Performance of rapeseed and mustard (Brassica sp.) varieties/lines in north-east region (Sylhet) of Bangladesh. Agricultural Research & Technology, 2016, 1(5): 001-006 (doi: 10.19080/ARTOAJ.2016.02.555576).
Bekuzarova S.A., Dulaev T.A. Novye netraditsionnye rasteniya i perspektivy ikh ispol'zovaniya, 2016,
12: 182-184 (in Russ.).
Prakhova T.YA., Smirnov A.A., Prakhov V.A., Turina E.L., Kulinich R.A. Trudy Kubanskogo
gosudarstvennogo agrarnogo universiteta, 2017, 66: 203-207 (doi: 10.21515/1999-1703-66-203-207)

(in Russ.).
21. Campbell M. Camelina — an alternative oil crop. In: Biokerosene. M. Kaltschmitt, U. Neuling
(eds.). Springer, Berlin, Heidelberg, 2018: 259-275 (doi: 10.1007/978-3-662-53065-8_12).
22. FAO Data Dissemination. Available: http://www.fao.org/statistics/databases/ru/. No date.
23. Galasso I., Manca A., Braglia L., Ponzoni E., Breviario D. Genomic fingerprinting of Camelina
species using c TBP as molecular marker. American Journal of Plant Sciences, 2015, 6(8): 11841200 (doi: 10.4236/ajps.2015.68122).
24. Korolev K.P., Bome N.A. Evaluation of flax (Linum usitatissimum L.) genotypes on environmental
adaptability and stability in the North-Eastern Belarus. Sel'skokhozyaistvennaya biologiya [Agricultural Biology], 2017, 3(52): 615-621 (doi: 10.15389/agrobiology.2017.3.615eng).
25. Kil'chevskii A.V. Vestnik VOGiS, 2005, 4(9): 518-526 (in Russ.).
26. Betancor M.B., Li K., Bucerzan V.S., Sprague M., Sayanova O.V., Usher S.L., Han L., Norambuena F., Torrissen O.J., Napier J.A., Tocher D.R., Olsen R.E. Oil from transgenic Camelina
sativa containing over 25 % n-3 long-chain PUFA as the major lipid source in feed for Atlantic
salmon (Salmo salar). British Journal of Nutrition, 2018, 119(12): 1378-1392 (doi:
10.1017/S0007114518001125).
27. Metodika provedeniya polevykh agrotekhnicheskikh opytov s maslichnymi kul'turami /Pod redaktsiei
V.M. Lukomtsa [Methodology for field agrotechnical trials of oilseeds. V.M. Lukomts (ed.)].
Krasnodar, 2010 (in Russ.).
28. Dospekhov B.A. Metodika polevogo opyta s osnovami statisticheskoi obrabotki rezul'tatov issledovanii
[Field trial methodology with the basic data statistical processing]. Moscow, 1985 (in Russ.).
29. Kil'chevskii A.V., Khotyleva L.V. Geneticheskie osnovy selektsii rastenii. Obshchaya genetika rastenii
[Genetic basis of plant breeding. General plant genetics]. Minsk, 2008: 50-56 (in Russ.).
30. Nettevich E.D. Doklady RASKHN, 2001, 3: 50-55 (in Russ.).
31. Belenkevich O.A. Fiziologo-geneticheskie aspekty vzaimosvyazei mezhdu rasteniyami yarovogo
yachmenya v monotsenoze [Physiological and genetic aspects of spring barley plant interaction in
a monocenosis. Sel'skokhozyaistvennaya biologiya, 2002, 3: 57-61.
32. Voss-Fels K.P., Stahl A., Wittkop B., Lichthardt C., Nagler S., Rose T., Chen T.W., Zetzsche H.,
Seddig S., Majid Baig M., Ballvora A., Frisch M., Ross E., Hayes B.J., Hayden M.J., Ordon F.,
Leon J., Kage H., Friedt W., Stützel H., Snowdon R.J. Breeding improves wheat productivity under
contrasting agrochemical input levels. Nat. Plants, 2019, 5(7): 706-714 (doi: 10.1038/s41477-0190445-5).
33. Ceccarelli S., Grando S., Capettini F., Baum M. Barley breeding for sustainable production. In:
Breeding major food staples /M.S. Kang, P. Priyadarshan (eds). Blackwell Publishing, Oxford,
2008: 193-225 (doi: 10.1002/9780470376447.ch7).
34. Reeves T.G., Thomas G., Ramsay G. Save and grow in practice. Maize, rice, wheat. A guide to
sustainable cereal production. FAO, Rome, 2016.
35. Diederichsen A., Rozhmina L., Kudrjavceva A. Variation patterns within 153 flax (Linum usitatissimum L.) genebank accessions based on evaluation for resistance to fusarium wilt, anthracnose
and pasmo. Plant Genetic Resources, 2008, 6: 22-32 (doi: 10.1017/S1479262108913897).

571

ISSN 2412-0324 (English ed. Online)

AGRICULTURAL BIOLOGY,
2020, V. 55, ¹ 3, pp. 573-587

(SEL’SKOKHOZYAISTVENNAYA BIOLOGIYA)

UDC 634.2:581.1:631.55(470.62)

ISSN 0131-6397 (Russian ed. Print)
ISSN 2313-4836 (Russian ed. Online)

doi: 10.15389/agrobiology.2020.3.573eng
doi: 10.15389/agrobiology.2020.3.573rus

PRODUCTIVITY POTENTIAL OF DRUPE FRUIT VARIETIES —
BIOMORPHOLOGICAL FEATURES OF FORMATION AND
REALIZATION UNDER THE CLIMATIC CONDITIONS
OF SOUTH RUSSIA
R.Sh. ZAREMUK, Yu.A. DOLYA, T.A. KOPNINA
North-Caucasian Federal Scientific Center of Horticulture, Viticulture, Winemaking, 39, ul. im. 40-letiya Pobedy,
Krasnodar, 350901 Russia, e-mail zaremuk_rimma@mail.ru ( corresponding author), skzniisiv2015@mail.ru,
tatjanakopnina@rambler.ru
Acknowledgements:
The research was done using the equipment of the Center for Collective Use (CKP) “Genetic Collection of Fruit
Crops” of the North-Caucasian Federal Scientific Center of Horticulture, Viticulture, Winemaking (Krasnodar).
ORCID:
Zaremuk R.Sh. orcid.org/0000-0003-0298-0914
Kopnina T.A. orcid.org/0000-0003-3456-1597
Dolya Yu.A. orcid.org/0000-0002-1623-1511
The authors declare no conflict of interests
Received October 19, 2019

Abstract
Productivity, the main characteristic of a variety of fruit crops, which is due to a set of elements, determines the resistance of a crop to environmental stress factors and its suitability for industrial growing conditions. The impact of climatic stresses annually results in only 30-40% realization of productivity potential of fruit plants. In fruit plants, including sweet and ordinary cherries,
fruit-bud differentiation takes a long time. In the conditions of the southern Russia (Prikubanskaya
gardening zone of the Krasnodar Territory), it begins in July of the current year and ends in AprilMay of the next year. The climate in the Krasnodar Territory is quite mild, generally favorable for
the cultivation of sweet and ordinary cherries. Nevertheless, even in the south of Russia, there is a
high risk of annual abiotic stresses, negatively affecting fruit plants and impeding realization of their
productivity potential. In the present work, a comprehensive biomorphological study was first undertaken to assess the regional productivity potential of sweet and ordinary cherries of various ecological
and geographical origins. Our research aimed to establish the regional patterns of productivity element
formation during morpho- and organogenesis in Prunus L. species and hybrids, to identify the most
vulnerable stages in plant annual development cycles, and to distinguish the varieties with high
and sustainable yielding under risky weather conditions. Three introduced Cerasus avium (L.)
Moench varieties of different ecogeographic origins (Valerii Chkalov, Melitopolskaya Chernaya,
and Polyanka), six domestic C. avium varieties (Kavkazskaya, Sashen’ka, Volshebnitsa, Dar izobiliya, Alaya, and Mak), four introduced C. vulgaris Mill. varieties (Kelleris, Nefris, Fanal, and
Erdi Botermo), and seven interspecific hybrids C. vulgaris ½ C. avium (Kirina, Dombaziya, Duk
Ivanovna, Duk Khodosa, Igrushka, and Shalun’ya) were studied during 2006-2019 (Experimental
Production Center of the North-Caucasian Federal Scientific Center of Horticulture, Viticulture,
Winemaking, Krasnodar; 6½4, 7½3, and 5½3 m plant spacing patterns). Cerasus mahaleb (L.) Mill.
and Cerasus avium L. plants were rootstock plants, all experiments were arranged in three replications. Phenology of all stages and sub-stages of the annual (vegetative and generative) plant growth
was described as per BBCH system (Biologische Bundesanstalt, Bundessortenamt and Chemische
Industrie, Germany). Morphogenesis of yield components was investigated in 15 generative buds
two times in December and February, weekly in March-April, and weekly in July-November by
light microscopy (Olympus ВХ41, Olympus Corporation, Japan). In spring, flowers, ovaries, and
fruits were gradually counted on third-order skeletal branches, and the degree of their reduction
were calculated to estimate biological productivity. The number of fruit buds and growth buds was
estimated twice a week in August and September. To assess the winter hardiness, 90 vegetative
buds and 180 fruit buds from different sides of the lower and upper branches of 3 trees of the
same variety were collected in 3 replicates. It was found that the reduction of productivity elements in the stressful conditions of southern gardening occurs annually at the same (critical) stages of development of fruit plants. These stages are i) reproductive organ initiation; ii) archesporium formation in anthers; iii) pollen mother cells, iv) mono- and binuclear pollen grains, and v)
macrosporogenesis. The critical periods of yield formation in the conditions of the Krasnodar
Territory are II-III decades of March, and I-II decades of April, May and July, when special
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agrotechnology should be applied to reduce the impact of stress and to increase yields. A direct
correlation was revealed between temperature and air humidity during each critical period, the
fruiting coefficient and the final yield (r = +0.97, р < 0.001). In our tests, the following samples
are characterized by high fruiting rates and sustainable yields: domestic cherry varieties
Kavkazskaya (62% and 31.3 t/ha, respectively), Alaya (46% and 30.0 t/ha), Sashen’ka (45% and
26.6 t/ha), and Volshebnitsa (42% and 23.3 t/ha), interspecific hybrids Duk Khodosa (46% and
23.3 t/ha), Kirina (44% and 23.3 t/ha), and Duk Ivanovna (44 % and 20.0 t/ha), and an ordinary
cherry variety Kelleris (45% and 20.0 t/ha). These varieties and hybrids can be cultivated in commercial orchards and used as genetic donors in breeding for sustainable productivity.
Keywords: drupe fruit, sweet cherry, ordinary cherry, varieties, abiotic factors, adaptive potential, biological productivity, generative development, organogenesis, yielding

Stresses caused by current global climatic changes negatively affect the
productivity of agricultural plants, including drupe fruit plants of the genus
Prunus L. [1, 2]. According to the forecasts, in the future, an increase in the
average air temperature by 1.5-2.7 С is likely [1, 3], which can lead to a shift in
the annual biorhythms of fruit crops and disrupt the production process [4]. Obviously, under the influence of stress factors, varieties will be unable to maximize
their yield potential [5]. A deeper understanding of how the reproductive parts of
a plant develop underlies measures to preserve future fruit harvests at critical,
most vulnerable stages of plant ontogenesis.
Krasnodar Territory is a southern Russian region with quite favorable
weather and climatic conditions for fruit plant cultivation [6]. Nevertheless, even
in the south, the risk of annual abiotic stresses is high [7]. These are frosts during the dormant period, return spring frosts, precipitation, fog, dry winds and
high temperatures during the flowering period, which cause damage to reproductive organs, partial or complete yield loss [8, 9]. About 50% of fruit yields
depend on weather conditions [10], 40% depend on a varietal biological potential [11], and 10% on anthropogenic factors [7, 12]. Other researchers report a
higher level of specific influence of the variety on the yield of drupe fruit
plants [6, 8].
The fruit yield formation is preceded by a long period, including initiation and differentiation of fruit buds, which are the consecutive stages in the annual development cycle. At each stage, processes occur that determine the
productivity of a particular crop and variety [10, 13]. In fruit plants, including
sweet cherries and ordinary cherries, bud differentiation takes a long period [5,
14]. In the conditions of the southern region of Russia (Prikubanskaya zone of
gardening in Krasnodar Territory), it begins in July of this year and ends in
April-May of the next year [5]. In the apple tree, differentiation lasts on average
140-150 days [10, 12], in the sweet cherry it takes 117-130 days [6]. By the beginning of the dormant period (December), floral pistil primordia and stamen
primordia appear in fruit buds of sweet cherry and ordinary cherry [15], which
makes the flowers less frost-resistant and more vulnerable [8]. Unlike cherry
plants, the fruit buds of apple plants are less differentiated, which determines
their greater winter hardiness [12, 16].
It was found that frosts from 26.0 to 28.0 С during dormancy lead to
significant freezing or death of fruit buds in sweet cherry [17], and temperatures
from 29.0 to 30.0 С cause freezing or death of reproductive shoots in ordinary cherry [14]. Data are given that open flowers of sweet cherry and ordinary
cherry die at temperatures from 2.0 to 2.2 С, closed buds at 2.4 to 5.0 С
[17], and that pistils of flowers are especially sensitive to spring frosts [9, 18]. It
has been proven that some drupe fruit crops (apricot, cherry plum, Russian
plum, sweet cherry) are caused to early wake up if the sum of low negative
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temperatures during dormancy is below the required values [19]. This biological feature increases the frost impact on generative organs [20, 21], leading to
asynchronous development of flower organs [22, 23] and male generative dysfunctions with a decreased viability and quality of pollen and impaired fertilization [21, 24].
High temperature stress also adversely affects the generative sphere of
fruit plants [25]. It has been established that differentiation of apple fruit buds is
optimal at 23.0-30.0 С [26] and stops at temperatures above 30.0 С [27]. It is
believed that maturation of sweet cherry and ordinary cherry pollen begins at
22-23.0 С [24, 28], whereas the temperature of 25.0 С is fatal for the cherry
plum ova [29]. According to some studies, extremely high temperatures shorten
the period of effective pollination [30], and when flower buds are set in such
conditions, the morphogenesis and, hence, the future harvest are under threat
[31, 32].
Thus, it is obvious that temperature stresses do not allow fruit plants to
maximize their yield potential, since the plants generate a physiological stress
response that allows cells to survive [33]. To summarize, the pattern of yield
component formation and yield potential realization in fruit crops under temperature stress remain fragmentarily studied and insufficiently clarified, which
prompted us to perform this research.
Here we present data on yield potential of sweet cherry and common
cherry varieties of various ecogeographic origin assessed in the conditions of Krasnodar Territory by complex biomorphological parameters. Five critical stages of
organogenesis and their timing under stresses have been identified. It has been
found out that the observed yields depend strongly on the types of temperature
stress during these periods and on the number of fruiting elements after reduction.
This research aimed to identify patterns of morpho- and organogenesis in
the genus Prunus L., which determine the development of yield components under
environmental stress, to reveal the most stress-sensitive stages of annual plant cycle
based on the resultant yielding, and to recognize the most productive sweet cherry
and ordinary cherry varieties for intensive gardening in the southern region of the
Russian Federation.
Materials and methods. In the research we used 3 introduced varieties of
sweet cherry Cerasus avium (L.) Moench of different ecological and geographical
origin (Valery Chkalov, Melitopolskaya chernaya, Polyanka) (Ukraine), 6 varieties of domestic selection (Caucasian, Sasha, Volshebnitsa, Dar Izobiliya, Alaya,
Mak) (Russia), 4 introduced varieties of ordinary cherry Cerasus vulgaris Mill.,
the Kelleris (Denmark), Nefris (Poland), Fanal (Germany), Erdi Botermo
(Hungary), and 7 interspecific hybrids (sweet cherry ½ ordinary cherry), the
Kirina (Russia), Dombazia (Central Asia), Duk Ivanovna (Ukraine), Duk
Khodosa (Ukraine), Igrushka (Ukraine), Shalun’ya (Ukraine). The trials were
performed at Tsentralnoe Experimental Production Center (the North Caucasian Federal Research Center of Horticulture, Viticulture, Winemaking, Krasnodar, Prikubanskaya zone of gardening) in 2006-2019. Agrotechnologies were
common for the region. Tree planting patterns were 6½4, 7½3 and 5½3 m.
Seedlings of antipka (Mahaleb cherry) Cerasus mahaleb (L.) Mill. and wild
sweet cherry Cerasiis avium L. were used as the rootstocks (one cultivar — one
variant according to the methodology of cultivar study), the experiments were
arranged in three replications.
Phenological characterization of annual vegetative and generative growth
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stages and substages was carried out as per BBCH international coding system
(Biologische Bundesanstalt, Bundessortenamt and Chemische Industrie, Germany) [34]. Biological productivity and the frost damage to fruit buds were assessed
according to [35, 36]. During observations, the phenophases were documented
(Canon EF-S camera, Japan), and the stages of organogenesis were examined
using light microscopy (an Olympus BX41, Olympus Corporation, Japan).
On the tertiary skeleton branches, flowers, ovaries, and fruits were
counted in spring, and their reduction was assessed. Fruit and growth buds
were counted in August and September twice a week [5].
To study fruit morphogenesis by light microscopy, 15 generative buds
were collected twice in December and February, and weekly in March-April and
July-November.
For temporary slides, the fruit bud was cut with a razor blade from base
to top, and transverse sections were fixed in distilled water on a glass slide. The
slides were viewed under a microscope at a 50-100½ zoom. The anthers were
removed from fruit buds with a needle, pre-stained with acetocarmine on the
microscope stage, pressed down with a cover glass and viewed at a 100-200½
zoom (an Olympus BX41 microscope). The stages and substages of organogenesis and microsporogenesis were described as per Isaeva [37]. Specimens for anatomical study of fruit buds by light microscopy were prepared according to the
improved method of Kiseleva [38].
Yield components appeared on short spurs with bud fascicles and on annual shoots with fruit buds were counted in August-September on 1-2 typical
tertiary branches from the southern and eastern sides of a tree (a total of three
trees per variety in a 3-fold repetition). The coefficient of productivity (Cp) was
calculated as a fruit-to-flower percent ratio (the flowers per 1 m of fruiting
branches were taken as 100%).
Winter hardiness was assessed in 90 vegetative and 180 fruit buds collected from three trees of each variety (from different sides of the lower and upper
branches) in 3 replicates.
The arithmetic means (M), standard deviations (±SD) and LSD05 (a
95% probability level) were calculated using a standard Microsoft Excel 2013
software package. The coefficient of variation (Cv, %) and the relative standard
error of the sample mean (sampling error) (Sx = SD/√M, %) were calculated
[35]. Correlation analysis of damage to fruit buds depending on the cultivar and
the year conditions was performed using the Statistica package (StatSoft, Inc.,
USA) (2019).
Results. The climate in the Prikubanskaya zone of the Krasnodar Territory is rather mild, generally favorable for the cultivation of sweet cherry and ordinary cherry. The average annual air temperature is 11.9-12.1 С. The maximum
temperatures in July-August reach 40.0-40.7 С, the minimum temperatures in
January-February can drop to 33.0 С.
Weather conditions during study years showed dynamism and were indicative of a complex of stably recurring temperature stresses. So, in January
2006, abnormally low temperatures were observed (from 32.0 С to 33.0 С),
which led to the death of all fruit crops [17]. In February 2014, freezing rain at
22, 2 С caused the death of the harvest of all fruit plants. In January 2015 and
December 2016, during the dormant period, after a long period of warm weather, the air temperature dropped to 21.0 С and 17.0 С, respectively, resulting
in freezing of fruit buds in sweet cherry. During our observation, almost every two
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Stage of organogenesis and
microsporogenesis (timing)
optimal conditions

20-30
85-100
15-70
20-95
40-46

Below 28 С at 75-80% air humidity
Below 10 С at 65% air humidity
From 3.0 to 6.0 С; below 16 С at 60% air humidity
Above 28.0-30.0 С at 75% air humidity
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Reduction, %

Above 35-37 С at air humidity below 40%

Temperature and air humidity
unfavorable conditions

IV — emergence of generative parts
Below 30-33 С at 40-47% air humidity
(July decades I-II)
VI — archesporial tissue in anthers
Above 24 С at 65-75% air humidity
(December-January)
Bud scale elongation (bud burst) VII — pollen mother cells (March
Not lower than 9-10 С at 60% air humidity
(51)
decades II-III)
First flowers bloom—full flower- IX — mono- and bicellular pollen
ing (60-65)
grains (April decades I-II)
Within 16-25 С at 55-58% air humidity
Ovary emergence and growth
X — macrosporogenesis
Within 25.0-28.0 С at 54-60% air humidity
(71-72)
(May decades I-II)
N o t е. For description of the varieties and hybrids, see section Materials and methods.

Initiation of flower organs in
fruit buds
Dormancy (00)

Phenophase (ВВСН stage)

1. Reduction of yield components (fruit buds, flowers and ovaries) in sweet cherry Cerasus avium (L.) Moench and ordinary cherry Cerasus vulgaris
Mill. varieties as influenced by weather stresses during critical periods of plant ontogenesis (Tsentralnoe Experimental Production Center, the
North Caucasian Federal Research Center of Horticulture, Viticulture, Winemaking, Krasnodar, 2006-2019)

years (2009, 2010, 2014, 2015, 2018) in July-August, in the period of fruit set
and differentiation, abnormally high temperatures (38.0-40.0 С) combined with
drought were noted for 4-5 days or more. During the flowering of sweet cherry
and ordinary cherry plants, recurrent spring frosts (from 3.0 to 6.0 С) occurred annually, leading to freezing and death of stamens and stigmas of pistils,
and at temperatures below 16 С and 60% air humidity the fertilization was disturbed (Table 1).
Of the 12 morphogenetic stages that we studied in sweet and ordinary
cherry plants, five stage with a high rate of yield component mortality were the
most vulnerable across study sites and years. We also determined the optimal
and extreme conditions for each phenophase (organogenesis stage) (Table 1).
Similar studies on apple trees identified only four critical stages [37].
A

B

Fig. 1. Floral primordium in the fruit bud of sweet cherry Cerasus avium (L.) Moench variety Alaya
at stage IV of organogenesis (А, July 23, 2017, unfavorable conditions of above 35-37 С and air
humidity below 40%) and pistil primordium in the fruit bud of ordinary cherry Cerasus vulgaris Mill.
variety Kirina at stage V of organogenesis (B, November 10, 2018, above 6,5 С at 65-75% air
humidity are close to optimal conditions), the Prikubanskaya zone of gardening in Krasnodar Territory (50-100½ zoom, Olympus ВХ41, Olympus Corporation, Japan). For variety origin, see section
Materials and methods.

During stage IV of organogenesis (July decades I-II), only 1-2 instead
of 3-5 floral primordia emerged under unfavorable temperature conditions
(see Table 1, Fig. 1, A), whereas, under those close to optimal, all the flower
organs and archesporial anther tissue (three meristematic zones and more)
were formed, which then reduced to floral primordia (see Table 1, Fig. 1, B).
Under unfavorable temperature at stage IV, the reduction of flower organs
averaged 20-30%.
Many researchers report that fruit buds have the highest winter hardiness at the state of primary archesporium, corresponding to stage VI [15, 29],
which we noted in December-January (Fig. 2). We regard the stage VI as the
second critical for organogenesis under the conditions of Krasnodar Territory
(see Table 1) due to the high probability of frost and, thence, death of fruit
buds. So, in 2006, the most abnormal in recent decades, temperature drop to
33.0 С during the dormancy period killed 100% of flower buds in most sweet
cherry varieties. We revealed a close correlation (r = +0.991, p <0.001) between exposure to critical temperature and the death of fruit buds. In particular, 100% death of generative organs was characteristic of the introduced sweet
cherry varieties Polyanka and Valery Chkalov. For the local varieties Alaya,
Volshebnitsa and Dar izoboliya, with 90% death of fruit buds, the yields were
5.0-5.5 kg per tree, which indicates frost resistance. Interspecific hybrids for
which a fruiting rate of 4.0-6.0 kg per tree upon 90-95% death of fruit buds
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was indicative also showed high frost resistance. In the studied varieties of ordinary cherry, the rate of bud death was lower and averaged 85-90%, with a
yield of 5.0-8.0 kg per tree.
A

B

Fig. 2. Formation of archesporium tissue in anthers at stage VI of organogenesis (А, January 28,
2010, favorable temperature above 24 С and 65-75% air humidity) and mother cells of pollen at stage
VII of organogenesis (B, March 15, 2019 года, temperature not lower than 9-10 С at 60% air humidity) in sweet cherry Cerasus avium (L.) Moench variety Mak, the Prikubanskaya zone of gardening in Krasnodar Territory (50-100½ zoom, Olympus ВХ41, Olympus Corporation, Japan). For variety origin, see section Materials and methods.
A

B

Fig. 3. Phenophases “first flowers bloom” in ordinary cherry Cerasus vulgaris Mill. variety Nefris at
stage IX of organogenesis (А, April 5, 2018, favorable conditions) and “full flowering” in ordinary
cherry ordinary cherry Cerasus vulgaris Mill. variety Igrushka at stage IX of organogenesis (B, 1-2cell pollen, April 16, 2010, favorable temperature withing 16-25 С at 55-58% air humidity), the
Prikubanskaya zone of gardening in Krasnodar Territory (50-100½ zoom, Olympus ВХ41, Olympus
Corporation, Japan). For variety origin, see section Materials and methods.

We regard the phenological phases “bud scale elongation” (stage VII of
organogenesis) (see Fig. 2) and “first flowers bloom—full flowering” (stage IX)
(Fig. 3) as the third and fourth critical stages that determine yield efficiency of
sweet cherry plants. In the conditions of southern horticulture, stage VII of organogenesis falls on March-April, with recurrent spring frosts (see Table 1). At
the beginning of the growing season, which coincided with the phenophase “bud
scale elongation”, the generative organs of sweet cherries are especially sensitive
to temperature stresses. Some researchers believe that at air temperature from
3.0 to 6.0 С at this stage, sweet and ordinary cherry varieties can almost
completely lose their yield [11, 17], which is in line with our findings. Thus,
frosts up to 6.2 С on April 10, 2009, led to freezing and significant losses of
yield components. In cherry varieties of local selection, the death of fruit buds
was 80-85%, and in all introduced varieties it reached 90-95% with a reduced
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yield of 3.0-7.0 kg per tree in both genetic groups. In interspecific hybrids, there
was a 90-95% death of fruit buds with a low yield, 2.0-4.5 kg per tree. European
varieties of ordinary cherry showed higher resistance to spring frosts (the fruit
bud death rate of 75-78% and a yield of 7.0-8.0 kg per tree).
On March 25, 2013, the temperature several times dropped to 3.0 С
and even 4.0 С, that caused freezing of 40-50% of fruit buds. However, these
climatic factors caused only 40% death of generative organs in the domestic varieties Alaya and Kavkazskaya, with a yield of 18.0-20.0 kg per tree, giving,
therefore, the reason to deem these varieties resistant to spring frosts. In interspecific hybrids and in in ordinary cherry varieties, 30-40% and 15-25% of yield
components, respectively, were frozen, with yields of 10.0 and 22.0 kg per tree,
respectively. Light microscopy of fruit buds showed that both in sweet cherry
and ordinary cherry the anthers during the period of return frosts retained highquality pollen without visible anomalies, but the pistils were damaged. That is, a
pistil is less frost-resistant than other floral organs, which is consistent with the
data obtained earlier [9, 24]. We revealed a higher resistance to low negative
temperatures during the dormant period and at the beginning of the growing season in the ordinary cherry varieties as compared to the sweet cherry varieties.
We also established varietal specificity and a close correlation between the critical temperature and the reduction of generative organs (r = +0.97, p < 0.001)
The phenophases “first flowers bloom—full flowering” (stage IX) (see
Table 1, Fig. 3) turned out to be the most vulnerable to temperature stresses.
For this stage, according to some reports, the optimal temperature ranges within
16.0-25.0 С [17, 28], which is consistent with our observations. We found that
air temperatures above 26.0 С during flowering period (April decades I-II) accelerate flower senescence both in sweet cherry and ordinary cherry due to the
drying out of the pistil and ovule, which led to impaired fertilization and a significant loss of yields.
Ovary emergence phenophase (stage X of organogenesis) was less susceptible to stress than others. At this stage (May decades I-II), in the conditions of southern horticulture, anomalously high temperatures are adverse factors causing a 40% loss of the ovary in sweet cherry varieties, 42% in interspecific hybrids and 46% in ordinary cherries (see Table 1).
Given the fact that the variety is the main factor providing stable high
yields in fruit crops [12, 13], we evaluated the yield to distinguish among the
studied varieties those that are the most productive under stress. Under favorable
conditions, drupe fruit varieties form a significant number of vegetative and fruit
buds the ratio of which differs significantly [8]. Our findings also confirm this
statement (Cv = 20%). In sweet cherry, depending on the variety, the number of
fruit buds per 1 fruiting branch averaged from 68 (Kavkazskaya) up to 128
(Alaya), of vegetative buds from 26 (Dar izobiliya) up to 35 (Melitopolskaya
chernaya). For the number of formed fruit buds, all sweet cherry varieties significantly exceeded the control (LSD05 = 3.1). In ordinary cherry varieties, the
number of fruit buds per 1 fruiting branch varied from 68 (Fanal) up to 12
(Kelleris) and exceeded the control (LSD 05 = 3.5). The number of vegetative
buds in ordinary cherry varieties varied moderately (Cv = 20%), from 25
(Fanal) up to 40 (Kelleris). In the ordinary cherry-sweet cherry hybrids, the fruit
bud number was 64 for Dombazia and 118 for Kirina, and the vegetative bud
number was 24 for Igrushka and 37 for Shalunya (Table 2). That is, the number
of developing fruit buds was much higher than that of vegetative ones, which
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indicates a high yield potential of sweet and ordinary cherry varieties.
2. Yield components in studied sweet cherry Cerasus avium (L.) Moench and ordinary cherry Cerasus vulgaris Mill. varieties of various ecogeographic origin (Tsentralnoe Experimental Production Center, the North Caucasian Federal Research
Center of Horticulture, Viticulture, Winemaking, Krasnodar, 2006-2018)
Variety
fruit

Biological potential, number/m (M±SD)
buds
flowers
ovaries
growth

fruit

Coefficient
of productivity
(Cp), %

S w e e t c h e r r y Cerasus avium (L.) Moench
Varieties of North-Caucasian Federal Scientific Center of Horticulture, Viticulture, Winemaking
Kavkazskaya (St)
68±12
30±6
310±22
226±7
192±4
62
Sashen’ka
75±15
31±10
237±17
134±5
107±5
45
Volshebnitsa
98±12
29±5
384±28
222±10
160±3
42
Dar izobiliya
85±10
26±8
255±31
159±4
102±7
40
Alaya
128±14
33±5
430±20
266±5
196±5
46
Mak
76±11
32±7
220±19
129±6
75±6
35
Introduced sweet cherry varieties
Valerii Chkalov
76±10
28±11
225±15
182±8
47±7
21
Melitopolskaya
chernaya
94±18
35±6
405±23
173±10
98±3
23
Polyanka
80±15
29±15
325±20
186±9
125±5
35
LSD05
3.1
2.8
7.4
5.5
5.6
3.1
SD, %
17.0
2.7
81.2
44.9
51.1
Мaverage for sweet
cherry
89.0
30.0
310.1
186.3
122.4
Сv, %
20.0
8.9
26.2
24.1
41.6
Sx, %
5.6
0.9
27.1
14.9
17.0
O r d i n a r y c h e r r y Cerasus vulgaris Mill.
Introduced ordinary cherry varieties
Kelleris
124±19
40±9
295±19
192±7
134±4
45
Nefris
103±16
29±5
322±25
164±11
120±2
37
Fanal
68±21
25±12
200±18
94±4
70±8
35
Erdi Botermo
88±18
30±10
228±16
110±5
87±5
38
Ordinary cherry-sweet cherry hybrids
Dombaziya
64±15
31±14
160±22
82±8
52±9
33
Dyuk Ivanovna
95±10
37±8
250±20
161±11
110±4
44
Dyuk Khodosa
88±19
30±15
198±18
125±5
90±8
46
Vstrecha
102±12
33±11
306±11
173±8
119±3
39
Kirina (St)
118±7
36±9
280±10
168±10
123±5
44
Igrushka
97±17
24±17
286±17
130±7
105±2
37
Shalun’ya
108±11
37±13
247±15
153±4
95±7
38
LSD05
3.5
2.7
3.4
2.8
2.2
SD, %
18.5
5.1
51.3
35.3
24.6
Мaverage for
ordinary cherry
95.9
32.0
252.0
141.1
100.5
Сv, %
19.2
16.0
20.4
25.0
24.5
Sx, %
5.6
1.5
15.5
10.6
7.5
N o t е. St — standard variety; Сv — coefficient of variation, SD — standard deviation, М — arithmetic mean,
Sx — relative standard error of the sample mean (sampling error). For the description of varieties and hybrids,
see section Materials and methods. On average, the sample size per year was 2700-4500 fruit buds and 45006800 flowers for sweet cherry, and 1500-3200 fruit buds, 2500-4700 flowers for ordinary cherry.

Initiation of a large number of fruit buds is an important adaptive mechanism developed during evolution and used as an “insurance fund” in case of reduction of flowers, ovaries and fruits after exposure to stress factors [10, 37]. Coefficient of productivity is a significant parameter to characterize the yield potential
of a variety [5, 13]. Out data show that the potential for flowers per 1 m of fruiting
branches in sweet cherry varieties varied significantly (Cv = 26.2%), from 220
(Mak) to 430 (Alaya), in ordinary cherry varieties moderately (Cv = 20.4%), from
160 (Dombaziya) to 322 (Nefris) (see Table 2). There is an opinion that natural
losses, or “cleansing”, at the stages of ovary and fruit formation are quite high [5,
11]. According to our data, given the reduction of non-pollinated or lagging flowers at the stage IX of organogenesis, sweet cherry trees formed 129 ovaries in the
Mak variety and 266 in the Alaya variety, which exceeded the control value in
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the Kavkazskaya variety (226 ovaries on average) (LSD05 = 5.5). In ordinary
cherry varieties, the number of ovaries (from 94 for Fanal variety up to 192 for
Kelleris variety) was less than that in sweet cherry and significantly varying
(Cv = 25.0%) (see Table 2).
On average, over the study years, the reduction at fruit set and fruit formation stages in sweet cherry varieties was 40%, in ordinary cherry 46%, in interspecific hybrids 42%.
Yield potential realization in sweet and ordinary cherries was assessed at
XI-XII stages of organogenesis (i.e. at ripening). Sweet cherry varieties under favorable conditions generated 75-196 fruits, ordinary cherry 70-134 fruits, and interspecies hybrids 52-123 fruits per 1 m of fruiting branches.
At the final stages of development, the reduction of fruits significantly
decreased, which made it possible to calculate the optimal coefficient of productivity. It averaged 43% in sweet cherry varieties, 40% in the hybrids, and 38% in
ordinary cherry varieties. It should be noted that the varieties of local selection
differed from a number of introduced ones by a higher rate of fruiting. So, it was
62% in the domestic variety Kavkazskaya, 46% in Alaya, 45% in Sashen’ka, and
42% in Volshebnitsa. The higher coefficient in sweet cherry varieties corresponds
to a higher yield, averaging 45-50 kg per tree, or 29.9-33.3 t/ha, at the planting
pattern of 5½3 m (see Tables 2, 3).
The varieties outstanding for a high percentage of fruits to flowers under
the conditions of Prikubanskaya zone of gardening (the Krasnodar Territory) are
Kelleris (45%) and Erdi Botermo (38%) of ordinary cherry, and Duk Khodoss
(46%), Kirina (44%) and Duk Ivanovna (44%) of the interspecies hybrids. These
varieties and hybrids also provide a fairly high yield (30-40 kg per tree, or 19.926.6 t/ha, at the planting pattern of 5½3 m) (see Tables 2, 3).
3. Yields of sweet cherry Cerasus avium (L.) Moench varieties and ordinary cherry
Cerasus vulgaris Mill. varieties of various ecogeographic origin under climatic
stresses of Prikubanskaya zone of gardening (the Krasnodar Territory) (Tsentralnoe Experimental Production Center, the North Caucasian Federal Research
Center of Horticulture, Viticulture, Winemaking, Krasnodar, 2006-2018)

Variety

2006 (January,
33.0 С)
kg/tree
R, %
(M±SD)

Productive performance
2009 (April,
2013 (March, from
6.2 С)
3.0 to 4.0 С)
kg/tree
kg/tree
R, %
R, %
(M±SD)
(M±SD)

2018 (optimum)
R, %

S w e e t c h e r r y Cerasus avium (L.) Moench
Varieties of North-Caucasian Federal Scientific Center of Horticulture, Viticulture, Winemaking
Kavkazskaya (St)
90
5.5±1.0
80
7.0±2.0
40
18.0±2.5
0
Alaya
90
5.0±2.0
80
7.0±3.0
40
20.0±4.0
0
Dar izobiliya
92
4.5±1.5
82
5.0±2.5
45
17.0±3.5
0
Volshebnitsa
90
5.0±2.5
85
6.0±1.5
45
17.0±3.0
0
Mak
94
3.0±2.5
80
7.0±1.0
50
15.0±4.5
0
Sashen’ka
95
1.0±0.5
85
5.5±2.5
50
15.0±3.0
0
Introduced sweet cherry varieties
Valerii Chkalov
100
1.0±0.5
95
0.0±0.0
52
12.5±4.0
0
Melitopolskaya
chernaya
96
1.0±0.5
90
3.0±1.0
55
10.0±2.5
0
Polyanka
100
0.0±0.0
95
1.0±0.5
55
10.0±4.0
0
LSD05
1.35
0.99
1.69
1.12
1.70
1.20
0
SD, %
4.0
2.2
6.2
2.7
5.8
3.5
0
Мaverage for
sweet cherry
94.1
2.8
85.7
4.6
48.0
14.9
0
Сv, %
4.3
75.8
7.2
58.0
12.0
23.0
0
Sx, %
1.3
30.7
2.1
0.9
1.9
1.2
0
O r d i n a r y c h e r r y Cerasus vulgaris Mill.
Introduced ordinary cherry varieties
Kelleris
85
8.0±2.0
75
8.0±1.5
20
22.0±4.5
0
Nefris
88
7.0±1.5
76
7.5±2.5
15
20.0±3.0
0
Fanal
85
7.5±2.5
75
7.5±1.5
20
18.0±3.5
0
Erdi Botermo
90
5.0±3.0
78
7.0±3.0
25
15.0±2.5
0
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kg/tree
(M±SD)
35.0±5.0
47.0±5.0
40.0±3.5
35.0±4.0
45.0±3.5
30.0±4.5
15.0±5.0
25.0±3.0
30.0±2.5
2.10
10.0
33.6
29.0
3.3

30±4.5
25±3.0
20±3.5
25±2.0

Continued Table 3
Ordinary cherry-sweet cherry hybrids
6.0±2.5
90
4.0±3.5
40
4.0±3.0
93
3.0±2.5
40
5.0±2.5
90
4.5±1.5
30
6.0±2.0
92
3.0±2.0
35
4.0±1.5
95
2.0±1.5
30
4.0±2.5
90
4.0±1.0
35
4.0±3.0
95
2.0±0.5
35
0.8
2.0
0.9
2.1
1.5
8.4
2.3
8.5

Dombaziya
90
10.0±4.0
0
28±1.5
Dyuk Ivanovna
95
10.5±3.0
0
30±1.0
Dyuk Khodosa
90
15.0±2.0
0
35±2.0
Vstrecha
90
13.0±5.0
0
28±1.5
Kirina (St)
91
15.0±3.5
0
35±1.0
Igrushka
95
15.0±2.0
0
25±2.5
Shalun’ya
95
15.5±2.5
0
28±2.0
LSD05
1.1
1.1
0
1.6
SD, %
3.6
3.6
0
4.4
Мaverage for
ordinary cherry
90.4
5.5
86.3
4.8
29.5
15.4
0
28.1
Сv, %
4.0
27.0
9.7
48.0
28.8
23.3
0
15.6
Sx, %
1.1
0.46
2.5
0.7
2.6
1.1
0
1.3
N o t е. St — standard variety; Сv — coefficient of variation, SD — standard deviation, М — arithmetic mean,
Sx — relative standard error of the sample mean (sampling error). R — reduction (death) of fruit buds. For the
description of varieties and hybrids, see section Materials and methods. On average, the sample size in stressful
years for sweet cherry and ordinary cherry was 2500-2700 fruit buds.

It should be noted that high yielding of sweet cherry and ordinary cherry
trees can be realized given that the impact of stress factors is minimal at all stages of generation of yield elements. Table 3 presents actual data on yielding of the
varieties in extreme years. So, in 2006, during the dormant period, the temperature dropped to 33.0 С, causing a 90-100% reduction of yield components. In
this conditions, the sweet cherry varieties Alaya and Volshebnitsa stood out, with
a yield of about 5.0 kg per tree. In ordinary cherry and sweet cherry-ordinary
cherry hybrids, the rate of yield component reduction was lower than in sweet
cherry, up to 85-95%. Thus, cherry varieties Vstrecha, Dombaziya, Duk
Khodosa, Kelleris and Fanal were significantly superior to the control variety
Kirin for actual yields (НСР05 = 0.8). In 2009, as a result of periodic frosts
(6,2 С) during the flowering period, yield component reduction was high. In
particular, in sweet cherry, it was 85-95%, with low variation between the varieties (Cv = 7.2%). In ordinary cherry and interspecies hybrids, 75-95% of fruit
buds died, with insignificant variation between the varieties (Cv = 9.7%). n
2013, when the first flowers were blooming, the temperature dropped to 3.0 С
and 4.0 С, which led to the death of 40-55% of the generative organs in sweet
cherry and 15-40% in ordinary cherry and interspecific hybrids (see Table 3
Yield values of sweet cherry and ordinary cherry varieties indicate that
these drupe fruit crops have a high yield potential, which is utmost realized under optimal weather conditions. So, in a favorable 2018, sweet cherry varieties
had an average yield of 33.6 kg per tree. For yield values, sweet cherry varieties
Dar izobiliya (40.0 kg per tree), Mak (45.0 kg per tree), and Alaya (47.0 kg per
tree) outstood, significantly exceeding the control variety. Among ordinary cherry varieties which also had a high average yield in 2018 (28.1 kg per tree), Dyuk
Ivanovna (30 kg per tree) and Kelleris (30 kg per tree) outstood.
So, under the conditions of Krasnodar Territory, in varieties and hybrids of sweet cherry and ordinary cherry, we have identified five critical stages of organogenesis, or phenological phases, when plants are most sensitive to
temperature stresses, and the probability is very high of the significant rate of
yield component reduction. These stages are initiation of flower organs in fruit
buds, emergence of archesporium in the anthers (dormancy), generation of
pollen mother cells (bud scale elongation), formation of mono- and bicellular
pollen grains (“first flowers bloom—full flowering) and macrosporogenesis
(ovary emergence and growth). The clarified average terms for these critical
stages in the conditions of the Kuban zone of gardening are DecemberJanuary, decades II-III of March, decades I-II of April, decades I-II of May,
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and decades I-II of July, which allows us to detail recommendations ensuring
sustainable yielding of drupe fruit crops. The realization of the yield potential
of sweet cherry and ordinary cherry trees is closely dependent on the type of
temperature stress and the number of yield components after their reduction
at all vulnerable stages of organogenesis (r = +0.97, p < 0.001). The samples
selected for productive performance, are domestic varieties of sweet cherry
Kavkazskaya resistant to temperature stresses and the most productive in the
conditions of southern horticulture (the fruits-to-flowers ratio of 62%, the
yield of 31.3 t/ha), Sashen’ksa (45% and 26.6 t/ha, respectively), Volshebnitsa
(42% and 23.3 t/ha), Alaya (46% and 30.0 t/ha), an ordinary cherry variety Kelleris (45% and 20.0 t/ha), and interspecies hybrids Dyuk Khodos (46% and
23.3 t/ha), Kirina (44% and 23.3 t/ha), and Dyuk Ivanovna (44% and
20.0 t/ha). They are recommended for commercial growing in the Krasnodar
Territory and involved in breeding programs as genetic donors of high
productivity and adaptability to temperature stresses.
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Abstract
Copper, an essential element in human metabolism, is a trace element for plants and animals.
It plays a significant role in physiological processes (i.e. in photosynthesis, respiration, carbohydrate
and protein metabolism), increases productivity, improves plant quality characteristics and increases
resistance to adverse factors. A particular concern is the need to apply copper fertilizers in the biogeochemical provinces with Cu deficit in the soil. Echinacea purpurea (L.) Moench is one of the bestselling plant-based medicines in many developed countries around the world. It has been widely
used in medicine and veterinary medicine for immunocorrection. However, publications on the
effect of trace elements on the yield and content of biologically active substances in the medicinal
raw materials of the E. purpurea are very few. Our study presents the results confirming the role of
copper fertilizers in increasing the content of biologically active substances in the medicinal raw
materials of E. purpurea, as well as in its enrichment with certain trace elements. The work aimed
to assess the influence of essential microelement (Cu) on the accumulation of certain biologically
active substances (tanning substances, carotene, vitamin C) and chemical elements (zinc and copper) in the medicinal raw material of E. purpurea variety Znakhar. The plot tests were run in the
conditions of the southern forest-steppe of Western Siberia (an experimental field of Omsk Stolypin State Agrarian University, Omsk, May-September 2016-2018). The experiment design was
as follows: absolute control (without fertilizers), N 125 (N-based fertilizer), N 125 + 0.25MAC Cu
(the maximum allowed concentration) (2.3 kg a.m./ha), N125 + 0.5MAC Cu (4.7 kg a.m./ha),
N125 + 0.75MAC Cu (7.0 kg a.m./ha), N125 + 1MAC Cu (9.4 kg a.m./ha). The soil of the test site
was meadow chernozem, low-power, low humus, medium loamy with a 5.2 % humus content,
10.0 mg/kg nitrate nitrogen, 394 mg/kg mobile phosphorus, 749 mg/kg exchange potassium; pH
6.5-6.8. The mobile copper level in the soil was 0.3 mg/kg. The experiment was arranged in four
replicates, plots were systematically located in several tiers, with a plot size of 10 m2. Copper acetate
(CH 3COO)2Cu (32 %) was used as Cu fertilizer, ammonium nitrate (34.4%) was an N-based fertilizer. The crop was planted at the end of May 2016, 24 plants per plot, with 70½60 cm spacing.
Fertilizers were manually incorporated into the soil to a 10-15 cm depth before planting (at tilling),
and uniformly distributed throughout the entire plot area. Plants were collected in September, during
E. purpurea mass flowering phase. Tannings, carotene, and ascorbic acid were quantified in the
medicinal raw material of E. purpurea. The concentration of trace elements (copper, zinc) in powdered herb samples was determined by atomic absorption spectroscopy. We have found out that a
single application of copper fertilizers contributed to accumulation of tanning substances, ascorbic
acid and carotene in the herb raw material. On average, over three years of our research, the level
of bioactive substances in the raw material (grass) increased reliably (p < 0.05), to 16.6 mg% for
tanning, to 5.8 mg% for ascorbic acid, and to 51.2 mg/kg for carotene. A copper acetate dose of
9.4 kg a.m./ha resulted in maximum concentration of the bioactive substances. Each 1 kg of Cu
fertilizer increased the content of tannins by 0.51 mg%, ascorbic acid by 0.29 mg%, and carotene
by 2.56 mg/kg (p < 0.05). Thus, the use of (CH 3COO) 2Cu contributes to an improved medicinal
value of E. purpurea. The copper fertilizer dosages correlated tightly with the level of mobile zinc
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and copper in medicinal raw materials (r = 0.98, p < 0.05). Each 1 kg of copper added with N 125
increased the content of mobile copper and zinc in E. purpurea raw material by 0.23 and 1.15 mg/kg,
respectively. These values are b coefficients that evaluate the effects of copper fertilizers and, together
with the regression equations we obtained, allow practitioners to draw up protocols for applying micronutrient fertilizers in meadow chernozem soils at an early stage of E. purpurea plant development
in specific growing conditions.
Keywords: Echinacea purpurea (L.) Moench, meadow chernozem soil, essential microelements, copper, zinc, bioactive substances, southern forest-steppe, Western Siberia.

The World Health Organization recognizes herbal medicines as a significant part of the pharmaceutical industry market. More than 80% of the world’s
population is increasingly using medicinal plants as the main source of medical
care. This is not only the growing population of China and India, but also many
developed countries [1]. About 80% of all modern pharmaceuticals are obtained
directly or indirectly from plant sources [2, 3]. According to forecasts, in the next
10 years, the use of herbal remedies in the world market will grow and reach 60%
[4]. Herbal medicinal products have a number of advantages: no side effects, low
toxicity, availability, complex effects on the body (anti-inflammatory, antimicrobial, antispasmodic, analgesic, antitoxic) [5].
In the main agricultural regions of the Russian Federation, the soil area
with a low levels of mobile trace elements (copper, zinc, etc.) reaches 50-90% of
the surveyed territory (6, 7). The critical amount of trace elements in soils leads
to significant losses in crop production. Bioenrichment of agricultural plants [8,
9], including medicinal crops, with various bioelements, for example, copper, may
be a convenient solution.
Copper is an essential chemical element along with iron, zinc, iodine,
and selenium [10]. Cu acts as a cofactor for many enzymes [11]. Copper and its
compounds play a significant role in physiological processes in plant cells, being
involved into respiration, photosynthesis, carbohydrate and phosphorus metabolism, protein synthesis, nitrogen fixation and reduction [12, 13]. It has a positive effect on the water regime of plants, their drought and frost resistance,
increases plant resistance to various diseases. Copper fertilizers increase the content of sugars, fat, ascorbic acid, vitamin A, and group B vitamins in crop production [14, 15].
Application of essential trace elements activates enzymatic processes in
medicinal plants, which leads to biosynthesis and the accumulation of biologically
active substances, improving the valuable qualities of medicinal raw materials [16].
Microelements in plants are in an accessible, organically bound form, which enable their better assimilation. In the plant organism, essential trace elements bind
to biologically active substances, which enhances the pharmacological effects [17].
Echinacea purpurea (L.) Moench is one of the best-selling herbal medicines in many developed countries [18]. It is widely used in medicine and veterinary medicine as an immunocorrector. All plant organs contain biologically active
substances — vitamins A and C, tannins, flavonoids, essential oils, anthocyanins
and alcamides [19-21]. Fundamental and clinical studies have proven the antiviral,
anti-inflammatory, antioxidant, antibacterial and antimycotic effects of Echinacea
purpurea [22]. However, scant data are available on the effect of microelements
on the yield and the content of biologically active substances in the medicinal raw
material of E. purpurea [23, 24].
This paper provides the first confirmation of the role of copper fertilizers
in increasing the content of biologically active substances in the medicinal raw
material of Echinacea purpurea and its enrichment with microelements.
Our objective was to assess the effect of an essential trace element (Cu)
on the accumulation of some biologically active substances (tannins, carotene,
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vitamin C) and chemical elements (zinc and copper) in the medicinal raw material
of Echinacea purpurea.
Materials and methods. Echinacea purpurea (L.) Moench variety Znakhar
was grown in the conditions of the southern forest-steppe of Western Siberia was
carried out in May-September 2016-2018 (Stolypin Omsk GAU, Omsk). The soil
of the experimental site is meadow chernozem, shallow low-humus, medium
loamy. Agrochemical analysis was performed by conventional methods [25], the
0-30 cm layer contained 5.2% humus (according to Tyurin), 10.0 mg/kg nitrate
nitrogen (according to Kochergin), 394 mg/kg mobile phosphorus and 749 mg/kg
exchangeable potassium (according to Chirikov), absorption capacity of 25.228.2 mg-eq/100 g, 0.3 mg/kg mobile copper; pH values of aqueous extracts ranged
within 6.5-6.8.
The plots were put in test for the following treatments: control without
fertilizers; N125; N125 + 0.25MPC (maximum permissible concentration) Cu (2.3 kg
Cu/ha); N125 + 0.5MPC Cu (4,7 kg Cu/ha); N125 + 0.75MPC Cu (7.0 kg
Cu/ha); N125 + MPC Cu (9.4 kg Cu/ha). Ammonium nitrate (34.4%) was referred to as a background, and copper acetate (CH3COO)2Cu (32%) was considered as fertilizer. The N125 dosage was chosen as a baseline due to the low N-NO3
concentration in the soil, as only a balanced macronutrient composition allows
the micronutrients to take full effect. Doses of copper fertilizers were calculated
based on MPC Cu (3 mg/kg) and copper content before planting. The experiment
was repeated four times, the sequence of variants was systematic, in several tiers,
using 10 m2 plots.
The approved zonal agrotechnology was applied. E. purpurea planting was
carried out at the end of May 2016, 24 plants per plot with 70½60 cm plant spacing
(70 cm between rows and 60 cm within the row) in order to create an optimal
density of 24 thousand plants per hectare, providing a 0.4 m2 space per plant.
Fertilizers were manually incorporated to a depth of 10-15 cm when digging prior
to planting and evenly distributed over each plot.
Plant samples were collected according to the variants in September in the
phase of mass flowering of the culture. The medicinal raw material (grass) was
dried in the shade in well-ventilated rooms. The contents of bioactive substances
were measured and the values were converted to absolutely dry matter basis. Tannins were measured as per GOST 24027.2-80 [26], carotene as per GOST
13496.17-95 [27], ascorbic acid as per Murry [28[. Trace elements (copper, zinc)
were measured according to GOST 30178-96 [29] by the atomic absorption
method (a Varian AA-140 spectrometer, Akvilon, Russia) in the samples ground
to a powder state.
For statistical processing, we used standard software packages Microsoft
Office Excel 2007 and STATISTICA 6.0 (StatSoft, Inc., USA). Mean values
(M) and standard errors of means (±SEM) were calculated, and regression and
correlation were assessed. Differences were considered statistically significant at
p < 0.05. To determine the relationship between the studied parameters, the
correlation coefficients (r) were calculated. The values of the correlation coefficients were considered significant at p < 0.05
Results. Microelements can increase the content of vitamins and other
biologically active substances in medicinal plants. In particular, there are evidences
of their positive effect on the synthesis of vitamins C, A, and B1-12 [30, 31]. In
medicinal raw materials of E. purpurea enriched with copper, we determined the
content of tannins, ascorbic acid, and carotene (Table 1).
Tannins (tannic acids) are important plant secondary metabolites in the
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plant organism. They provide astringent, antibacterial, antienzymatic, anti-inflammatory effects, and also protect plants from mammals and insects [32]. According
to Zaprometov [33], the leaves of E. purpurea contain up to 7.2-10.2% tannins.
In our experiments, tannins increased from 13.07 to 16.58 mg% on average over
the study years depending on the doses of copper acetate. The maximum concentration of tannins (16.58 mg%) occurred when applying 9.4 kg Cu/ha. Differences
in the amount of tannins for all treatments were significant at p < 0.05 as compared
to both the control and the N125 when applied separately.
1. Concentration of bioactive compounds in medicinal raw materials of Echinacea
purpurea (L.) Moench at flowering as influenced by Cu fertilizer dosage (n = 24,
M±SEM, Omsk, 2016-2018)
Treatments

Tannins, mg%

Control (without fertilizers)
Background (N125)
N125 + 0.25MPC Cu (2.3 kg Cu/haа)
N125 + 0.5 ПДК Cu (4,7 кг д.в/га)
N125 + 0.75ПДК Cu (7,0 кг д.в/га)
N125 + ПДК Cu (9,4 кг д.в/га)
N o t е. All treatments differ form control and

Ascorbic acid, mg%

Carotene, mg/kg

10.34±1.82
2.11±1.12
25.69±6.48
11.76±1.02
3.07±0.58
27.65±5.38
13.07±0.28
3.85±0.14
32.31±2.74
14.23±0.38
4.54±0.25
40.65±1.97
15.37±1.02
5.18±0.61
45.45±4.69
16.58±1.71
5.84±0.99
51.21±7.95
N 125 background at a statistically significant level (р < 0.05).

Andrade et al. [34] note the ability of tannins to chelate copper, which
determines their antioxidant activity. The positive effect of copper is also due to
its role of a key component of many biological compounds and involvement in
biosynthesis of secondary metabolites, including tannins [35]. Our findings are
consistent with reports about direct dependence of the concentration of tannins
on the amount of nutrients, in particular Cu and Mn, which serve as cofactors of
enzymes involved in phenol decomposition and lignin biosynthesis. Copper deficiency impairs lignification in plants [36].
2. Regression and correlation between concentration of bioactive compounds in medicinal raw materials of Echinacea purpurea (L.) Moench and the dosage fertilizers
(Omsk, 2016-2018)
Content of compounds (х)
Tannins
Ascorbic acid
Carotene

Regression
y = 0.51x + 11.82
y = 0.29x + 3.13
y = 2.56x + 27.45

Correlation r
0.99 (p < 0.05)
0.99 (p < 0.05)
0.99 (p < 0.05)

We revealed a high relationship (r = 0.99 at p < 0.05) between the doses
of copper fertilizers and the content of tannins (Table 2). The regression coefficient
shows that copper acetate applied at 1 kg Cu/ha provides a 0.51 mg% increase in
tannins.
Ascorbic acid (vitamin C) is a micronutrient and an essential chemical
compound that participates in many metabolic processes, performs antitoxic and
antioxidant functions, increases resistance and protective properties of the body.
To compensate for the deficiency of vitamin C, artificial enrichment of plant
products and foodstuffs is currently widely used [37]. Carotene which plays photoprotective, light-harvesting, and structural role in plant photosynthesis, participates in the process of cell growth and division, promotes activation of immune
system, helps the normal functioning of the gonads, affects growth, participates in
the process of visual perception, and it also is an anticarcinogen. The intake of
provitamin A into the body occurs mainly with plant foods, which are the main
primary source of carotenoids [38].
Ascorbic acid was found in the leaves of E. purpurea [39]. In our research,
the calculated doses of copper had a positive effect on the accumulation of vitamins in medicinal raw materials (see Table 1). The content of ascorbic acid and
carotene were becoming significantly higher (p < 0.05) as the copper acetate dosage
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increased. The amount of vitamin C varied upon copper application from 3.85 to
5.84 mg%, carotene from 32.31 to 51.21 mg/kg. The maximum content of vitamins was noted for N125 + MPC Cu. According to Zagumennikov et al. [40],
Echinacea purpurea accumulates small amounts of ascorbic acid, while plant nutrition and age have an insignificant effect on the content of vitamin C.
Each 1 kg of the copper fertilizer increased the concentration of ascorbic
acid by 0.29 mg%, carotene by 2.56 mg/kg (see Table 2). Correlation analysis
indicated a very strong correlation between the content of vitamins and the copper
doses (r = 0.99 at p < 0.05).
Copper interacts with various chemical elements, including zinc, iron,
molybdenum, sulfur, and selenium [41]. Therefore, we compared the content of
two microelements, zinc and copper, in the medicinal raw materials of E. purpurea
(Fig.).

Content of mobile forms of Cu (А) and Zi (B) in medicinal raw materials of Echinacea purpurea (L.)
Moench at flowering as influenced by Cu fertilizer dosage: 1 — control (without fertilizers), 2 — N125
(a background), 3 — N125 + 0,25MPC Cu (2.3 kg Cu/ha), 4 — N125 + 0.5MPCCu (4.7 kg
Cu/ha), 5 — N125 + 0.75MPC Cu (7.0 kg Cu/ha), 5 — N125 + MPC Cu (9.4 kg Cu/ha) (n = 24,
M±SEM, Omsk, 2016-2018).

Many chemical elements can inhibit or enhance the intake of other elements, that is, their action may be either synergistic or antagonistic [42]. Therefore, we investigated the effect of copper fertilizers in the soil—plant system.
The copper and zinc concentration in the aboveground mass of E. purpurea had a clearly pronounced linear dependence on the doses of copper fertilizers applied. The relationships between different doses of copper acetate and
the amount of Cu and Zn in plants during the flowering period were characterized by the equations:
y = 0.23Cu + 1.98 (r = 0.98 at p < 0.05),
y = 1.15Zn + 6.78 (r = 0.98 at p <0.05).
In 2016, the coefficient (b) characterizing the copper effect on the content
of mobile Cu and Zn in the medicinal raw materials was 0.23 and 1.15 mg/kg,
respectively, for each kilogram of copper fertilizers in doses of 2.3, 4.7, 7.0 and
9.4 kg/ha (with N125 as a background). To increase the Cu content in medicinal
raw materials by 1 mg/kg, 4.3 kg of copper fertilizers are required (r = 0.98 at
p < 0.05). The obtained normative b valued (0.23 and 1.15 mg/kg) can be used
to predict how the amount of available nutrients in medicinal raw materials will
increase when micronutrient fertilizers are applied. Many researchers also noted
that the accumulation of copper in plants increased with an increase in the dose
of applied copper fertilizers [43-45].
Thus, incorporation of copper acetate into the soil, together with macrofertilizers, allows for an increase in the content of biologically active substances
(tannins, vitamins C and A) in the medicinal raw materials of Echinacea purpurea
(L.) Moench. Our findings provide a significant increase (p <0.05) in tannins to
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16.58 mg%, in vitamin C up to 5.84 mg%, and in carotene up to 51.21 mg/kg.
The Cu micro-fertilizer also contributes to the enrichment of raw materials with
microelements (copper and zinc). The concentration of copper in the raw material increased by 2.19 mg/kg as compared to N125 applied separately (a background) and amounted to 4.27 mg/kg (p < 0.05). The highest observed zinc concentration was 17.06 mg/kg, which is 11.17 mg/kg higher than the value for N125
as a background. The obtained linear regression equations and coefficients b of the
copper effect enable development of practical application of microelements on
meadow chernozem soils in the conditions of the southern forest-steppe of Western Siberia. Our results also expand the databases on the biochemical composition of medicinal raw materials grown with the use of copper fertilizers.
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Abstract
Terek-Kuma lowland occupies the North-Western part of the Precaspian lowland. The soilplant cover of the territory is determined by the aridity of the climate with frequent winds, light
granulometric and saline soils, high pasture load. In this study, for the first time in the Terek-Kuma
semidesert conditions, the productivity of structural parts of grass ecosystems and calcium reserves
during the most favorable (April) and arid (August) periods are determined for the main soil types.
The work aimed to determine the accumulation, distribution and reserves of calcium in the structure
of phytomass with regard to a soil type. The research was performed at the Kochubey Biosphere
Station, Precaspian Institute of Biological Resources of the Dagestan Scientific Center RAS in 20112016 on grass phytocenoses of light chestnut and meadow-chestnut soils and saline typical automorphic
soils. Assessment of plant matter and Ca accumulation in green mass, rags, steppe felt, and roots, and
calculation of the Ca budget of the ecosystems were carried out according to A.A. Titlyanova et al.
(1988). The content of Ca in plants was determined by capillary electrophoresis (a Drops-105M system,
Lumex, Russia) with special software Elforan (Lumex, Russia). The greatest amount of phytomass
accumulated on light-chestnut soil. On meadow-chestnut soil photosynthesizing parts, rags, steppe felt
and roots accumulated 2.3, 1.5, 2.3 and 2.2 times less, respectively, and on typical saline soil 2.6, 1.7,
2.5 and 2.7 times less than on light-chestnut soil. This was likely caused by a decrease in projective
coverage from 77.0 % on light chestnut soil to 48.5 % on meadow-chestnut soil and 43.5 % on typical
saline soil. In the species patterns the dominants were Poaceae (51 % for light-chestnut soil) and
Asteraceae (30 % and 17 % for meadow-chestnut soil and saline soil, respectively). The root weight for
meadow-chestnut soil and typical saline soil was 2.2 and 2.9 times less than for light-chestnut soil.
Their share in the total phytomass depending on soil types ranged from 85.0 to 87.2 %. In green
parts, the concentration of Ca, depending on the season and the soil type, was in the range of 0.400.48 %, in rags it was 0.50-0.54 %, in felt 1.00-1.31 %, and in underground parts 1.14-1.38 %. By
soil types, it decreased as light chestnut soil > meadow-chestnut soil > saline soil due to pH changes
(8.6 > 8.2 > 8.0), an increase in the degree of salinity and the shift of salinity from the sulfate type to
the sulfate-chloride type. Reserves of Ca in the above-ground parts during the growing season on lightchestnut soil amounted to 2.32 kg/ha per year and exceeded 2.7- and 3.1-fold, respectively, similar
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indicators for meadow-chestnut soil and typical saline soil. Ca reserves in the root mass for all types
of soils were 12.6 times more than in the aboveground parts. After plant matter decomposition, steppe
felt and underground organs contribute to light- chestnut soil 42.0 and 58.0 % of the calcium consumed
from the soil, to meadow-chestnut soil 36.0 and 64.0 %, respectively; for the typical saline soil these
amounts are 1.1- and 2.3-fold, respectively. It was revealed that the difference in the dynamics of Ca
accumulation in components of a semi-desert plant community (green mass, rags, steppe felt, and
roots) depends on the plant species composition, soil type and season.
Keywords: phytocoenosis, phytomass accumulation, plant matter translocation, Ca accumulation, Ca reserves, calcium budget

The Terek-Kuma lowland (the northwestern part of the Caspian lowland)
is characterized by light grain size and saline soils, arid climate, high pasture load,
and degraded soil and vegetation cover. Soils with a low content of humus and
the main nutrients of plants in combination with an unfavorable water-salt regime
have low productivity [1]. However, these estimates were obtained only for the
photosynthesizing part of the phytomass, while the structure of the phytocenosis
also contains other elements, the rags, steppe felt, and roots.
The elemental composition of phytocenoses in the Terek-Kuma lowland
was studied by many rsearchers. In particular, there are data on the relative content of calcium in the vegetating air-dry mass (hay) [2, 3], but there is no similar
information regarding the structure of the vegetation cover (green mass, rags, felt,
and roots). The lack of these data hinders estimation of the reserves of biophilic
elements, including Ca, and its balance in herbal ecosystems, including differentiated by the main types of soils.
On the territory of the Terek-Kuma lowland, the content of Ca in plants is
higher than in the adjacent Prisulakskaya lowland, 2.014±0.02 vs. 1.623±0.25 g/kg
[4]. A gradual decrease in its accumulation is regularly noted from November to
April next year. Gireev et al. [4] explain this by the transformation of meadowwormwood communities into ephemeral-wormwood and wormwood ones. It can
be assumed that such a decrease in the amount of Ca in phytocenoses has another
reason and is associated with the translocation of substances between the elements
of the phytocenosis structure across the stages of plant development.
Moisture is noted to have a decisive effect on the accumulation of chemical elements in plants, in particular, the Ca content increases with increasing
precipitation [5, 6]. It was also revealed that favorable hydrothermal conditions
during the growing season contribute to an increase in Ca content in soil [7].
In this study, productivity of herbal ecosystems and Ca reserves in the
Terek-Kuma semi-desert was differentiated with regard to components of phytomass structure for the main soil types during climatically most favorable (April)
and dry (August) seasons, and the Ca balance in ecosystems was calculated
The work aimed to study calcium accumulation in plant matter, taking into
account its structure, and the prevalence of this element in herbal ecosystems on
the main types of soils of the Terek-Kuma lowland.
Materials and methods. The study was carried out at the Kochubey Biosphere Station (the Precaspian Institute of Biological Resources of the Dagestan
Federal Research Center RAS, 44.40720 N, 46.24771 E) in 2011-2016. Seasonal
accumulation, reserves and budget of calcium (April, August) were analyzed in
detail in 2013-2015. Herbaceous phytocenoses on light-chestnut and meadowchestnut soils and a typical automorphic solonchak of the Terek-Kuma lowland
were surveyed. In the 0-30 cm layer of light-chestnut soil contained 1.12% humus,
1.11 mg/100 g P2O5, 20.12 mg/100 g K2O, the density was 1.14 g/cm3, the lowest
moisture capacity was 20.6%; for meadow-chestnut, the parameters were 0.54%,
0.7 mg/100 g, 18.2 mg/100 g, 1.42 g/cm 3, and 26.7%, respectively; for a typical
automorphic solonchak these were 0.48%, 0.66 mg/100 g, 16.8 mg/100 g,
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1.45 g/cm3 , and 30.3%. The type of salinity varied from chloride-sulfate to chloride depending on the hydrothermal conditions of the seasons, the salinity varied
from weak to very strong.
Plant matter accumulation per time unit per area unit, Ca content in green
mass, rags, steppe felt and roots, and calculation of Ca balance in ecosystems were
carried out according to Titlyanova [7]. The Ca content in plant matter was determined by capillary electrophoresis (Kapel-105M system equipped with Elforan
software, Lumex, Russia) in the mode of determination of cations and anions [8].
A total of 150 samples were analyzed in 3 biological and analytical replicates.
The Latin names of the species are given according to Murtazaliev [9].
Statistical processing was carried out using Microsoft Excel 2010 software.
The mean values (M) and errors of the mean (±SEM), linear regression equations,
correlation coefficient (r), and determination coefficient (R) were calculated.
Results. In the conditions of the plain, phytocenoses are most productive on
light chestnut soil. On average, for 2011-2016, the accumulation of air-dry phytomass here was 2.2 times higher than for meadow-chestnut soil. On typical automorphic solonchak, the productivity of the phytocenosis decreased 2.6 times as compared to that for light-chestnut soil (Table).
On meadow-chestnut soil and typical saline, the level of accumulated rags
(102.8 and 100.5%, respectively) was the same as for green mass, and on lightchestnut soil it was 33.7% less, which was associated with the species composition
of phytocenoses.
Air-dry weigh of above ground parts and roots accumulated structural components of
vegetation cover for different soil types of the Terek-Kuma lowland (Kochubey Biosphere Station of the Precaspian Institute of Biological Resources, the Dagestan
Federal Research Center RAS, 2011-2016)
Component
Green mass

Rags

Steppe felt

Roots

Soil
Light-chestnut
Meadow-chestnut
Typical saline
Light-chestnut
Meadow-chestnut
Typical saline
Light-chestnut
Meadow-chestnut
Typical saline
Light-chestnut
Meadow-chestnut
Typical saline

Са
Phytomass, t/ha per year
concentration, %
(M±SEM)
reserves, kg/ha
(M±SEM)
4.84±0.02
2.11±0.01
1.89±0.03
3.21±0.02
2.17±0.01
1.91±0.04
4.32±0.03
1.89±0.02
1.71±0.02
83.71±0.03
38.19±0.03
31.19±0.02

0.48±0.02
0.41±0.01
0.40±0.03
0.54±0.03
0.50±0.01
0.50±0.02
1.31±0.01
1.30±0.02
1.00±0.01
1.38±0.02
1.38±0.03
1.14±0.03

2.32
0.86
0.76
1.73
1.08
0.96
5.66
2.46
1.71
115.52
52.70
35.56

On light chestnut soil, the proportion of ephemera from the bluegrass
family, which were represented by Eragrostic minor Host., Poa bulbosa L., and
Eremopyrum orientale L., was 51.4% by the number and 19.6% by weight. On the
meadow-chestnut soil and saline soil, the phytomass of Artemisia taurica Willd and
A. lercheana Web. ex Stechm remained rather high, 37.7% by number and 83.7%
by weight), since their rags for April-August did not have time to completely turn
into steppe felt.
According to some publications, the contribution of underground organs
to the total mass of herbaceous phytocenoses is 50-90% [10, 11]. In our studies,
the weight of roots for meadow-chestnut soil and typical saline soil turned out to
be 2.2 and 2.9 times less than for light-chestnut soil. The root weight comprised
85.0-87.2% from the total phytomass yield depending on the soil type. Such a
high ratio of aboveground and underground mass (1:6.8-1:5.7) is typical for all
arid regions worldwide [12, 13].
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Our data show that the following regression equations describe the relationship between the accumulation of aboveground (x) and underground (y) mass
in ecosystems in semi-desert conditions, depending on the type of soil:
for light chestnut soil y = 0.6935x + 73.7823 (r = 0.97, R = 0.96);
for meadow chestnut soil y = 1.1804x + 30.7254 (r = 0.96, R = 0.95);
for typical saline soil y = 1.7925x + 21.0415 (r = 0.97, R = 0.95).
The main reason for the decrease in the phytomass on the meadow- chestnut soil and saline soil is typically an increase in soil salinity and a change in its
character towards an increase in the ratio of Cl:SO42 ions [11]. It should be
noted that the productivity of the grass ecosystems of the Terek-Kuma lowland
was significantly lower than in other regions of the country, where it is 15-20 t/ha
[10, 11]. Only on light-chestnut soil this indicator approached the lower of the
indicated limits, and on meadow-chestnut soil and typical saline soil it turned out
to be 2.2-2.6 times lower. Similar results were obtained by other authors in the
territory of our study [5], in the Astrakhan region [14], in the dry and desertified
steppe of Tuva [12, 13], in the arid regions of Iran [15], Panama [5], China [16],
and in regions with arid climates.
In plant life, Ca plays an important role in the formation of cell walls,
takes part in maintaining the structure of chromosomes, mitochondria, and ribosomes [17, 18], increases salt tolerance [19-21], plant resistance to heat stress [22]
and negative effects of heavy metals [23], optimizes the growth and development
of roots [24].
For 2013-2015 (April, August), the average values of Ca content in the
green mass and other elements of vegetation cover in general corresponded to the
accumulated yield of phytomass and amounted to 0.48% for light-chestnut soil,
0.41% for meadow-chestnut soil, and 0.40% for typical saline soil. Significant
differences were noted in the content of the element among plant species. For
light-chestnut soil, 51% of the total projective cover (77%) fell on cereals — Anisantha tectorum (L.) Nevski, Bromus squarrosus L., Poa bulbosa L., Eragrostis minor
Host and Eremopyrum triticeum (Gaertn.) Nevski, 15% — on Artemisia taurica
Willd and A. lercheana Web. ex Stechm, 5% — on saltwort, including Ceratocarpus arenarius L., Salsola iberica Sennen & Pau, Petrosimonia brachiata (Pall.)
Bunge, 3% — on Silene conica L. and Herniaria incana Lam., and 3% — on
Alussum desertorum Stapf. The calcium content was 1.03% for wormwoods,
0.93% for Chenopodioideae, 0.38% for Caryophyllaceae, 0.22% for Cruciferae and
0.58% for cereals.
On the meadow-chestnut soil, the projective cover of Poaceae plants decreased 5.1 times, of Caryophyllaceae 2.0 times, and Cruciferae 1.5 times, while
wormwoods from the Asteraceae family increased 2.0 times. Despite the fact that
on this type of soils the proportion of Asteraceae and Chenopodioideae soils with
a high Ca accumulation increased, the average content of the element decreased
to 0.47% in the Poaceae group compared to that for light-chestnut soil, and up to
0.90% in the Chenopodioideae with insignificant deviations in other families. On
a typical saline soil, the total projective cover by phytocenosis (43.5%) approached
the value on meadow-chestnut soil (48.5%), but the content of the element decreased only in saltwort (by 0.24%) with relatively similar values in other groups
of plants.
The decrease in Ca content in the phytomass as light-chestnut soils >
meadow-chestnut soils > typical saline soil, we associate with a slight decrease in
the pH of the soil solution in the same row (8.6 > 8.2 > 8.0), which becomes the
reason for more easy availability of Ca from soils, the same is confirmed by other
authors [25]. In addition, the increase in salinity and the transition from its sulfate
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type to the sulfate-chloride type affect [11]. These factors significantly reduce the
availability of Ca for plants from meadow-chestnut soil and typical saline soil
compared to the light-chestnut type.
It is known that the influx of ions of various metals from the soil into the
root system and aboveground organs of plants is due to the dynamics of osmotic
pressure with the participation of ion transporter encoded by different genes [26].
The following equation describes the role of soil type (x) and species composition
of phytocenoses (y) in changes in Ca concentration (z):
z = 0,1057  0,4999x + 1,1898y.
In the rags and felt,
the Ca content leveled off,
and in the underground organs it decreased from 1.38%
for the first two types of soils
to 1.14% for typical saline soil
(Fig. 1). A sufficiently high
amount of Ca in the phytomass under the conditions of
a non-flush water regime proFig. 1. Са accumulation in phytocenoses of the Terek-Kuma moted the maintenance of a
Lowland depending on soil types and seasons: LCS — light- neutral and slightly alkaline rechestnut soil, MCS — meadow-chestnut soil, TSS — typical action in the soil solution [10].
saline soil; a — green mass, b — rags, c — steppe felt, d —
The reserves of the elroots (Kochubey Biosphere Station of the Precaspian Institute
ement
in
the root mass for all
of Biological Resources, the Dagestan Federal Research Censoils
were
higher than in the
ter RAS, 2013-2015).
aboveground one, by an average of 12.6 times (73.81 kg/ha vs. 5.85 kg ha). Given the above data, the Ca
balance was compiled in biogeocenoses of the considered
soil types (Fig. 2). In herbal ecosystems, calcium is consumed significantly more than in forest ones [16].
In our study, for light-chestnut soil,
42.0% of a total 125.23 kg/ha Ca,
consumed by the phytocenosis per
year, returned to the soil during the
decomposition of steppe felt, the
value for underground organs was
Fig. 2. Calcium budget in phytocenoses of the Terek- 58.0%. For the meadow-chestnut soil,
Kuma lowland depending on the soil type: LCS — light the share of Ca received during the felt
chestnut soil, MCS — meadow chestnut soil, TSS — decomposition decreased to 36.8%,
typical saline soil; a — entered the soil during the
while for a typical saline soil it indecomposition of underground organs, b — entered
the soil during the decomposition of felt; the graph creased to 48.4%.
The relatively high productivshows amount of Ca taken up by growing plants (Kochubey Biosphere Station of the Caspian Institute of ity of phytocenoses on light-chestnut
Biological Resources, the Dagestan Federal Resoil contributes to the enrichment of
search Center RAS, 2013-2015).
its upper horizons with Ca and other
biophilic elements (Fe, Si, Al), which serve as the main factor in the biosynthesis
of secondary clay minerals that form the absorbing soil complex. The high content
of Ca in the phytomass of herbaceous plants (along with Mg and S) leads to the
saturation of the absorbing complex of soils of the Terek-Kuma lowland with this
strong coagulator, which ensures the formation of favorable agrophysical soil
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properties and an improvement in its structure [1].
For all types of soils, a higher Ca content was observed in spring compared
to the summer period (1st decade of August), which is explained by the favorable
water regime of the soil during this period, promoting the entry of chemical elements into plants. A decrease in the amount of Ca in August is associated with an
increase in soil salinity, an increase in the osmotic pressure of the soil solution,
and a slowdown in the supply of soil moisture and nutrients to plants. These data
confirm the validity of the conclusion that the intensity of the influx of chemical
elements, including Ca, into plants is associated with favorable hydrothermal conditions [10], and not with the transformation of meadow-wormwood communities
into ephemero-wormwood and wormwood [3, 4].
Another reason for the decrease in the accumulation of Ca in pasture
phytocenoses by the end of the growing season or by the next spring is the outflow
of some elements from aging and dying plant tissues into young or newly formed
ones. According to Titlyanova [10], the process of re-location of nutrients is universal and inherent in all ecosystems. Consequently, on the main types of the
studied soils, a sufficient content of Ca in the phytomass and its subsequent supply
to the upper part of the soil profile, becomes the basis for the biological cycles of
Ca in herbal cenoses.
Thus, in the conditions of Terek-Kuma lowland, the light-chestnut soil provides the maximum reserves of photosynthesizing phytomass (4.84 t/ha per year), rags
(3.21 t/ha per year), steppe felt (4.32 t/ha per year) and roots (83.71 t/ha per year).
These values decreased 2.3, 1.5, 2.3 and 2.2 times, respectively, for meadowchestnut soil, and 2.6. 1.7. 2.5 and 2.7 times for a typical saline soil. The accumulation of Ca in the aboveground and underground parts corresponded to the
yield of phytocenoses. Its content averaged 0.48-0.40% in the green mass, 1.01.3% in felt, and 1.14-1.38% in underground organs. The maximum reserves of
the element in the aboveground parts during the growing seasons accumulated the
light-chestnut soil (9.71 t/ha per year), exceeding similar indicators for meadowchestnut soil and typical saline soil 2.7-fold and 3.1-fold, respectively. During
decomposition of steppe felt, 42.0% of Ca consumed by plants was returned to
the light-chestnut soil, 36.0% to the meadow-chestnut soil, and 48.4% to the
typical saline soil. The same amount of the element moved to the above-ground
organs. During the decomposition of underground organs, plants received, according to soil types, 58.0, 64.0 and 51.6% of the released Ca, respectively. It
was revealed that the difference in the dynamics of Ca accumulation in the
phytomass structural components (photosynthesizing parts, rags, steppe felt, and
roots) of semi-desert phytocenoses depends on the plant species composition,
soil type, and season.
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Abstract
Current studies on artificial mushroom cultivation are aimed at optimizing mineral nutrition and the delivery of metals(II). Organically bound trace metals are superior to their inorganic
precursors. Cu, Mn, Fe, Zn, and Co metal(II) complexation with essential amino acids seems to be
a solution to the bioavailability problem, thus making amino acid chelates of biogenic metals relevant
for study. In particular, aspartic acid salts potentially could improve cultivable mushroom growing
due to use of bioavailable organic compounds of microelements. However, a comprehensive study on
mineral nutrition of cultivated mushrooms using biogenic metal chelates has not been conducted
previously. This paper is the first to discover and characterize the effect of metal(II) aspartates on
growth, biochemical response, antibacterial activity of mycelium submerged cultures, and fruitingbody formation in basidiomycetes Ganoderma lucidum strain 1315, Grifola umbellate strain 1622,
Laetiporus sulphureus strain 120707, Lentinula edodes strain F-249, and Pleurotus ostreatus strains 69,
BK1702 and HK352. The work was aimed at elucidating and comparing action of the variable-valent
metal(II) aspartates on the physiological and biochemical parameters of the basidiomycetes. Glucose- and wheat powder-based nutrient media supplemented with 1½104 mol/l Cu(II), Mn(II),
Fe(II), Zn(II), and Co(II) aspartates were used to grow mycelia in submerged culture, comparing
growth parameters and production of fruiting bodies. Media without any supplements or with
2½10 -4 mol/l L-aspartic acid were control. Antimicrobial activity of the metal-containing biosamples
against plant pathogenic bacteria Micrococcus luteus B-109, Pectobacterium carotovorum subsp. сarotovorum (strains 603 and MI), Pectobacterium atrosepticum 1043, Pseudomonas fluorescens EL-2.1, Xanthomonas campestris B-610 was determined by agar well diffusion method. A pool of secondary metabolites was analyzed by high performance liquid chromatography/high resolution time-of-flight
mass-spectrometry method. Metal levels in specimens were quantified by atomic absorption spectroscopy technique. The fruiting body formation was tested in the lab and upon commercial growing. In
lab tests, it was established that amino acid chelates of biogenic metals(II) intensify mycelium growth
in liquid-submerged culture and fruiting body formation. Chelates of copper, manganese, zinc, and
to a lesser extent iron, exhibited the significant growth-promoting effect on the basidiomycetes' mycelium under the submerged culture conditions, especially in respect to lacquered polypore, umbrella
polypore, and sulfur-yellow polypore. The additives of Cu(Asp)2, Mn(Asp)2, Zn(Asp)2 showed only
slight stimulation or even inhibition of P. ostreatus 69 growth. Aspartic acid caused a suppressing
impact on mycelia accumulation, regardless of the basidiomycetes' taxonomic characteristics. At the
oyster mushroom fermentation in the presence of biogenic metal aspartates, the interstrain distinctions occurred among rapidly and slower growing cultures in relation to the metal chelates' exogenic
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action. Thus, in assays with Cu(Asp)2 and Zn(Asp)2, the strain P. ostreatus BK1702 had an advantage over others in accumulating biomass. Manganese chelate exerted the most profound positive
effect on the fast-growing strain P. ostreatus HK352. The latter, however, was suppressed in its development to the greatest extent compared with BK1702 or 69, when the cobalt organic salt appeared in the liquid medium. Earlier we discussed in detail the items related to these substances'
increased level resulted from the exogenic action of some compounds. As a biochemical response of
cultures to the above aspartates occurrence in the starting nutrient media, the organic substances
with double bond, which were not detected in the absence of the same additives, appeared in the
growth liquid. These substances were aromatic alcohol 2-phenylethanol, as well as parahydroxyphenylacetic acid, the latter's maximal extracellular concentration evaluated by the analytical
signal being observed at Mn(Asp)2 introduction. According to the data we gathered by physicochemical research, the metal(II) aspartates, notably Mn(Asp)2, Cu(Asp)2 in the growth liquid induced the
increased level of 5-hydroxymethyl-2-furaldehyde, dihydropyrone (structurally similar to kojic acid),
para-hydroxyphenylacetic acid, which antioxidative properties are important for mushroom culture.
Positive impact of the certain combinations of Mn(II), Cu(II), Fe(II), Zn(II) chelate compounds on
P. ostreatus vital functions could be efficiently used for elaborating upon scientific foundations and
developing the technology of mushroom mineral nutrition, including wide-scale growing. Biogenic
metal aspartates could serve as the active ingredient in biopreparations for commercial mushroom
culture. Oyster mushroom fruit bodies and mycelium parameters provided by the aspartates implementation allowed us to propose manganese(II) chelate for put into practice.
Keywords: basidiomycetes, physiological and biochemical features, biometals, amino acid
chelates, aspartates

Interest in studying the influence of microelements on the physiological,
cultural, biochemical properties of edible and medicinal higher mushrooms is
due, on the one hand, to wide practical use, on the other, to the uniqueness of
basidiomycetes as objects of microbiological and biochemical studies [1, 2]. The
cultivation of xylotrophic macromycetes is, in fact, a biotechnological utilization
of lignocellulosic waste, effectively converted into human food or feed with high
nutritional value and improved bioavailability [3, 4].
Significant efforts to improve production of functional food ingredients
and natural nutritional supplements aim at production of microbial biomass enriched with biometals [5-7]. The enrichment of mushroom cultures with substances containing essential elements can be very effective [8]. Therefore, the
optimization of mineral nutrition and delivery of metals(II), such as copper,
manganese, iron, zinc, cobalt, is essential for artificial cultivation of mushrooms.
The organic form of trace elements has significant advantages over inorganic precursors [9-11], in addition, when used in the form of inorganic salts,
metals are unavailable for utilization by organisms [12-14]. Chemical complexation of metals(II) (in particular Cu, Mn, Fe, Zn, Co) with essential amino acids
seems to be a solution to the problem of bioavailability [15, 16].
Interaction of metal ions with amino acids at a molar rate of 1:(1-3) leads
to chelation through the formation of covalent-coordination bonds [17]. Amino
acids and products of enzymatic degradation of proteins. i.e. small peptides are
ideal ligands, since they possess at least two functional groups necessary for the
formation of a ring structure with a metal [18]. Metal ions bind to carboxyl
groups, and in aspartic acid complexes, some metal ions are able to form a chelate
bond with amino groups [19, 20]. Therefore, stability constants of a number of
metal complexes of aspartic acid are mainly determined by the metal ion affinity
for the amino group [21] followed by selective binding of metal ions and their
transfer through building complexes with aspartate [22, 23]. Coordination complexes of trace elements increase the absorption of minerals by the body [24]. Bioconjugation of metals with amino acids is a valuable tool for the functionalization
of natural proteins and peptides [25, 26].
Our previous work studied the biological activity of fungal substations
when the nutrient medium contained inorganic salts of biometals(II) [27]. Min607

eral salts of biometals as an exogenous source of microelements in deep fungal
cultures did not provide a positive biological effect. So far, systemic studies to
optimize mineral nutrition of cultivated mushrooms using aspartates of biogenic
metals have not been carried out.
This paper is the first to discover and characterize the effect of aspartates
of metals(II) with variable valency on growth, biochemical response in submerged cultures, antibacterial activity, and fruiting body formation in basidiomycetes of genera Ganoderma, Grifola, Laetiporus, Lentinula, and Pleurotus.
Our work aimed to reveal and compare the action of aspartates of metals(II) with variable valency on physiological and biochemical parameters of basidiomycetes.
Materials and methods. Basidiomycetes used in the experiments were
zizhi (Ganoderma lucidum 1315), umbrella polypore (Grifola umbellata 1622),
chicken-of-the-woods (Laetiporus sulphureus 120707), shiitake mushroom (Lentinula edodes F-249), and tree oyster mushroom (Pleurotus ostreatus). Strains P.
ostreatus BK1702 and HK352 were obtained from the collection of basidiomycetes of the Institute of Biochemistry and Physiology of Plants and Microorganisms RAS (IBPRM RAS), P. ostreatus 69 was provided by the Institute of
Microbiology of the National Academy of Sciences of Belarus. Mushroom cultures were maintained on wort agar (4 degrees Balling) in the dark at 4 С.
Bacterial test systems for antimicrobial activity assay were selected based
on the World Federation for Culture Collection — WFCC, #975, World Data
Center of Microorganisms — WDCM, #1021. Plant pathogenic bacteria Micrococcus luteus B-109, Pectobacterium carotovorum subsp. сarotovorum (strains 603
and MI), Pectobacterium atrosepticum 1043, Pseudomonas fluorescens EL-2.1,
Xanthomonas campestris B-610 were used to measure antibacterial activity of
submerged cultures of mushroom mycelium grown in the presence of chelates.
Glucose-asparagine culture medium contained 9.0 g/l D-glucose (300 mM
carbon concentration) and 1.5 g/l L-asparagine (20 mM nitrogen concentration);
yeast extract culture medium contained 10 g/l D-glucose and 1 g/l yeast extract.
For solid media, 1.8-2.0% (w/v) agar was added.
Oyster mushroom liquid inoculum was cultured in wheat flour medium
based on decoction of wheat flour at 26 С. For culture medium, 100 ml of cold
water was added to 20 g of premium wheat flour, stirred until homogeneous.
The suspension was poured into 900 ml of boiling water in a thin stream, boiled
for 2-3 minutes, and autoclaved at a 1 atm extra pressure.
Micrococcus luteus, Pectobacterium carotovorum subsp. сarotovorum, Pectobacterium atrosepticum, and Pseudomonas fluorescens were grown on the medium containing 10.0 g/l meat extract, 10.0g/l peptone, and 5.0 g/l NaCl. The
medium for Xanthomonas campestris had the following composition: 20.0 g/l glucose, 10.0 g/l yeast extract, and 20.0 g/l CaCO3. For solid media, 18 g/l Bacto®
Agar (Difco Laboratories Inc., USA) was added, pH was adjusted to 7.2-7.4. All
bacteria were cultured at 28 С.
Cu(II), Mn(II), Fe(II), Zn(II), and Co(II) aspartates added to glucoseor wheat decoction-based media had the general formula M(Asp)2, where Asp is
aspartic acid, and were used at a 1½104 mol/l metal concentration in the medium. A 2½104 mol/l aspartic acid was another additive. Aspartates were nonhygroscopic free flowing fine powders of lilac color for cobalt, blue for copper,
beige for iron, slightly beige for manganese, and white for zinc. Aspartates of
metals(II) were derived from direct interaction of metal sulfates with a stoichiometric amount of aspartic acid (Asp) via complexation in neutral conditions,
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followed by thermal spraying to dry [28].
For mycelial culture, 14-day-old mycelium of G. lucidum, G. umbellata,
L. sulphureus, L. edodes, and P. ostreatus grown on beer wort agar (4 degrees
Balling) was used as an inoculum. А 5 mm wort agar disc taken with a sterile
metal punch from one zone of mycelium in а Petri dish was the dose of inoculum. Three disks per 50 ml of liquid medium were put into flasks to grow liquid
culture mycelium, and 1 disk was put in the center of a Petri dish to grow mycelium in solid medium. The flour medium was inoculated with mycelium grown
on solid beer wort in a Petri dish for 7-10 days.
Concentrated stock solutions of organic and inorganic salts in 50% (v/v)
aqueous ethanol were added, with an automatic pipette, into each flask or molten agar cooled to a temperature of  40 С after autoclaving, prior to pouring
Petri dishes. Calculation of the resultant concentration of M2+ cations in nutrient media considered the specified dilution. Growth media without aspartates or
aspartic acid served as a control for mushroom cultures, including oyster mushroom strains.
P. ostreatus inoculum for growing fruiting bodies was cultured according to the standard technology on durum wheat grain substrate [29]. The
grain was exposed to hot water (90 С) for 20 min and twice (with a 24 h
interval) autoclaved at 1 atm for 30 min in 500 ml containers. The wheat grain
substrate was inoculated with 14-day old mycelium from submerged cultures
grown in flour medium with or without (control) of metal aspartates. Mycelial
inoculum was also grown in flour medium with pairs of amino acid chelates
added to sterile wheat flour decoction. On days 3, 5, 7, 9, and 14 of growth, the
grain substrate was shaken to provide better colonization and inspect contamination by competing microflora. Cultivation lasted 2 weeks at 24-26 С.
Sunflower husk, the most available and therefore popular lignocellulosic
substrate for industrial mushroom farming in Russia, was used in the experiments. Fruiting bodies were grown in lab tests according to a standard technique
with pasteurized substrate. After 2 weeks in the dark, containers with colonized
substrate were exposed to light in a humid chamber. On day 15 after inoculation, all the studied strains produced primordia. Further, the growth of fruiting
bodies was monitored daily. The intensity of the substate colonization by P. ostreatus when using myceliated grain (grain spawn) from inoculation with liquid
cultures grown with and without М(Asp)2 additive was estimated to assess the
effect of metal(II) aspartates. Metal aspartates were also applied to sunflower
seed husk lignocellulosic substrate. The production of fruiting bodies was first
assessed in the lab tests and then in a mushroom farm.
Mycelium grown in submerged culture was separated using filters previously weighed on an analytical balance, then dried to constant weight, and
weighed again. The increase in biomass compared to 3-hour culture was measured in the control (without aspartates or Asp) and in test samples. The growth
rate in submerged culture was expressed as dry biomass accumulation per unit
time during culturing. The effect of exogenous aspartates or aspartic acid on mycelium liquid culture was expressed as biomass accumulation in the presence and
absence of L-aspartates or Asp.
Metal-containing biosamples of fungal origin were obtained as described
for inorganic salts [27]. The sensitivity of plant pathogens to fungal bioagents
was measured by agar well diffusion method as the radius of the zones of bacterial growth inhibition around the well minus the diameter of the well itself. If
the zones were oval in shape, the largest and smallest radius of the zone was
measured to calculate the average value. The estimates were deemed indicators
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of bactericidal activity.
Metal levels in biosamples were quantified by atomic absorption spectroscopy on an iCE 3000 C093500037 v1.30 spectrometer (Thermo Fisher Scientific, USA) at the Symbiosis IBPRM RAS Center for Collective Use (CCU)
of scientific equipment in physical and chemical biology and nanobiotechnology.
Effects of the chelates on the fungal secondary metabolic profile were assessed by comparing control growth media extracts and those with 104 mol/l
metal(II) aspartate (an UltiMate 3000 liquid chromatograph, Thermo Fisher Scientiﬁc, USA, coupled with a maXis Impact quadrupole time-of-flight mass spectrometric detector, maXis 4G, Bruker Daltonics, Germany). Separation was carried out on a column (150½2.1 mm) Acclaim ™ 120 C18 (2.2 µm) (Thermo Fisher Scientiﬁc, USA) in the mobile phase gradient elution mode.
The mobile phases contained 0.1% formic acid in water with the addition of 5 mM ammonium formate (A) and 0.1% formic acid in acetonitrile
(B). Gradient elution mode was as follows: 0 min — 98% A + 2% B, 15 min —
100% B, 20 min — 100% B, 30 min — 98% A + 2% B, with the flow rate of
0.3 ml∕ min1, the optimal temperature of the chromatographic column of is
35 С, the injection volumes of 20 μl. An ionBooster device (Bruker Daltonics,
Germany) was used for electrospray ionization. Selection of the optimal parameter values was described in previous works [30, 31].
The registered ion masses ranged within 200-500 Da. Sodium formate
(10 mM) in aqueous isopropanol solution of (1:1) was a calibrant. Calibration
was performed automatically when recording a chromatogram. The error in determining the ion masses did not exceed ±5 ppm (n = 3).
TargetAnalysis-1.3. software (Bruker Daltonics, Germany) was used for
identification. Chromatograms of the total ionic current and chromatograms of
extracted ion masses were processed using DataAnalysis-4.1 software (Bruker
Daltonics, Germany), the isotope distribution of analytes was drawn up with
IsotopePattern software (Bruker Daltonics, Germany).
Microsoft Excel software package was used for data statistical processing.
The arithmetic mean values (M) and standard deviations (±SD) are given. The
values of the parametric Student’s t-test were found for the 95% significance level.
Results. Biogenic metal chelates of amino acida, in particular aspartates,
allow the use of microelements in a bioavailable organic form for artificial cultivation of mushrooms. Aspartic acid is used as a substance that forms a compound with metals, while the molar ratio of aspartic acid:metal is 2:1.
In contrast to inorganic salts of biometals(II) in our previous study
[27], aspartates which have
low toxicity and high biological activity [28] showed
a high potential to mycelial biomass production and
fruiting body production in
lab tests with 1½104 mol/l
Fig. 1. Biomass accumulation in 21-day old submerged cultures trace element level in the
of Ganoderma lucidum 1315 (a), Grifola umbellata 1622 (b), and nutrient media.
Laetiporus sulphureus 120707 (c) grown in a yeast extract-glucose
In submerged culnutrient medium with additives: 1 — Cu(Asp) 2, 2 — Mn(Asp) 2,
tures,
most
of the additives
3 — Fe(Asp)2, 4 — Zn(Asp)2, 5 — Co(Asp)2, 6 — Asp (M±SD).
showed a significant growthstimulating effect, especially for Ganoderma lucidum 1315, Grifola umbellata 1622,
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Laetiporus sulphureus 120707 (Fig. 1). The dry biomass statistically significantly (p <
0.05) exceeded the control values without aspartates.
Stimulation of basidiomycetes by metal cations can be due to their ability to bind and stabilize key compounds for mycelium growth which molecules
have various chemical structures, dimensional and charge characteristics, solubility, lipophilic properties, and reactivity. The distribution of charges plays a certain role. The negative charge on the mycelium surface, which promotes complexation during metal-ligand interactions, is provided by chitin, a component of
the fungal cell wall [32], and carboxyl, amine, thiol, amide, imine, thioether,
and phosphate functional groups [33]. There is not just a chemical reaction between the metal-containing compounds and the mycelium surface, in which the
biomass passively binds metal ions according to known physicochemical mechanisms. The interaction with aspartates is metabolically dependent, which undoubtedly contributes to diverse responses of different fungal species to the same
metal compound (see Fig. 1).
However, organic salts Cu(Asp)2, Mn(Asp)2, Zn(Asp)2 showed very weak
stimulation or even inhibited P. ostreatus 69 despite a significant positive effect
on the growth other mushroom species (Fig. 2).

Рис. 2. Biomass accumulation in 21-day old submerged cultures of Ganoderma lucidum 1315 (a),
Lentinula edodes F-249 (b), Grifola umbellata 1622 (c), Pleurotus ostreatus 69 (d), and Laetiporus
sulphureus 120707 (e) grown in a yeast extract-glucose nutrient medium with additives: 1 —
Cu(Asp)2, 2 — Mn(Asp)2, 3 — Fe(Asp)2, 4 — Zn(Asp)2, 5 — Co(Asp)2, 6 — Asp (M±SD).

The pronounced dependence on the taxonomic characteristics of basidiomycetes during their artificial cultivation with inorganic metal salts has been
experimentally confirmed. On the example of copper and zinc, the speciesspecificity of the effects of metals was shown for tens of cultures of edible mushrooms of different taxonomic positions [6, 34]. Eleven xylotrophic strains of
Trametes fungi in submerged cultures significantly differed in the activity of lignin-modifying enzymes in the presence of copper, iron, and manganese salts
[35]. Cu(II), Fe(II), and Zn(II) sulfates had different effects on the yield of biomass and polysaccharide metabolites of the fungus Antrodia cinnamomea [36].
Thence, the problem arose of selecting a P. ostreatus strain for more efficient use of amino acid chelates for spawn and fruiting bode production.
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Fungiculture of P. ostreatus is promising primarily due to its high
productivity, valuable nutritional composition, significant protein content [37,
38], and utilization of substrates unsuitable for any other purposes, namely the
non-food waste of agriculture and industry [39-41]. Current studies of P. ostreatus growth in liquid media aimed at developing a technology for submerged
mycelium culture to produce biomass for feed and food purposes, and as a
source of various physiologically active drugs [42, 43] and biotechnologically
valuable products [44-46]. Submerged culture is known as a fast and efficient
method of producing liquid spawn in the cultivation of this mushroom [47, 48].
To reveal the effects of exogenous aspartates and aspartic acid on slowand fast-growing strains of P. ostreatus, we compared growth of P. ostreatus 69,
P. ostreatus BK1702 and P. ostreatus HK352 in a liquid synthetic nutrient medium with glucose and yeast extract supplemented or not supplemented with metal(II) (Cu, Mn, Fe, Zn, Co) L-aspartates and Asp. The dry weight of mycelium
characterized the growth rate of P. ostreatus strains in the submerged culture. In
28 days after inoculation, the biomass in the absence of additives was
49.00±8.00, 124.86±6.38, and 244.7±15.77 mg/100 ml for the strains 69,
BK1702 and HK352, respectively. Dry biomass accumulation in P. ostreatus
HK352 was the highest.
The high rate of
mycelium growth in liquid
culture is associated with
advantages over contaminating species, significant competitiveness with extraneous
microflora, the ability to utilize various carbon-containing
compounds, including those
hardly available, of plant
waste from agriculture and
timber processing industry.
P. ostreatus HK352 grew up
the fastest compared to other
Fig. 3. Growth rate of Pleurotus ostreatus 69 (a) and P. osoyster mushroom strains,
treatus HK352 (b) in liquid yeast extract-glucose nutrient mediwhile P. ostreatus 69 grew
um (M±SD).
slower than others (Fig. 3).
It turned out that growth characteristics significantly contribute to the
sensitivity of P. ostreatus submerged cultures to the presence of metal(II) Laspartates in the nutrient medium (Fig. 4). Aspartic acid showed a weak effect,
and interstrain differences were practically not notable in the experiment.
Organic cobalt salt in the medium of the fastest growing strain HK352
suppressed the biomass accumulation to the greatest extent (see Fig. 4). Exogenous Mn(Asp)2 and Fe(Asp)2 caused changes in this parameter of the same or
opposite direction compared to the controls. The sensitivity of slow- and fastgrowing oyster mushroom strains to Cu(Asp)2 and Zn(Asp)2 was not the same.
These treatments were favorable for P. ostreatus BK1702 (see Fig. 4). The revealed cultural characteristics should be taken into account when selecting
strains for artificial culture.
Trace elements at physiological levels can be incorporated into the active site or act as active modulators of fungal enzymes [49]. It was shown that
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the activity of P. ostreatus laccase, endo-1,4-β-glucanase, and 1,4-βglucosidase increases in the presence of zinc and copper [50]. Zinc, copper and
iron in the culture medium can have a strong effect on the composition of the
fungal cell wall, as well as on the content of polyphenols and polysaccharides,
which are involved in the antioxidant, antitumor, immunomodulatory, and
other biological activities of basidiomycetes [51, 52].
However, it should
be borne in mind that only
relatively low concentrations of trace metals are
necessary for the growth
and development of fungal
cultures and the activity of
various enzymes [6]. Cobalt has a rather high toxicity for fungi, and biomineralization of Co sulFig. 4. Biomass accumulation in 21-day old submerged cultures fate compounds is poorly
of Pleurotus ostreatus HK352 (a), P. ostreatus BK1702 (b), studied even for metaland P. ostreatus 69 (c) grown in a yeast extract-glucose nu- tolerant species [53], which
trient medium with additives: 1 — Cu(Asp)2, 2 — Mn(Asp)2,
explains the higher sensi3 — Fe(Asp)2, 4 — Zn(Asp)2, 5 — Co(Asp)2, 6 — Asp
tivity to Co(Asp)2 in all the
(M±SD).
strains we studied. Possibly, the synergistic effects of the fungal metallothionein compositions, which
are responsible for binding metal cations of different toxicity [54], lead to an
enhanced bioaccumulation of cobalt and, consequently, a slowed down accumulation of fungal biomass.
We have characterized the biochemical response of submerged cultures of
basidiomycetes to the exogenous metal chelates. Analysis of the extracellular levels
of metals in the chelates by atomic absorption spectroscopy reveled that during a
2-week submerged growth the amount of metal in the culture liquid decreased
several times vs. the initial concentration in the nutrient medium (Table 1). Aspartates were involved in the growth and development of fungal mycelium.
1. General characterization of samples and metal detection in filtrates of fungal culture liquid at different culture ages (M±SD)
Samples
Lentinula edodes Cu 104 mol/l
Ganoderma applanatum Cu 104 mol/l
Ganoderma lucidum Cu 104 mol/l
Grifola umbellata Cu 104 mol/l
Pleurotus ostreatus Cu 104 mol/l
Laetiporus sulphureus Cu 10-4 mol/l
Lentinula edodes Fe 104 mol/l
Ganoderma applanatum Fe 104 mol/l
Ganoderma lucidum Fe 104 mol/l
Grifola umbellata Fe 104 mol/l
Pleurotus ostreatus Fe 104 mol/l
Laetiporus sulphureus Fe 104 mol/l
Lentinula edodes Mn 104 mol/l
Ganoderma applanatum Mn 104 mol/l
Ganoderma lucidum Mn 104 mol/l
Grifola umbellata Mn 104 mol/l
Pleurotus ostreatus Mn 104 mol/l
Laetiporus sulphureus Mn 104 mol/l
Lentinula edodes Zn 104 mol/l
Ganoderma applanatum Zn 104 mol/l

М2+ concentration, g/ml
day 0
day 14
25.6
25.6
25.6
25.6
25.6
25.6
22.4
22.4
22.4
22.4
22.4
22.4
22.0
22.0
22.0
22.0
22.0
22.0
26.0
26.0

3.78±0.05
1.49±0.06
3.58±0.07
2.54±0.02
3.83±0.01
2.51±0.03
8.14±0.02
2.90±0.01
2.50±0.02
3.44±0.01
3.61±0.01
1.93±0.01
7.45±0.07
0.33±0.01
4.30±0.01
6.39±0.19
6.98±0.02
6.26±0.02
3.82±0.03
3.12±0.01
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Ganoderma lucidum Zn 104 mol/l
Grifola umbellata Zn 104 mol/l
Pleurotus ostreatus medium1 Zn 104 mol/l
Laetiporus sulphureus Zn 104 mol/l
Lentinula edodes Co 104 mol/l
Ganoderma applanatum Co 104 mol/l
Ganoderma lucidum Co 104 mol/l
Grifola umbellata Co 104 mol/l
Pleurotus ostreatus Co 104 mol/l
Laetiporus sulphureus Co 104 mol/l

Continued Table 1
4.04±0.02
3.35±0.01
2.66±0.07
2.95±0.01
8.48±0.01
5.17±0.01
7.86±0.01
5.56±0.03
8.89±0.01
7.87±0.03

26.0
26.0
26.0
26.0
23.6
23.6
23.6
23.6
23.6
23.6

The effect of the added metal(II) chelates on the pool of secondary metabolites of fungal cultures was assessed by high-performance liquid chromatography/high-resolution time-of-flight mass spectrometry. The method combines
simple and fast sample preparation with the identification and sensitive determination of low molecular weight secondary metabolites in biological samples.
2. Main characteristics of extracellular compounds in Lentinula edodes culture medium with 10 4 mol/l metal(II) aspartate (high-resolution mass spectrometry of
positive ions [М+Н]+)
Analite

Empirical [М+Н]+,
formula m/z

Signals for samples with M(Asp)2
Cu
Mn
Fe
Zn
Co
C

C5H6O2

99.0441

500

nf

500

6000

nf

nf

С6H6O3

127.0389

3000

4000

3000

nf

3000

н.о.

C6H8O4

145.0495

6000

600

8000

nf

nf

nf

C8H10O

123.0804

1000

nf

1000

nf

nf

nf

C8H8O3

153.0546

2500

5000

nf

nf

nf

nf

CH2OH

O

2-hydroxymethylfuran

HOCH2

C

O

O

H

5-hydroxymethyl-2-furaldehyde
O
HO
OH

CH3

O

3,5-dihydroxy-2-methyl-5,6-dihydropyran-4-one

CH2CH2OH
2-phenylethanol

HO

CH2COOH

4-hydroxyphenylacetic acid)
N o t е. C —no additives, nf — not found.

The extracts from the nutrient medium supplemented with 104 mol/l
metal(II) aspartates were compared with the control (Table 2). The results showed
that aspartates of some metals(II) increased the production of 5-hydroxymethyl2-furaldehyde and dihydropyrone (see Table 2) in the culture. Our previous
works discussed in sufficient detail the data on the increased content of these
substances as a result of exogenous action of some compounds [55, 56]. Thus,
the medium for submerged culture of basidiomycete Lentinula edodes in the
presence of 1,5-diphenyl-3-selenpentanedione-1,5 C6H5COCH2SeCH2COC6H5,
the diacetophenonyl selenide, bis(benzoylmethyl)selenide, DAFS-25 [57], which
leads to an increase in the growth rate of the fungus and the activity of its extracellular lectins, and also serves as an antioxidant, contains 2-hydroxymethylfuran, 5-hydroxymethyl-2-furaldehyde, 3,5-dihydroxy-2-methyl-5,6-dihydropyran-4-one [55].
In the presence of transition metals (Cu, Mn, Fe, Co) [58] in the form of
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aspartates, the conversion of carbohydrates into 5-hydroximethylfurfural [59]
seems to occur via catalytic hydrolysis and dehydration of hexose-containing components of the nutrient medium leading to the formation of 5-hydroxymethyl-2furaldehyde. The latter inhibits tyrosinase which is responsible for the synthesis of
the fungal pigment melanin, that is, it serves as an inhibitor of melanogenesis [60].
The recognized importance should be mentioned for an innovative way of chemical utilization of hexose-containing raw materials to produce 5-hydroxymethyl-2furaldehyde, a promising intermediate product for chemical industry (production
of food additives, pharmaceuticals, polymeric materials, additives to motor oils
and biofuel precursors) [55, 59, 60].
Some samples of culture liquid contained 3,5-dihydroxy-6-methyl-2,3dihydro-4H-pyran-4-one (see Table 2). Note the similarity of the structure of
the discovered dihydropyranone and 5-hydroxy-2-hydroxymethyl-4H-pyran-4one, also called kojic acid. Kojic acid is a known inhibitor of melaninogenesis in
fungi, which is mediated by an increase in tyrosinase activity and occurs under
conditions of oxidative stress [61, 62]. Enhanced synthesis of this substance as
compared to the culture without additives indicates an increased antioxidant activity of submerged culture mycelium grown in the presence of aspartates we
studied in the work. This is another evidence of an increase in the adaptive potential of a mushroom culture grown in the presence of aspartates, especially
chelates of copper, iron, and manganese.
Organic substances with double bonds, including phenolic ones, not registered in the control, appeared in the culture medium as a biochemical response
of fungal strains to aspartates. Mn(Asp)2 caused the maximum extracellular concentration of para-hydroxyphenylacetic acid, as it followed from the intensity of
the analytical signal (see Table 2). This phenolic acid was detected in the mycelium of some higher fungi, e.g. Chroogomphus rutilus [63], Suillus granulatus [64],
and Clitocybe nuda [65].
It is believed that the antioxidant activity of mushroom extracts correlates with the total content of phenolic substances [66]. It was 4-hydroxyphenylacetic acid that contributed to the accumulation of phenols in the mycelium to the greatest extent than other exogenous para-hydroxy-substituted phenolic compounds [56].
The increase in the number of compounds with antioxidant properties
that we found in the presence of a number of aspartates in submerged basidiomycete cultures is consistent with the data available for other organisms. It is
known that the antioxidant properties of compounds can be enhanced when they
are used in various synergistic compositions with other antioxidants [67] and
with substances that do not in themselves exhibit this biological activity [68, 69].
The aspartates of Cu, Mn, Zn, and Mg were characterized by inhibitory activity
against xanthine oxidase and NADPH oxidase, reducing the production of oxygen radicals by these enzymes. The most active inhibitors of oxidative stress were
aspartates of the transition metals copper [70, 71] and manganese [72]. The effect of zinc [73] and magnesium [74] aspartates can be associated with the influence on the rate of spontaneous superoxide ion dismutation. It is reasonable to
assume that Cu(Asp)2, Mn(Asp)2 and Zn(Asp)2 act as biomimetics of Cu-, Zn-,
or Mn-dependent superoxide dismutases. The antioxidant properties of zinc aspartate as an effective inhibitor of production of the most reactive hydroxyl radicals [75] were also demonstrated in experiments with laboratory animals [76].
The obtained results suggest that amino acid chelates of copper, iron,
and manganese can affect the production of compounds important for mushroom culture adaptation.
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Рис. 5. Inhibitory activity of Cu-, Mn-, Fe-, Zn-, and Co-containing biocomposites based on Pleurotus ostreatus HK352 (I), Ganoderma lucidum 1315 (II), Lentinula edodes F-249 (III), Grifola umbellata 1622 (IV), Laetiporus sulphureus 120707 (V) against bacterial cultures: A — Pectobacterium
atrosepticum 1043, B — Pectobacterium carotovorum subsp. сarotovorum MI, C — Xanthomonas campestris B-610, D — Pectobacterium carotovorum subsp. сarotovorum 603, E — Micrococcus luteus B109, F — Pseudomonas fluorescens EL-2.1 (M±SD, agar diffusion method).

To better characterize the biochemical response of basidiomycetes to
metal chelates with aspartic acid, we measured the antibacterial activity of products from submerged mushroom cultures grown in the presence of chelates
against plant pathogenic bacteria Micrococcus luteus, Pectobacterium carotovorum
subsp. сarotovorum (two strains), Pectobacterium atrosepticum, Pseudomonas fluorescens, Xanthomonas campestris. A total pool of extracellular metabolites was
extracted from submerged cultures of G. lucidum, G. umbellata, L. sulphureus,
L. edodes, and P. ostreatus. The extracts contained products of biotransformation
of the introduced organic metal(II) complexes by fungi. The bactericidal effect
of the studied metal-containing biocomposites was assessed with plant pathogenic bacteria as a test culture by agar diffusion methods (Fig. 5).
At first glance, the discussed above property of cobalt(II) to inhibit the
growth of microorganisms does not correlate with the low bactericidal activity of
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its biocomposites of fungal origin. Only in 50% of cases, Co-containing biosamples showed at least minimal toxicity towards plant pathogens, and only G.
lucidum-derived composites had a zone of inhibition of more than 2 mm in tests
with P. atrosepticum (Fig. 5, A) and P. carotovorum MI (see Fig. 5, C). The
M(II) concentration in potentially antibacterial samples with cobalt and other
metals was the same. It can be assumed that the production of extracellular metabolites, reduced due to a slow increase in biomass in the presence of cobalt
aspartate, does not make a sufficient contribution to the formation of Cocomposites. In our opinion, production of fungal substances with low content of
extracellular antimicrobial metabolites leads to a sharply reduced ability to suppress the studied plant pathogenic bacteria. Additional indirect confirmation of
the importance of the chemical environment of the metal should be considered
when using its compounds to combat plant pathogens.
Aspartates of other metals which stimulated growth of the basidiomycetes
(see Fig. 1) differed quite significantly in the effect of metal-containing biosubstances on bacterial plant pathogens. Virtually no inhibition of bacterial growth
occurred in the presence of copper biocomposites. Only from the culture liquid
of Lentinula edodes it was possible to obtain an antibacterial sample characterized by a noticeable zone of growth inhibition for P. atrosepticum (see Fig. 5, A)
and X. campestris (see Fig. 5, C). The biocomposite from Grifola umbellata was
ineffective (see Fig. 5, D). Probably, the induction of copper-containing lytic
enzymes in the presence of this cation, noted in a large number of microorganisms [44, 46] and necessary for assimilation of nutrient substrate by bacteria, favors the survival of plant pathogens. This is also facilitated by bioproduction of
bacterial copper reductases [32] which catalyze the transformation of metal into
less toxic chemical forms.
The manganese is believed to be responsible for the induction of manganese peroxidase in microorganisms, primarily higher fungi. However, studies [50]
have shown a negative correlation between the maximum of Mn-peroxidase activity and the exogenous Mn concentration. It was found that this enzymatic
activity in the presence of Mn is lower than in its absence. Possibly, this was
partly due to the high antimicrobial activity of fungal substances that contain
manganese in a bioavailable organic form as observed in our experiment (see
Fig. 5). When they act on test bacteria, the indicated peroxidase activity may
decrease. Simultaneously, upon stimulation with Mn2+ ions, the activity of laccases (and lignin peroxidases) may not be detected, as is the case in microorganisms with different taxonomic affiliation and ecological strategy [77]. Indeed, the
highest quantitative characteristics of bactericidal action were found in the variant with Mn(Asp)2. The effect of this manganese chelate as a component of the
submerged culture medium used to produce potentially bactericidal samples was
much more pronounced than that of Zn(Asp)2 and especially of Fe(Asp)2, and
manifested itself against test strains of plant pathogens (see Fig. 5). The Pectobacterium carotovorum subsp. carotovorum 603 insensitive to the manganesecontaining inhibitor from Grifola umbellate was the only exception (see Fig. 5, D).
In our tests, the highest antibacterial effect with the absolute maximum
size of zone of P. atrosepticum growth inhibition was characteristic of the bioagents based on extracellular metabolites of Pleurotus ostreatus grown in the culture media with Mn(Asp)2 (see Fig. 5, A). The same producer of the organic
part of the biocomposite containing Zn(II) is in second place. However, this
Zn-containing bioagent acted exclusively on the plant pathogenic P. carotovorum
603 (see Fig. 5, D).
617

Other Zn(II) fungal-based composites showed moderate bactericidal activity and were effective in less than half of the tests with Zn(Asp)2. We failed to
produce a Zn-containing antibacterial agent containing extracellular metabolites
of one of the basidiomycetes, Lentinula edodes. That is, along with the selective
growth inhibitor of P. carotovorum 603, all fungal metal-containing biosamples
for which the size of bacterial growth inhibition zone was at least 8 mm were
derived using Mn(Asp)2 (see Fig. 5, E, F).
The iron aspartate-based bioagents in some tests were slightly inferior in
bactericidal action (see Fig. 5, C) or even showed slightly greater efficiency (see
Fig. 5, D) compared to Mn(Asp)2, but these results were obtained using Pleurotus ostreatus only. Iron biocomposites of fungal origin had almost no effect on
Ps. fluorescence (see Fig. 5, F).
Soil microorganisms, including members of the genera Pseudomonas,
Bacillus, Rhizobium, and Azotobacter, can be used to increase the phytoavailability of minerals, to improve plant health and for biocontrol [24, 32]. Such lab
tests were successful. However, the practical use of the bacterial biocontrol
method requires a comprehensive consideration of the originality and uniqueness of the plant protection strategy depending on the cultivar, the chemical
properties of the soil, and the external environment. The ability of potentially
biocontrol preparations to compete with resident rhizobacteria during root colonization in natural ecosystems varies greatly and is not always predictable.
Nevertheless, the problem of the interaction of drugs based on the biocomposites we proposed with rhizobacteria-based formulations is relevant. The fact
that in our experiments the bactericidal activity against Pseudomonas fluorescens turned out to be the least pronounced (see Fig. 5) is of interest to address the problem of negative impact of biocontrol drugs on resident rhizobacteria. In particular, biologicals based on biocomposites to which the P. fluorescens is tolerant or those compatible with useful rhizobacteria can be used.
Thence further studies are promising to identify the fungicidal properties of
metal-containing agents of fungal origin.

Рис. 6. Growth of Pleurotus ostreatus NK352 mycelium on sunflower husk substrate. The grain spawn
was produced in liquid cultures without additives (A) and with 1.0½104 mol/l Mn(Asp)2 (B).

Our experiments assessed the possibility of using metals(II) L-aspartates
as an active ingredient of biopreparations with complex (growth-stimulating
and adaptogenic) action for industrial cultivation of P. ostreatus. The accumulation of biomass of submerged mycelium of P. ostreatus strains under the influence of exogenous Mn(Asp)2 (see Fig. 2) changed in the same mode as that
in control, so an assumption can be made about the most pronounced positive
effect of manganese chelate on the fast-growing P. ostreatus HK352 strain. The
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liquid inoculum was obtained in the medium with a decoction of wheat flour,
as well as in the media supplemented with Cu, Mn, Fe, or Zn aspartates. The
colonization of grain substrate by P. ostreatus mycelium upon inoculation with
liquid culture grown in the presence of the listed organic salts was more intensive than in the control.
The mycelium obtained on a wheat grain substrate was used as an inoculum for growing fruiting bodies on a sunflower seed husk substrate. Given
the intensity of colonization of this lignocellulosic substrate by P. ostreatus
mycelium grown in the presence of Мn(Asp) 2 (Fig. 6), the manganese(II)
chelate had the most favorable effect on the formation of oyster mushroom
fruiting bodies.
Oyster mushroom growth is peculiar depending on trace metal chelates
of amino acids as additives, which is significant to select proper P. ostreatus
strains for biotechnological cultivation. E.g., the growth index under the influence of exogenous Fe(Asp)2 (see Fig. 2) changes in the opposite way to the
growth parameters of the control strains (see Fig. 2), that is, the greatest tolerance to iron chelate, including its mixtures with other aspartates, may be expected in the slow-growing strain P. ostreatus 69. At the same time, the patterns
of P. ostreatus sensitivity to Cu(Asp)2 and Zn(Asp)2 (see Fig. 2) shows a clear
advantage of moderately growing strain BK1702.
The impact of mixtures of aspartates on the growth and development of
cultures of three P. ostreatus strains was assessed based on combination of
growth parameters of the cultures and the strain tolerance to the exogenous effect of the metal chelates.
We added metal aspartates to the liquid medium to produce liquid
spawn, then to treat the grain substrate for the production of grain spawn, and
finally to treat the lignocellulosic substrate to grow P. ostreatus fruiting bodies. It
turned out that Мn(Asp) 2 + Zn(Asp)2 and Cu(Asp)2 + Zn(Asp)2 have the greatest stimulating effect on the P. ostreatus submerged mycelium growth and the
rate of grain substrate colonization, in addition, the fruiting occurs faster and is
more intensive.
Our findings allow us to propose some principles for application of trace
metal organic salts in growing oyster mushroom mycelium. Combination of
manganese and zinc aspartates in an equimolar ratio provides the fastest growth
of P. ostreatus cultures. In P. ostreatus strains with a moderate growth rate, combination of copper and zinc aspartates at a 1:2 molar ratio enhances submerged
mycelium production in all nutrient media. In slow-growing P. ostreatus strains,
treatment of the dense substrate with iron and zinc aspartates in a molar ratio of
1:2 leads to higher fruiting body formation. Chelated compounds of biogenic metals in the above combinations had a positive effect on the P. ostreatus vital activity.
Thus, amino acid chelated biogenic metals(II) are the factors for the intensification of spawn and fruiting body lab production of macrobasidiomycetes.
Our findings reveal a significant growth-stimulating effect of chelates of copper,
manganese, zinc and, to a lesser extent, iron on the submerged culture of basidiomycetes, especially Ganoderma lucidum, Grifola umbelata, and Laetiporus sulphureus. Cu(Asp)2, Mn(Asp)2 and Zn(Asp)2 weakly stimulate or even inhibit the
growth of Pleurotus ostreatus 69 though have a pronounced positive effect on the
other fungal cultures. Aspartic acid exhibits an inhibitory effect regardless of the
taxonomic characteristics of basidiomycetes. The oyster mushroom growing in
the presence of biogenic metal aspartates revealed differences between fast- and
slow-growing strains in the response to the exogenous metal chelates. Cu(Asp)2
and Zn(Asp)2 are favorable for the P. ostreatus BK1702 strain while Mn(Asp)2 has
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the most pronounced positive effect on the fast-growing P. ostreatus HK352
strain. The physicochemical results indicate that metal(II) aspartates, especially
Mn(Asp)2 and Cu(Asp)2, affect the biosynthesis of 5-hydroxymethylfurfural, dihydropyrone (structural analogue of kojic acid) and para-hydroxyphenylacetic
acid, i.e. the compounds with antioxidant properties which are important for
mushroom culture adaptiveness. The positive effect of combinations of chelated
Mn(II), Cu(II), Fe(II), and Zn(II) compounds on the vital activity of P. ostreatus should be studied to reveal fundamentals of mineral nutrition of higher
mushrooms and can be used in practical mushroom farming. This work suggests a biotechnological scheme for the application of organic salts of microelements to culture oyster mushroom mycelium. The obtained results indicate
high potential of mixtures of metal(II) chelates (aspartates) when used for production of mycelial biomass and mushroom fruiting bodies in lab conditions,
as well as the prospects of commercial biologicals based on aspartates of biogenic metals. The patterns of oyster mushroom mycelial growth and formation
of fruiting bodies in the presence of Mn(Asp)2 allow us to recommend the
manganese(II) chelate for practical use.
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Abstract
Modern science has strong evidence that Alternaria fungi pose a serious toxic hazard. Alternaria
species can grow well on various substrates and in a wide range of temperatures and humidity, occupying different ecological niches in this way, and can produce several types of especially dangerous
secondary metabolites (S.M. Tralamazza et al., 2018). The most well-studied Alternaria mycotoxin
alternariol (AOH), a dibenzo--pyron derivative, exhibits high cytotoxicity, genotoxic and mutagenic
effects (Z. Mao et al., 2014). However, the ability of Alternaria fungi to produce this toxin still remains
poorly studied. In Russia, a significant prevalence of small spore Alternaria species on grain crops
(Ph.B. Gannibal, 2004, 2006; T.Yu. Gagkaeva et al., 2012), and an increase in the frequency of Alternaria occurrence and AOH accumulation in grain and feed mixtures (G.P. Kononenko et al., 2019,
2020) have been recently reported. In this article, we first showed that the species A. tenuissima, A. alternata, and A. arborescens can cause AOH contamination of grain feeds. The work aims to investigate
AOH production by the grain feed-associated Alternaria species. Alternaria fungi were isolated from 57
feed samples of different types (wheat, barley, corn and oats, sunflower seeds, wheat bran and mixed
feeds). Monoconidial isolates identified by morpho-cultural features as A. tenuissima (Nees et
T. Nees: Fries) Wiltshire, A. alternata (Fr.) Keissl, and A. arborescens E.G. Simmons, and another 14
isolates assigned to A. infectoria species group were cultured for 7 days at 25 С on a panel of 4 mycological media, the potato-carrot agar (PCA), hay infusion agar (HAY), malt extract agar (MEA),
and vegetable juice agar (V-8). AOH was detected in extracts using a certified commercial kit for
indirect competitive enzyme-linked immunosorbent assay (ELISA). Among the isolates belonging to
A. infectoria species group, 13 were devoid of producing ability while for one of them the accumulation
of AOН was observed on all growth media in quantities 2.0±0.2, 14±3, 18±4 and 220±30 μg/g, respectively. Evaluation of the biosynthetic potential of A. tenuissima and A. alternata showed the highest
degree of its realization on MEA growth medium in terms of the total number of producers and the
share of highly active and superactive isolates. The total amount of AOH accumulation in these conditions for both species was almost the same and amounted to 73 and 71 μg/g, respectively. A. arborescens isolates provided the highest AOH production on V-8, HAY, and MEA media in amounts
equal to 106, 64, and 31 μg/g, respectively. The peculiarities of metabolic response of A. tenuissima,
A. alternata and A. arborescens species to environmental changes and a rapid method to assess toxigenicity of Alternaria fungi during taxonomic identification are discussed.
Keywords: alternariol, Alternaria tenuissima, Alternaria alternata, Alternaria arborescens, Alternaria infectoria species group, grain feeds, ELISA

Modern research convincingly evidence that fungi of the genus Alternaria
pose a serious toxicological hazard [1]. Owing to the possibility of active growth
on different substrates in a wide range of temperatures and humidity, these fungi
occupy a vast ecological niche and are capable of producing secondary metabolites
of several structural types with especially dangerous negative action [2-5]. In the
group of dibenzo--pyrones, the most known is alternariol (AOL) possessing high
cytotoxicity, genotoxic and mutagenic effects [6].
Assessment of the risk of mycotoxin contamination of natural objects
628

susceptible to infection by microscopic fungi implies a phased implementation of
a complex of mycological and mycotoxicological investigations. First, in a representative set of samples that most fully characterizes the object of the survey, the
main species are identified, and the data on the toxin-forming ability of the set of
isolates are extrapolated to the entire population. Similar projects for grain infected
with Alternaria fungi has already been undertaken several times for agroecosystems
in Latin America [7-9], Europe [10, 11] and Asia [12, 13], but comparison of the
results often failed because of the ambiguity of approaches to fungal species discrimination and differences in the experimental testing schemes. In Russia, the
potential for the AOL formation by Alternaria fungi that infect grain products
remains practically unexplored, and only one of the works of German researchers
provides data for 24 isolates from grain of one field in the Novosibirsk region [14].
It should be admitted that the difficulties associated with the variety of
methods for determining species of Alternaria fungi are objective. The taxonomic
system of this genus is currently improving [15, 16]. Morphological identification
is recognized as not always unambiguous, since some traits can overlap between
different species. The development of molecular methods, as well as a polyphase
approach using metabolic profile data, is still at the stage of information accumulation [17-19]. In this regard, when assessing biological objects, researchers are
increasingly inclined to choose the traditional approach based on a set of morphological characteristics of reproductive structures and sporulation under controlled conditions [20].
The procedure for testing fungi toxin formation in vitro undoubtedly needs
to be unified. For this purpose, it is preferable to use homogeneous agar media
but not grain substrates, on which the required precision of determination is not
always achieved. Short-term 7-day incubation at 23-25 С on such matrices followed by analysis of metabolites in blocks of mycelial-spore biomass is widely used
in chemotaxonomy of the genera Penicillium and Aspergillus [21, 22].
Here, we for the first time evaluated the ability of Alternaria fungi to
produce AOL on a panel of four growth media recommended for the identification of the members of this genus. Our findings revealed the species-specific
metabolic response to the type of growth medium and, in addition, showed for
the first time that three morphological species, the Alternaria tenuissima, A. alternata, and A. arborescens may be involved into grain feed contamination with
this toxin.
Our goal was to study the potential for the production of alternariol in
populations of small-spore species of the genus Alternaria fungi associated with
grain feed.
Materials and methods. Primary cultures of Alternaria fungi were isolated
from 57 samples of seven types of grain feeds, the wheat grain (29 samples), mixed
feed (12 samples), barley grain (7 samples), sunflower seeds (6 samples), and wheat
bran, corn grain and oats (one sample each). The fungal species was identified by
cultural and morphological characteristics as described [23]. Monoconidial cultures of Alternaria tenuissima (Nees et T. Nees:Fries) Wiltshire, A. alternata (Fr.)
Keissl and A. arborescens E.G. Simmons derived from conidial suspensions in
0.1% sterile Tween 80. Controlling the number of conidia in one drop with a
diameter of 0.4 cm, 3-4 drops were put into sterile Petri dishes filled with a thin
layer of melted and cooled Chapek-Dox agar and cultured for 1 day at 23-25 С.
The agar fragments with single germinated conidia, after being examined under a
microscope, were put onto a Chapek-Dox agar slant.
A scheme of 1 isolate—1 sample was applied for testing each Alternaria
species. In total, there were 14 polyconidial isolates of the A. infectoria group of
species and monoconidial isolates of A. tenuissima (23 isolates), A. alternata (20
629

isolates) and A. arborescens (8 isolates, including 3 strains isolated from barley,
Nos. 157011, 158011, and 529051 of the Yachevsky Laboratory of Mycology and
Phytopathology mycological herbarium, All-Russian Research Institute of Plant
Protection, St. Petersburg, Russia).
For morpho-cultural characterization of isolates assigned to the group of
A. infectoria species, yeast extract sucrose agar (YES) was used. Ten-day old cultures in Chapek-Dox agar served as inocula. The growth media were potato-carrot
agar (PCA), hay infusion agar (HAY) prepared as per [24], malt extract agar
(MEA) (Liofilchem S.r.l., Italy) and vegetable juice agar (V-8) prepared from
vegetable juice (LLC South Juice Company, Krasnodar Territory, Belorechensk,
Russia) as per [23]. Each inoculum (in 3 replicates) was put into a 10 ml flask (a
bottom diameter of about 18 mm) with 1.5 ml of one of the above media. The
flasks were closed with cotton-gauze plugs, additionally wrapped with Parafilm M
(Merck KGaA, Germany) and incubated in the dark for 7 days at 25 С; then
each flask was added with 1.5 ml of a mixture of acetonitrile and water, a volume
ratio of 84:16, and vigorously shaken at the beginning and end of stationary 14hour extraction. The AOL levels in the extracts were quantified using ELISA test
for alternariol [25] with 0.01 μg/g detection limit of the toxin.
The data were processed using descriptive statistics in Microsoft Excel
2013, the results were expressed as arithmetic means of the values (M) with an
error of the sample mean (±SEM).
Results. The recent data of an extensive study of the Alternaria species
composition in the European Russia indicate that A. tenuissima and A. infectoria
species complex are most common in cereal seeds, while A. alternata and A. arborescens are much less frequent [26-28]. The results of the first survey of grain
fodder definitely indicated that A. tenuissima predominates in the mycobiota of
wheat and barley grains [29].
In this work, using more than 150 samples of grain feeds (mainly wheat,
barley, sunflower seeds and mixed feeds with a high proportion of grain components), we managed to form sets of enough size only for isolates of A. tenuissima,
A. alternata and A. infectoria group of species. Isolates identified as A. arborescens
were found only in 5 samples, that is why the accessions of similar origin were
additionally taken. We thought it expedient to test isolates on a panel of media
recommended for the species identification procedure, since this approach could
be used in the future for the rapid detection of toxin production in these fungi
already at the stage of mycological analysis. Each of the 66 strains were grown
under identical conditions on PCA, MEA, HAY and V-8 agars. This work is the
world’s first comparative analysis of toxin production in A. tenuissima, A. alternata,
A. arborescens and A. infectoria group on PCA, HAY and V-8 growth media.
All A. tenuissima isolates produced AOL on MEA, HAY, and V-8, while
no toxin was found on PCA in two isolates (Table 1). On all media, fluctuations
in the amount of the toxin in isolates were three orders of magnitude. We noted
this feature earlier, and it was even more pronounced. E.g. the AOL accumulation
in 15 A. tenuissima isolates (wort agar, 7 days, 25 С) ranged from 0.8 to
710 μg/g [29]. In 17 strains isolated from grain in the Novosibirsk region (rice
grain, 14 days, 25 С), the variation was more significant, from 0.405 to
26900 μg/g [14]. The A. tenuissima isolates showed a group response to the
type of nutrient medium. On MEA the predominant accumulation occurred in
12 isolates of those tested, V-8 agar was preferable for 5 isolates, and another
5 isolates produced comparable amounts of AOL on all three substrates. On average, over the entire set of isolates, the level of AOL accumulation decreased as
MEA > V-8 > HAY. The toxin concentration of 10 μg/g or more was detected in
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17 cultures on MEA, in 16 cultures on V-8, and in 10 cultures on HAY. Overactive
production (above 100 μg/g) was noted on MEA and V-8, respectively, in 7 and
2 isolates, but it was not observed on HAY. In general, as followed from the mean
values for the entire set, the greatest metabolic response in A. tenuissima was
achieved on MEA, while on HAY and V-8 it was slightly lower.
1. Alternariol (AOL) production by monoconidial isolates of Alternaria tenuissima
from grain feeds on different agar media (7 days, 25 С) (М±SEM)
Isolate No., n = 23

PCA

AOL, μg/g substrate
MEA
HAY

V-8

204/1
0.04±0.01
105±20
26±3
38±4
215/1
0.50±0.10
22±4
16±3
23±2
221/1
0.07±0.00
253±35
37±7
12±1
222
0.80±0.20
138±18
20±4
72±12
225
2.90±0.40
73±15
37±6
12±2
228
–
30±7
4.8±0.6
0.3±0.0
233/1
0.04±0.00
10±2
23±6
80±14
234/2
–
33±3
7.3±1.1
117±23
236/1
0.02±0.00
26±6
59±8
19±3
241/1
0.20±0.00
200±43
53±8
37±7
242/1
0.90±0.20
39±7
1.5±0.3
3.9±0.2
255
0.04±0.00
5.5±0.7
0.3±0.0
12±2
337/1
0.04±0.00
0.1±0.0
0.1±0.0
0.2±0.0
342/1
0.03±0.00
58±8
87±15
120±25
357/1
0.06±0.01
21±4
4.7±0.9
6.1±0.9
359/1
2.30±0.40
100±18
1.7±0.2
19±2
368/1
50.00±8.00
2.0±0.1
0.2±0.0
0.2±0.0
372/1
1.10±0.20
31±5
0.3±0.0
2.7±0.5
381/1
0.20±0.00
23±6
9.2±1.4
12±2
384/1
0.05±0.00
5.8±0.9
5.9±0.9
3.6±0.7
392
0.10±0.00
402±43
69±13
25±6
395/1
0.10±0.00
3.7±0.6
0.1±0.0
13±2
397
0.20±0.00
106±18
0.5±0.1
24±4
n+ (n10/n100)
21 (0/0)
23 (17/7)
23 (10/0)
23 (16/2)
Range
0.02-2.90
0.1-402
0.08-87
0.2-120
Average, n +
0.5
73
20
28
+
10
N o t е. n — the number of tested isolates; n — the number of AOL producing isolates; n — the number of
100
isolates with AOL production of > 10 μg/g; n
— the number of isolates with AOL production of > 100 μg/g; a
dash means that mycotoxin was not detected (detection limit of 0.01 μg/g); PCA — potato-carrot agar, МЕА — malt
extract agar, HAY — hay infusion agar, V-8 — vegetable juice agar.

Table 2 shows that the range of fluctuations in the AOL concertation on
MEA and V-8 for A. alternata was 4 and 5 orders of magnitude. It was just as wide
as in several A. alternata strains (rice grain, 14 days, 25 С) isolated from grain in
the Novosibirsk region [14]. The toxin was not detected in four isolates on PCA
(Nos. 223/2, 380/1, 385/1 and 388/1), in three isolates on HAY (Nos. 216/2,
388/1 and 418/4) and in two on V-8 (Nos. 216/2 and 418/4). The average value
for the set of isolates (1.3 μg/g, with 0.03 to 5.3 μg/g in range) on PCA was
significantly lower than on other nutrient media.
2. Alternariol (AOL) production by monoconidial isolates of Alternaria alternata from
grain feeds on different agar media (7 days, 25 С) (М±SEM)
Isolate No., n = 20
210
216/2
219
220
223/2
227/1
233/2
235/2
238/1
342/2
358/1
377/1
380/1

PCA
0.3±0.0
2.2±0.3
0.6±0.1
0.1±0.0
–
3.3±0.7
0.4±0.1
0.1±0.0
0.3±0.0
0.03±0.01
0.5±0.1
0.9±0.2
–

AOL, μg/g substrate
MEA
HAY
155±24
2.8±0.4
3.1±0.5
125±25
272±38
133±30
114±20
130±30
6.5±1.2
3.3±0.6
20±3
10±2
0.2±0.0

100±20
–
2.8±0.5
23±4
1.9±0.3
10±2
25±4
70±12
27±6
8.9±1.3
11±2
14±3
0.3±0.1

V-8
267±38
–
2.8±0.4
89±10
3.5±0.5
19±3
13±2
70±10
10±2
2.0±0.2
38±3
14±3
0.4±0.1
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Continued Table 2
383/1
0.1±0.0
43±7
35±7
50±9
385/1
–
246±39
71±15
365±43
388/1
–
0.04±0.01
–
0.07±0.01
390/1
0.6±0.2
80±15
57±10
461±70
396/1
2.2±0.4
72±10
48±8
19±3
399
3.6±0.8
7.0±1.3
53±8
40±8
418/4
5.3±1.2
0.1±0.0
–
–
n+ (n10/n100)
16 (0/0)
20 (12/7)
17 (13/0)
18 (12/3)
Range
0.03-5.3
0.04-272
0.3-100
0.07-267
Average, n +
1.3
71
33
81
N o t е. n — the number of tested isolates; n+ — the number of AOL producing isolates; n 10 — the number of
isolates with AOL production of > 10 μg/g; n100 — the number of isolates with AOL production of > 100 μg/g; a
dash means that mycotoxin was not detected (detection limit of 0.01 μg/g); PCA — potato-carrot agar, МЕА — malt
extract agar, HAY — hay infusion agar, V-8 — vegetable juice agar.

The toxin production was comparable for V-8 and MEA (81 and 71 μg/g,
respectively) and slightly less for HAY (33 μg/g). On PCA, producers with high
activity were not detected at all, while on the other three media, the AOL accumulation of more than 10 μg/g occurred in 12-13 isolates. Ultra-high activity of
100 μg/g and more not observed on HAY, was established for 3 isolates on V-8
and for 7 isolates on MEA.
A. alternata and A. tenuissima could be grouped according to the response to the medium composition, with predominant accumulation on MEA
(6 isolates), on HAY (2 isolates with amounts comparable to those on MEA)
and V-8 (3 isolates), as well as on all three media (5 isolates). There were only
few isolates producing the largest amounts of toxin on V-8 (No. 390/1) and
with approximately equal AOL accumulation on PCA and MEA (No. 216/2).
The isolate No. 418/4 from barley grain showed the abnormal response with
the highest accumulation on PCA. In general, the highest metabolic response
in A. alternata occurred on MEA and V-8 media. A more pronounced synthesis
of AOL on these two media compared to wort agar and YES was previously
shown by us for some strains identified as A. tenuissima and A. alternata [30].
Despite the obvious differences in response to the type of growth medium, substrate profiles of toxin production, and wide range of variation of AOL
amounts in A. tenuissima and A. alternata (see Tables 1, 2), an estimate based
on the total number of producers and the proportion of highly active and overactive isolates shows the highest level of realization of AOL biosynthetic potential of A. tenuissima and A. alternata on MEA. The total amount of AOL accumulated under these conditions for both species was practically the same, up to
73 and 71 μg/g, respectively.
A. arborescens isolates produced AOL in all media (Table 3), but in the
amounts which varied significantly less than in the two species described above
(see Tables 1, 2), being 1-2 orders of magnitude. However, the available set size
was noticeably inferior to that for A. tenuissima and A. alternata; therefore, it is
possible to state this fact, but a direct comparison is hardly correct. Indeed, for A.
arborescens, significant fluctuations have been described; for example, for single
strains from grain in the Novosibirsk region, the range of fluctuations in the
amount of AOL was extremely wide [14]. However, in previous testing three strains
of this species isolated from corn and sunflower seeds, the intensity of AOL production on MEA (3.3-36 μg/g) was quite comparable with fluctuations within the
same order of magnitude [31].
Among the isolates, there were those with the highest AOL production on
HAY and V-8, as well as on HAY and MEA. We would like to note that abnormal
response to the type of medium is also possible, e.g., for the A. arborescens No.
100041 isolated in 2007 from wheat leaves in Syria the AOL level in the series
PCA > MEA > HAY, V-8 decreased from 15±3 to 0.03±0.01 μg/g (unpublished
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authors’ data). The same type of metabolic response was characteristic of the
A. alternata strain No. 418/4, which we isolated from barley grain (see Table 2).
In the set as a whole, the highest AOL production occurred on V-8, HAY, and
MEA media. The total AOL accumulation under these conditions was 106, 64,
and 31 μg/g, respectively.
3. Alternariol (AOL) production by monoconidial isolates of Alternaria arborescens
from grain feeds on different agar media (7 days, 25 С) (М±SEM)
Isolate No., n = 8

PCA

AOL, μg/g substrate
MEA
HAY

V-8

3/3
1.9±0.3
79±14
117±22
173±30
15/6
1.5±0.3
10±2
11±3
20±6
19/4
0.8±0.1
4.4±0.5
47±11
8.8±1.6
39/4
0.9±0.1
4.0±0.5
6.8±1.2
13±4
338/1
1.5±0.2
77±13
133±20
12±2
157011
1.9±0.3
69±14
113±17
129±25
158011
1.3±0.2
2.0±0.2
69±13
488±38
529051
0.9±0.2
6.7±1.3
11±2
4.3±0.8
n+ (n10/n100)
8 (0/0)
8 (3/0)
8 (7/3)
8 (6/3)
Range
0.8-1.9
2.0-79
6.8-133
4.3-488
Average, n +
1.3
31
64
106
N o t е. n — the number of tested isolates; n+ — the number of AOL producing isolates; n 10 — the number of
100
isolates with AOL production of > 10 μg/g; n
— the number of isolates with AOL production of > 100 μg/g; a
dash means that mycotoxin was not detected (detection limit of 0.01 μg/g); PCA — potato-carrot agar, МЕА — malt
extract agar, HAY — hay infusion agar, V-8 — vegetable juice agar.

Differently directed shifts in the intensity of AOL biosynthesis on the
growth media panel, which we observed in isolates of all three species, are possibly
associated with intraspecific individual or group peculiarities of genome functional
activity with the participation of regulators of metabolic processes. A more detailed
study of this issue is of particular value for the development of the chemotaxonomy
of Alternaria fungi, which has received increasing attention in recent years [3234]. Our findings on the advantage of the commercial substrate MEA, as well as
two other mycological media, V-8 and HAY are important to improve lab techniques for studying biosynthetic capabilities of these microscopic fungi, which was
started in 1990th [35, 36] and is still discussed in the scientific papers [14, 37].
All fungal isolates which, on day 10 of growth at 25 С on YES medium,
formed a weakly colored aerial mycelium and colonies of different structures and
densities, were assigned to the A. infectoria species group. For 13 of them, there
was a distinct similarity in cultural and morphological characteristics (with small
differences). The diameter of the colony was 45-60 mm, the structure of the
aerial mycelium was predominantly cotton-like (from sparse to more dense), in
its color a white-pink tone dominated which interspersed with gray, beige or
olive-gray tones interspersed, the reverse side of the colony was light brown or
dark brown, mainly with radial grooves. In the cultures possessing such characteristics AOL was not detected on the entire panel of growth media, and this
result was consistent with that previously obtained on single isolates [25]. However, one of the cultures, A. infectoria No. 6/10 significantly differed from the
others in growth rate (colony of 80 mm in diameter), low, relatively dense,
slightly heavy aerial mycelium of light beige color with a pink sector (20 mm),
the reverse side of the colony had a light brown color with radial grooves, with
light orange in the sector area (Fig.). This isolate turned out to be an active
producer of AOL with a sharp increase in activity on V-8 (220±30 μg/g) vs.
2.0±0.2; 14±3 and 18±4 μg/g on PCA, MEA and HAY, respectively. We also
noted a similar response to a change in the growth medium in some members
of A. alternata and A. tenuissima (see Tables 1, 2). According to German researchers, two isolates of A. infectoria from grain in the Novosibirsk region also
produced AOL in contrasting amounts, the extremely low and ultrahigh [14].
Interestingly, recently, when studying a group of A. infectoria species on a
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modified YES medium, two morphological types differing in pigmentation were
revealed [38]; however, unfortunately, their ability to form toxins was not assessed.
The ability of A. infectoria to produce AOL is still open [1]. Most publications report that its synthesis is not characteristic of this group of species [18];
however, in several studies, toxinogenic
producers were found among isolates [14,
16, 34]. According to the latest data, this
group is characterized by production of
Macroscopic characteristics of the Alternaria toxins of another structural series, the
infectoria group isolate No. 6/10 (yeast extract perylenequinones [14, 16].
sucrose agar, YES, 10 days, 25 С): 1 — top
This work submits data on a cumuview, 2 — back view.
lative assessment of A. tenuissima, A. alternata and A. arborescens from grain feeds based on a series of indicators, which
experimentally confirms the pronounced and almost identical ability of the isolates
to produce AOL. These results generally correspond to those obtained earlier for
some representatives of these species [29-31], and also agree with the data of
foreign researchers for species found in grain and grain products in Argentina,
Brazil [7-9], Mediterranean countries, Slovakia, Italy [10, 11, 39] and Korea [13].
The principle of a set formation we used (1 isolate—1 sample) allows us
for the first time to conclude about the high toxigenic potential of populations of
three small-spore species, the A. tenuissima, A. alternata, and A. arborescens and
their involvement in the AOL contamination of grain feed. According to recent
data, AOL contamination in Russia in recent years has acquired particular relevance for corn feed grain [40] and grain-based mixed feeds [41].
Thus, our research revealed that among the Alternaria fungi colonizing
grain fodder, populations of three morphological species, A. tenuissima, A. alternata and A. arborescens are capable of active alternariol production (more than
10 μg/g growth medium for most isolates) and may be involved in feed contamination, while the contribution of the A. infectoria group is unlikely. Further development of the population approach used in the presented work is important for
improving methods of assessing the risks of feed contamination with toxicants of
mycogenic origin. The successful use of typical mycological media for in vitro
express testing of isolates confirms that it is possible to combine the control of
toxigenic potential with species identification. The correspondence between morpho-cultural features and the phylogenetic position of these fungi, on the one
hand, and the profile of their toxic secondary metabolites, on the other, remains
a key component of the database, which has been actively constructed in recent
years to clarify systematics of the genus Alternaria.
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