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A b s t r a c t  
 

Under stress conditions, crops cannot reach the maximal level of productivity. Moreover, 
stress very often leads to plant death. Various stress factors limit the development and success of 
agricultural praxis. Under stress conditions, plants generate multicomponent metabolic, physiological 
and genetic responses which help them to adapt to suboptimal environment. At the level of cells, 
recent research has demonstrated that part of cellular content can be ‘eaten’ by the cell upon stress, 
producing energy and metabolites for survival. This process is known as autophagy (J.H. Hurley et 
al., 2017). Apart from this, some cells can die in the course of so-called programmed cell death 
(PCD), to provide better conditions for survival of other cells under stress (W.G. van Doorn et al., 
2011). Both these processes are highly conservative in the evolution of eukaryotic organisms; they are 
very important for plant stress response and survival in suboptimal environment. Both autophagy and 
PCD are being intensively studied in yeast and animals since 1960ies. In plants, studies of autophagy 
and PCD began rather recently, and it should be kept in mind that these processes in plants bear 
several important features, which distinguish them from similar processes in heterotrophic eukary-
otes. These features are related to the peculiar structures of plant cells. Nowadays, the problem of 
crop resistance to drought, salinity and extreme temperatures has become especially acute in a num-
ber of regions. Therefore, research on stress-induced autophagy is of special interest, as this process 
is most probably a universal component of the stress response to the abovementioned factors (V. 
Demidchik et al., 2017; M.E. Pérez-Pérez et al., 2017). Unraveling the mechanisms regulating the 
stress-induced autophagy and PCD may provide a key to genetic and chemical control of plants 
stress resistance, life cycle and productivity. Constitutive (i.e. not induced by stress) autophagy is an 
important mechanism of renewal of defect cell components; in plants, enhancement of autophagic flux 
by overexpression of the genes encoding autophagy-related proteins leads to an increase in stress re-
sistance and to delayed senescence. In course of plant development, many types of plant cells undergo 
autophagy followed by PCD at the terminal stage of differentiation. In particular, autophagy and PCD 
are indispensable for seed germination, formation of vascular system and development of generative 
organs. Autophagy also participates in the regulation of leaf and petal senescence. So-called ‘nocturnal’ 
autophagy takes part in the degradation of transient leaf starch and sustains the assimilate transport to 
economically important plant organs such as fruit, tubers and storage roots. Thus, autophagy as a pro-
cess directly affecting stress resistance, senescence and translocation of water and assimilates, repre-
sents a potentially very important target for regulation of plant functions, which thus far has not been 
used for generation of new crop varieties or in other applications in agriculture. The review discusses 
the structural types of autophagy (S. Reumann et al., 2010), molecular pathways of autophagy regu-
lation (F. Reggiori et al., 2013) and cellular mechanisms of assembly of autophagic machinery, fo-
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cusing on their potential use in agricultural technologies (Y.-Y. Chang et al., 2009; S. Han et al., 
2015), first of all, to counterpart the deleterious effects of abiotic stress factors. 

 

Keywords: autophagy, potassium, programmed cell death, senescence, stress, assimilate 
transport, crop yield 

 

Plants overcome adverse environmental effects (drought, salinization, 
drastic changes in temperature, etc.) without having any possibility to physically 
avoid them. Annually, a significant part of the crop yield is lost in the world due 
to adverse environmental factors. There is an acute need to create technologies 
providing an increase in the resistance of plants, first of all, important agricultur-
al crops, to abiotic and biotic stresses. One of the targets of directed selection for 
stress-resistant agricultural crop plants may be the autophagy process providing the 
survival of adverse environmental conditions by the plant at a cellular level. 

Autophagy is an intracellular process, resulting in the removal of damaged 
sub-cellular structures, renovation of organelles and recycling of macromolecules 
[1-3]. During autophagy, cellular components are subjected to degradation in 
acidic lytic compartments, and the released low-molecular-weight compounds 
and energy are used for building new structures. Autophagy is inherent to all 
types of eukaryotic cells and is an ancient, evolutionary highly conservative cata-
bolic program; however, its mechanisms in animal, yeast and plant cells are dif-
ferent [3]. Thereby, it should be noted that research on autophagy in plants sig-
nificantly lags behind the studies of this process in animals and yeasts.  

The processes of programmed cell death (PCD) in plants have also been 
studied to a significantly less extent than those in animals. There is still no signifi-
cantly clear morphological classification of PCD in plant cells. In contrast to ani-
mals, it is uncommon to refer to apoptosis in plants because the features of cellu-
lar organization of plants exclude the manifestation of a number of morphological 
features characteristic for this type of PCD [4], although there are mentions of an 
apoptosis-like pathway and the formation of apoptosis-like bodies in plant cells 
[5]. According to one classification, there are two main types of cell death in 
plants, vacuolar and necrotic [4]. It is known that PCD in plants occurs at the 
renovation of root cap cells, elimination of cells in the endosperm aleuronic lay-
er at the completion of seed sprouting, providing the growth of pollen tube to 
the embryo sac, the formation of xylem vessels and phloem sieve tubes [6-8]. At 
the same time, both programs, autophagy and PCD, are an important part of 
the response to stress.  

In the present review, the authors will discuss how autophagy occurs in 
plants, what its main functions are in the plant organism in the absence of stress, 
and also assess the role of autophagy in the stress response: its cytoprotective 
function and participation in the starting stages of development of vacuolar pro-
grammed cell death. In connection with the identified role of cytoplasmic potas-
sium as one of the crucial regulators of plant response to stress, including the 
triggering of the autophagy and PCD programs, the components of regulation of 
the amount of cytoplasmic potassium have been reviewed for the determination 
of potential targets for increasing plant stress resistance.  

R o l e  o f  a u t o p h a g y  i n  p h y s i o l o g i c a l  p r o c e s s e s. In plant 
cells, as well as in animal and fungal cells, damaged (used and oxidized) proteins 
or those which are required to the cell no more are removed via autophagy. In 
contrast to the proteasome degradation system responsible for the removal of 
short-living proteins, the autophagy process enables the cell to remove long-lived 
proteins [9]. Moreover, autophagy is involved in degradation of entire cellular 
organelles. It was initially found that autophagy is induced in response to stress 
factors, in which connection it was believed that its role consists predominantly in 
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adaptation to adverse conditions [10, 11]. However, as it was found later, autoph-
agy (basal or constitutive) also occurs in the absence of stress effects and serves as 
one of the key factors of maintaining cell vitality [3, 7, 12, 13].  

Constitutive autophagy is necessary for maintaining homeostasis at a cel-
lular level because proteins in the cell are inevitably oxidized during metabolic 
reactions, and also by air oxygen. The plants mutant in autophagy genes and 
incapable of carrying out this process are susceptible to early aging even under 
beneficial conditions [7]. Moreover, basal autophagy provides for the replenish-
ment of the pool of amino acids and other nutrients required by the cell as a 
building material for carrying out anabolic reactions.  

It was shown that autophagy is involved in the plant development process-
es. Lytic cleavage of starch and reserve proteins contained in seeds during sprout-
ing of the latter occurs at its involvement [14]. The formed low-molecular-weight 
compounds (sugars and amino acids) are transported to the cells of forming or-
gans. At maturation of seeds, nutrients obtained as a result of autophagic degrada-
tion of proteins in aging leaves may be delivered thereto [7, 15]. However, no sig-
nificant disorders in development were observed under normal conditions in most 
mutants in the atg gene incapable of carrying out autophagy. This allows making a 
conclusion that constitutive autophagy does not play a significant role in growth 
processes and plant development in the absence of stress. On the contrary, 
increased sensitivity of such mutant to carbon and nitrogen deficiency and also to 
other stress conditions was established [3, 16].  

Nocturnal autophagy was found relatively recently. It was found that 
mutants of Arabidopsis and tobacco in the specific autophagy genes (autophagy-
related genes, ATG) are incapable of recycling starch overnight, accumulated in 
leaves during daily photosynthesis [17]. Treatment with autophagy inhibitors has 
led to the same effect. As a result of thorough cytological studies in the meso-
phyllic cells of the wild-type plants, bodies were found that contain starch, 
which were subjected to degradation in vacuoles. These bodies were not present 
in the cells of the plants incapable of autophagy due to genetic defects in the atg 
genes or due to exposure to inhibitors. The authors have suggested that enzymes 
catalyzing starch breakage are partly localized in lysosomes and at the nocturnal 
breakup of leave starch the bodies are first gemmated from chloroplasts which are 
then subjected to degradation according to the autophagy mechanism [17]. 

However, the most important role in plants is played by the so-called 
stress-induced autophagy. The activation of this autophagy type is very often asso-
ciated with the production of active oxygen forms [18, 19]. Activation of autopha-
gy in root cells of higher plants occurred in response to salinization, hypoxia and 
reaeration, water deficiency, treatment with oxidizers, gene-toxic agents and ioni-
zation radiation [18]. The leading role of autophagy in the immune response of 
plants was established. It facilitates the development of hyper-sensitivity reaction 
in response to the attack of necrotrophs or non-virulent biotrophs, but thus limits 
its spontaneous uncontrolled expansion. Autophagy also enhances the resistance of 
plants to biotrophs and necrotrophs based on the salicylate and jasmonate signal-
ing system, participates in virus-induced gene silencing processes [20]. 

In this review, the authors will concentrate on the role of autophagy in 
plant resistance to abiotic stresses, which currently cause maximum harm to the 
productivity of agricultural crops compared to other stress types.  

S t r u c t u r a l  t y p e s  o f  a u t o p h a g y. It was originally believed that 
autophagy is a non-specific pathway of cell component degradation. It is the 
non-specific mass degradation of various cellular structures simultaneously ac-
cording to the autophagy mechanism that is activated in plants at nitrogen and 
carbon deficiency [3]. However, currently it has been convincingly proven that 
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autophagy may be highly selective, and autophagy types have been described that 
are highly specific to certain organelles: mitochondria (mitophagy) [21], chloro-
plasts (chlorophagy) [22], peroxisomes (pexophagy) [13, 23], ribosomes [24]. 
The selectivity is achieved involving receptor proteins specific to the particular 
organelles [7, 25]. 

Depending on the cytological mechanism, two structural types of au-
tophagy may be identified: micro- and macroautophagy. At microautophagy, the 
delivery of cytoplasmic components to acidic lytic compartments (vacuoles in 
plant cells) occurs due to membrane invagination [3, 26]. Such type is activated, 
for example, at seed sprouting [14, 27]. The cytological markers of autophagy 
are double-membrane organelles called autophagosomes. The formation of au-
tophagosomes begins with the formation of a preautophagosomal structure (al-
so called a phagophore assemble site, PAS) around sub-cellular particles. Fur-
ther, the growth of this structure occurs, which leads to the formation of a 
closed double membrane around the components to be recycled, after which 
their delivery to the place of degradation occurs (to a central vacuole of plant 
and yeast cells or to lysosomes of animal cells) [7, 22, 26]. In plants, autopha-
gosomes first merge with lysosomes containing acidic lytic enzymes, their in-
ternal compartment being acidified, and autolysosomes are formed. Then the 
outer membrane of the autolysosome merges with tonoplast, and the partially 
degraded content of the autolysosome surrounded by one membrane (autopha-
gy body) enters the vacuole [7]. Often, exactly this type of macroautophagy is 
meant as "autophagy" (Fig. 1). 

 

 
Fig. 1. Main organelles and proteins providing for inducing and progress of macroautophagy: mTOR 
— TOR-kinase; rapamycin, glucose — TOR-kinase inhibitors; ATG1, ATG5, ATG7, ATG10, 
ATG13 — component proteins of main autophagy complexes. Dashed arrows represent signal pro-
cesses; black arrows represent the sequence of events at the level of sub-cellular structures. 

 

Both structural types of autophagy were described in plants as well [10, 
11, 14, 28]. In animal cells, apart from these, the third type of autophagy is 
known: chaperone-dependent autophagy. In its mechanism, chaperone proteins 
of the HSP family (heat shock proteins) are involved, which bind to the dam-
aged proteins and deliver them to the lysosomal membrane [26]. In plants and 
yeasts, the Cvt pathway (cytoplasm-to-vacuole targeting) functions similarly; it is 
used for transporting the precursors of lytic enzymes to the vacuole [3]. There-
fore, the Cvt mechanism is one of the selective types of autophagy, but it is more 
related to biosynthesis processes, not degradation processes [29]. Moreover, there 
are notes that autophagy is involved in the biosynthesis of the central vacuole. As a 
whole, there are more and more recent publications indicating that autophagic 
proteins and structural components, apart from carrying out the degradation of 
cellular components, may be involved in the circulation of cellular membranes, 
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including endo- and exocytosis [30, 31]. 
M o l e c u l a r  a n d  g e n e t i c  b a s i s  a n d  m e c h a n i s m s  o f  

a u t o p h a g y  d e v e l o p m e n t  i n  p l a n t s . The genes encoding the protein 
components of the autophagy pathway (ATG) are highly conservative and are 
represented in all groups of eukaryotic organisms. Originally, the autophagy 
mechanism was discovered using the yeast model of Saccharomyces cerevisiae, 
and currently, about 40 ATG-genes are described for yeasts [25]. Most homologs 
of the ATG-genes were found in the plants as well [3]. Thereby, entire gene fami-
lies in A. thaliana correspond to some single autophagic genes of S. cerevisiae. For 
example, homologs of ATG12, ATG13, ATG8, ATG4 and ATG18 are represented 
by several genes [32]. 

ATG proteins are classified in four groups involved at different stages of 
autophagy: ATG1-kinase complex (comprises ATG1, ATG13, ATG11, ATG17, 
ATG29, ATG31, ATG101); phosphatidylinositol-3-(PI3)-kinase complex (VPS34, 
VPS15, ATG6, ATG14, ATG15, ATG38); ATG9-complex (ATG9, ATG2, 
ATG23, ATG27, ATG18); two Ubiquitin-like conjugation systems comprising 
complex 1 (ATG12, ATG5, ATG7, ATG10, ATG16) and complex 2 (ATG8, 
ATG4, ATG7, ATG3) [1, 3, 33]. Five main stages of autophagy may be identified: 
induction, formation of a preautophagosomal structure, maturation and expansion 
of an autophagosome, docking and merging with tonoplast, degradation of the 
autophagy body [2].  

The key structure in the induction of autophagy is the kinase complex 
ATG1/ATG13 [34, 35]. The auxiliary proteins ATG17 and ATG11 participate in 
its formation. Their homologs have been identified in plants only recently [33, 
36]. The formation of the preautophagosomal structure is initiated by binding of 
ATG17 to ATG29 and ATG31 [34, 37]. ATG1 binds to ATG17-ATG-29-
ATG31 one of the first. Its binding to the three-component complex is mediated 
by the ATG13 protein, which has binding sites for both ATG1 and ATG17. 
These interactions facilitate an increase in the kinase activity of ATG1, providing 
for the addition of other proteins of the initiator complex. It has been recently 
discovered that ATG13 may facilitate the formation of dimers of the ATG1 pro-
tein, due to which the activation of this kinase according to the positive feed-
back principle is possible [34]. As a result of complex information interactions 
between ATG17 and ATG1, the initiator complex ATG1-ATG13-ATG17-
ATG29-ATG31 (a scaffold of the newly formed autophagosome) emerges [3]. 

The next stage of autophagy is the growth or expansion of the autopha-
gosome. For this purpose, the presence of phosphatidylinositol-3-phosphate 
(PI3P) is necessary, which integrates into the membrane of the autophagosome. 
The amount of this phospholipid serves as another factor controlling the triggering 
of autophagy. Its content depends on the activity of the antagonist enzymes, 
phosphatidylinositol-3-kinases (PI3K) and PI3P-phosphatases. PI3P is formed 
due to the activity of the PI3-kinase complex 1 (PI3K 1). It comprises the fol-
lowing proteins: VPS34 (vacuolar protein sorting-associated protein 34) that is 
related to class III phosphatidylinositol-3-kinases and plays a role of a catalytic 
sub-unit in the complex; VPS15 that serves as the activator sub-unit of the com-
plex and anchors it in the autophagosomal membrane; ATG6 (homolog of 
mammal Beclin-1) [37]. The latter plays an important regulatory role: in animal 
cells, the binding of Bcl-2 and Bcl-1 serves as one of the key stages of autophagy 
initiation. However, no homolog of Bcl-2 was found in plants. In yeasts and 
mammals, another component of the PI3K-complex is known — ATG14. There 
is still no data about the discovery of this protein in plant organisms in the lit-
erature and the GenBank database (NCBI) [33, 38]. Following from its im-
portant function, it is suggested that it must be present in plant cells [38]. 
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Further, the assembly of conjugation complexes of Ubiquitin-like pro-
teins begins. It is believed that the first event is the binding of ATG12 to ATG7. 
ATG7 has an E1-like activating ability and is required for the assembly of both 
complexes [39, 40]. Then ATG10, exhibiting E2-like conjugating activity, at-
taches to ATG7-ATG12. These enzymes perform reactions required for forming a 
bond between the ATG12 and ATG5 proteins [20, 40]. In order to bind the 
ATG12-ATG5 conjugate with phagophore, another protein is required, ATG16 
[40, 41].  

The main protein of the second complex is ATG8, an important regula-
tor of autophagosome growth and formation. ATG8 is a small (14 kDa) ubiqui-
tin-like protein. It is synthesized in a form of precursor and is subjected to sig-
nificant post-translation modifications [42]. In the processing of ATG8, a redox-
controlled enzyme, cysteine-dependent protease ATG4 is involved [43, 44]. Due 
to the cleavage of the amino acid sequence from the C-terminus of ATG8, its 
binding to the amino group of phosphatidylethanolamine (PE) becomes possible, 
which provides for the anchoring of the ATG8 protein in the autophagosomal 
membrane [45]. The E1-like enzyme ATG7 and E2-like enzyme ATG3 are re-
sponsible for the activation of ATG8 and the attachment of PE [41, 43]. Fur-
ther, both complexes interact and the covalent binding of proteins of the second 
complex, ATG8 and ATG12 occurs via the protein of the first complex, ATG5, 
having E3-like ATG8-ligase activity. ATG12-ATG5 is involved in the transfer of 
ATG8 to the phagophore [46]. The lipids required for the further growth of the 
autophagosome are supplied from endoplasmic reticulum via the protein complex 
based on ATG9 [47]. The transfer of autophagosomes and autolysosomes in the 
cytosol is carried out with the mediation of cytoskeleton elements [48, 49]. Merg-
ing of autophagosomal membranes with lysosomes and with tonoplast occurs with 
the participation of the SNARE proteins [50]. 

R e g u l a t i o n  o f  a u t o p h a g y  a t  t h e  m o l e c u l a r  l e v el. At 
the present time, in plants two key regulators (inhibitors) of autophagy have 
been found that react to the concentration of nutrients: TOR-kinase [9] and the 
cytosolic isoform of the glyceraldehyde-3-phosphate dehydrogenase enzyme 
(GAPDH) [51, 52].  

TOR-kinase (mTOR, the mammalian/mechanistic target of rapamycin) 
is a highly conservative serine-threonine protein kinase in eukaryotes, the most 
important activator of anabolism and the suppressor of catabolism in the cell [3]. 
TOR-kinase serves as a regulator for stress-induced autophagy, associated in the 
first place with an insufficient supply of carbon and nitrogen in the cell. In 2005, 
the dependence of the autophagy processes on the activity of TOR-kinase in the 
single-cell alga Chlamydomonas reinhardtii was confirmed [53]. It was proven in 
the paper by Liu et al. [54] that a decrease in TOR activity induces autophagy in 
a plant cell. 

The blocker of TOR-kinase is rapamycin, an antibiotic of bacterial 
origin, synthesized by soil bacterium Streptomyces hygroscopicus [55]. It was re-
ported earlier that despite the regulation of this process by Tor, the plants, in 
contrast to yeasts and animals, are not sensitive to rapamycin [54]. It was then 
established that rapamycin exerts an inhibitory action on the plant TOR-kinase; 
however, only in concentrations higher than the one in case of animal cells [9]. 
According to Xiong et al. [9], the concentrations, at which the rapamycin effect 
was manifested in plant cells, are 100-1000 nM, whereas in animal ones these 
are 10-50 nM. The presence of rapamycin in the said concentrations decreases 
TOR activity, which is morphologically manifested in slowing the root growth in 
Arabidopsis thaliana [9]. 

The key mediator in the induction of autophagy in response to stress is 
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the ATG13 protein [3, 35, 36, 56]. Under normal physiological conditions, the 
TOR-kinase phosphorylates ATG13. Such hyper-phosphorylated form of ATG13 
has low affinity to ATG1, and the ATG1/ATG13 complex that initiates the for-
mation of autophagosome is not formed. Binding of ATG1/ATG13 only be-
comes possible at a decrease in the activity of the TOR-kinase [3, 34, 56]. A 
deficiency of nutrients in the cell becomes a signal inhibiting the phosphoryla-
tion cascade of PI3K/TOR kinases, and results in a decrease in the activity of the 
TOR-kinase [54]. I.e. stress caused by carbon or nitrogen deficiency initiates au-
tophagy (see Fig. 1).  

Recently, another autophagy inhibitor was found in plants: glyceraldehyde-
3-phosphate dehydrogenase enzyme (GAPDH) [51, 52]. The Arabidopsis forms 
deficient in the cytosolic isoform of this enzyme demonstrated enhancement of 
constitutive autophagy and also a high degree of oxidative stress and activation 
of PCD [52]. Production of ROS by cells in response to the pathogen attack 
was, on the contrary, decreased in such plants [52]. It was proved by the exam-
ple of tobacco cells that GAPDH directly interacts with the component of the 
second system of ubiquitin-like conjugation, the ATG3 protein, suppressing its 
function; the inhibition is removed upon exposure to ROS [51]. Therefore, 
GAPDH, as well as the TOR-kinase, provide a direct relationship between the 
metabolic status of the cell and induction of autophagy, but this relationship is 
under redox control. 

In yeasts and mammals, the important regulators of autophagy are kinas-
es: AMPK (AMP-activated protein kinase) in mammals, SNF1 (sucrose non-
fermenting 1) in yeasts [57]. They react to the alteration of energy charge, which 
is described as  

([ATP] + 1/2[ADP])/([ATP] + [ADP] + [AMP]), 
and activate autophagy (directly or by inhibiting TOR-kinases). Several homo-
logs of SNF1/AMPK are known in plants. For one of them (the KIN10 kinase 
in Arabidopsis), a role of autophagy activator has been recently shown under de-
ficiency, hypoxia and water deficiency conditions [58]. 

R e l a t io n s h ip  o f  au top hagy  and  p rog r ammed  ce l l  d e a t h. 
The role of autophagy in the development of PCD is ambiguous [15, 27, 59]. On 
the one hand, autophagy may serve as a method of avoiding cell death, and the 
cytoprotective function of autophagy is associated with this [60, 61]. On the other 
hand, activation of autophagy in some conditions precedes triggering of cell death 
programs, and in this case, autophagy is one of the starting stages of PCD [62]. 
Thus, in the process of vacuolar cell death, a decrease in the volume of the cy-
toplasm and an increase in the volume occupied by vacuoles are observed. These 
events are accompanied by the enhancement of autophagy and the rupture of 
tonoplast, accompanied by the release of hydrolases, which leads to the destruc-
tion of protoplast. Up to the moment of tonoplast rupture, the integrity of the 
plasmatic membrane, mitochondrial membranes and those of other organelles is 
maintained [4]. The entire process takes, as a rule, a long time: up to several 
days [63]. In contrast to vacuolar death, necrotic death develops much more 
rapidly and is characterized by the shrinkage of the protoplasm, early destruction 
of the plasmatic membrane and membrane organelles, the disruption of mito-
chondrial functioning and the accompanied accumulation of reactive oxygen 
species (ROS) and reactive nitrogen species (RNS) in the cytoplasm [63, 64].  

The cytoprotective role of autophagy is demonstrated by studies of 
knock-out mutants, in cells of which its development is impossible. The inser-
tion mutants of A. thaliana atg5-1 [46] and atg7-1 [39] are characterized at a 
long photoperiod by normal growth and development. However, at a short pho-
toperiod, the mutants of both lines grow slower, have less seed productivity and 
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are subject to premature aging compared to the wild type. Moreover, they have 
elevated sensitivity to stress, especially to the deficiency of microelements. As a 
whole, these plants exhibit lesser viability and have a significantly lower surviva-
bility rate compared to the wild type, beginning from 10-day growth in a medi-
um with decreased nitrogen content. At conditioning in darkness, the survivabil-
ity decreases in atg5-1 on the 2nd day already and that in atg7-1 on the 4th day, 
whereas in natural ecotypes it is correspondingly on the 6th and 8th day [39, 46]. 
The atg13 mutation in A. thaliana is phenotypically characterized in several lines 
[35]. They are differently susceptible to early aging under short day conditions. 
In the nitrogen-deficient medium, the growth of such sprouts is slower com-
pared to the wild type. Chlorophyll synthesis in the leaves is disrupted. They are 
also more sensitive to carbon deficiency in the medium. Darkening for 10 hours 
does not affect these lines so strongly as the plants with the disrupted formation of 
ubiquitin-like conjugation complexes. However, already after 13 hours of condi-
tioning in darkness, a marked difference in stability is found between the atg13 
plants and wild types, especially in double mutants [35]. The atg10 mutants [41] 
were hyper-sensitive to carbon and nitrogen deficiency, and also demonstrated 
spontaneous development of PCD.  

In the cells of plant roots upon exposure to abiotic stresses leading to the 
development of PCD, the autophagy symptoms are often observed [18]. It can 
be hypothesized that it is originally activated as a cytoprotective mechanism. But 
after passing through the "point of no return" it becomes a necessary stage of 
PCD development. 

H y p o t h e s i s  o f  p o t a s s i u m  r e g u l a t i o n  o f  a u t o p h a g y  
a n d  p r o g r a m m e d  c e l l  d e a t h. From the mid-1980s, in plant biology, 
the concepts of control and coordination of physiological reactions at stress via 
cytoplasmic Ca2+ and reactive oxygen species (ROS) are actively developed [65, 
66]. It is known that the generation of ROS plays a significant role in the regula-
tion of cellular metabolism. ROS are inevitably formed at redox reactions in the 
cell both under normal conditions and upon exposure to stressors (exposure to 
pathogens, drought, salinization). The discovery of elevated synthesis of ROS at 
the early stages of stress response was the beginning of studies dedicated to func-
tions of these molecules. One of such functions is the regulation of the activity of 
ion channels [67, 68].  

The rapid release of K+ is related to events accompanying reaction to 
stress in the plant cell. In the recent years, the theory about the participation of 
potassium in plant response to stress was developed [18, 68-70]. Potassium is the 
most abundant metal and cation in the plant cell. Its content by dry weight is 3-
10%; therefore, the deficiency of this metal extremely adversely affects 
productivity. Adequate potassium supply is the basis of high yield and resistance 
of plants to stress effects. Being an irreplaceable macroelement, comprised in the 
vital NPK (Nitrogen-Phosphorus-Potassium) triplet, potassium plays key func-
tions in plant life. In particular, it is responsible for the water balance and hy-
droskeleton of the cell, transpiration, closure of air pores and stretching growth. 
The trans-membrane streams of potassium form the diffusion membrane poten-
tial on the plasmatic membrane, tonoplast and endomembranes, which serves as 
a basis for a high difference of potentials on these membranes. Also, potassium 
plays a role of a non-specific activator of dozens of crucial anabolic enzymes of 
the cytoplasm [71]. Possibly, it stabilizes the low activity of proteases and nucleas-
es, preventing unplanned triggering of autophagy and PCD [18, 69].  

The potential-dependent potassium channels and also several nonselective 
cation channels (NSCC) are involved in potassium release at stress and during 
some development processes [68, 69]. It is important to note that the slow re-
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lease of K+ occurs under normal conditions as well [70]. Moreover, it is neces-
sary for carrying out important physiological processes, for example, air pore regu-
lation of transpiration [72-73]. The increase in potassium release at salt stress was 
shown long ago [74]. It was established that the release of K+ is mostly mediated 
by depolarization-activated outwardly-rectifying K+-channels [75]. The detailed 
mechanism of this process and its effect on further events in the cell as well are 
still to be discovered. 

The outwardly-rectifying K+-channels providing for Goldman rectifica-
tion of the outgoing potassium current are activated at the depolarization of the 
plasmatic membrane and are related to the Shaker type. These are usually ho-
mo- or heterotetramers [70]. Each subunit comprises six trans-membrane do-
mains, a pore domain, and a voltage sensor. At the assembly of a tetramer, the 
pore domains containing a specific amino acid sequence (GYGD) are combined 
in such a way that four potassium-binding sites appear inside the pore, i.e. a se-
lective filter is formed [76]. In the plasmatic membrane of root cells of 
A. thaliana, two types of outwardly-rectifying Shaker channels are synthesized: 
SKOR (STELAR K+-outward-rectifier) and GORK (guard cell outward-
rectifying K+-channel). Thereby, the SKOR-type channels are represented in 
parenchymal cells and mediate potassium current in the xylem vessels, whereas 
GORK are predominant in epidermal cells and are involved in potassium release 
from the root [70]. Both of these types are directly activated by ROS [77]. 
Channel opening is induced via the ROS-sensitive site in the molecular struc-
ture. In the case of SKOR, the role of the ROS sensor is played by the cysteine 
residue (Cys168) in the peptide sequence of the S3 domain in the contents of 
the potential-sensitive complex S1-S4 [77]. Due to the fact that structurally 
similar GORK and SKOR are significantly similar, it is suggested that in GORK 
the ROS-dependent activation is provided in the same way [18]. 

 

 
Fig. 2. Scheme of processes that are a basis of stress-induced autophagy and programmed cell death 
(PCD). The stress signals interact with specific receptors on the cell surface, which causes the depo-
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larization of the plasmatic membrane, an increase in the cytoplasmic activity of calcium, an increase 
in the production of reactive oxygen species (ROS) due to the calcium-dependent activation of 
NADPH-oxidase. Depolarization also leads to the activation of the outward-rectifying potassium 
channels, which is further stimulated by ROS. A drastic drop in the concentration of cytoplasmic 
potassium leads to triggering of the autophagy and PCD reactions. ROS are also produced intracel-
lularly and are transported into apoplast via aquaporins. The redox processes in the apoplast are 
controlled by the content of reduced transition metals and ascorbate (according to 18, with altera-
tions). EF is EF-hand (protein domain); TPC1 is a two-port calcium channel. The grey arrows in-
dicate secondary processes. 

  

The activity of the GORK channel is stimulated by hydroxyl radicals 
(OH), which are generated by the Ca2+-dependent NADPH-oxidases at reac-
tion almost to all types of stress, including salinization, drought, pathogen at-
tack, etc. A decrease in the potassium concentration in the cytoplasm, in its 
turn, stimulates the activity of proteolytic enzymes, including caspase-like prote-
ases, which play an important role in the PCD triggering mechanism in plants 
[45, 69, 70]. 

In a general form, the mechanism of developing a stress reaction involv-
ing the outgoing K+ current in epidermal root cells may be represented as fol-
lows. At binding of the stress signal or pathogen elicitor with the plasmatic 
membrane receptor and also as a result of the supply of Na+ via non-selective 
channels, the activation of Ca2+-permeable cation channels occurs, which leads 
to an increase in the Ca2+ concentration in the cytoplasm. Calcium activates the 
NADPH-oxidase by binding to its cytoplasmic domain. Also, the Ca2+-
dependent activation of endonucleases and proteases may be observed [64]. 
NADPH-oxidase generates superoxide-anions (O2

), which react with protons, 
forming a hydroperoxide radical (HO2

). Dismutation of HO2
 gives hydrogen 

peroxide (H2O2), which becomes a source of oxygen for the synthesis of hydrox-
yl radicals (OH) in Haber-Weiss reactions [78]. Peroxide and OH further acti-
vate the SKOR, GORK and Ca2+-permeable channels, enhancing the supply of 
Ca2+ into the cytoplasm, and, in their turn, also stimulating NADPH-oxidase 
(Fig. 2). A positive feedback mechanism works, which may be stopped by sys-
tems for pumping Ca2+ away from the cytoplasm [79]. The membrane potential 
is restored by potassium release and due to an increase in the activity of the 
electrogenic H+-ATPase pump. If membrane repolarization and restoration of the 
cellular potassium amount do not occur, the potassium-regulated plant proteases 
and endonucleases are activated, and the result is the initiation of the molecular 
PCD mechanism [70].  

In the late 1990s, it was discovered that in mammal cells the decrease in 
the concentration of K+ (together with the intake of Ca2+) plays an important 
role in the apoptosis triggering mechanism [80, 81]. Potassium is a direct inhibi-
tor of caspases, and its release from the cell activates these enzymes [82, 83]. 
Most probably, the similar mechanism exists in plant cells as well [18, 69]. Ac-
cording to the recent hypothesis, potassium in plants (depending on its content 
in cytoplasm) serves as a metabolism trigger, and the stress-induced release of 
K+ may be a trigger of stopping the cell growth, inhibiting the biosynthesis, acti-
vation of catabolism and at strong stress at longer perspective, triggering the 
PCD [18]. An important step in developing this hypothesis is to test the poten-
tial stimulation of autophagy at the loss of K+ by plant cells. It is still unknown 
whether autophagy is a K+-dependent process in plants. It was shown that in A. 
thaliana gork 1-1 mutants (in contrast to the natural ecotype Ws-0) at condition-
ing the roots in NaCl solution, the drastic accumulation of autophagosomes does 
not occur. The obtained data indicate that potassium loss plays a direct role in 
inducing autophagy [18]. 

P e r sp e c t i v e s  o f  s t u d y i n g  au t op ha g y. According to modern 
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concepts, autophagy plays a significant role in cell metabolism providing the 
renovation of cellular structures, the cleavage of damaged molecules and produc-
tion therefrom of organic compounds required for the extraction and accumula-
tion of energy. I.e. this effect is directed to cell survival. Autophagy is especially 
important at adaptation to various stress effects. It mainly defines the survival of 
plants under adverse and changing conditions. Despite the fact that autophagy is 
studied in sufficient detail, there are still many unresolved issues. In particular, it 
is not quite clear whether the rapid release of potassium ions from the cell al-
ways directly triggers the molecular autophagy mechanism (similarly to its induc-
tion of programmed cell death). The same concerns the relationship of autopha-
gy with other intracellular processes. It was shown that the absence of autophagy 
adversely affects the endurance of plants to stress, that it influences biomass accu-
mulation and seed productivity. However, the effect of autophagy is not so unam-
biguous because it is also involved in cell death processes. Nevertheless, these 
processes are an intrinsic part of organism development; they are necessary for 
the formation of many structures and passing of all life cycle stages.  

In case the hypothesis that the regulatory cellular signal for triggering au-
tophagy is a drastic decrease in the cytoplasmic potassium concentration is con-
firmed, its functions can appear to be even more significant, especially under 
conditions when the plant is exposed to adverse environmental factors. The di-
rected manipulation with the degree of cellular component activity for maintain-
ing the required potassium concentration in the cytoplasm at stress may be used 
at creation of stress-resistant plants, for decreasing their deaths and supporting 
growth processes under adverse environmental conditions. 

Therefore, autophagy as a process directly relevant to the mechanisms of 
stress resistance, aging and to the transport of assimilates is an important poten-
tial target for regulation, which has not yet been used at creation of new culti-
vars and in practical applications in agriculture. Autophagy plays a double role: 
on the one hand, it is directed to the survival of the cell; on the other hand, it 
serves as part of the cell death process. In both cases, autophagy directly affects 
the development of plant organisms. In view of this, further studying of autopha-
gy regulations, especially, more detailed disclosure of induction mechanisms of 
this process appears to be perspective. 
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A b s t r a c t  
 

Guar (clusterbean) Cyamopsis tetragonoloba (L.) Taub., a tropical annual legume crop of a 
multipurpose use, is promising for growing in the South Russia. The problem of resistance of guar to 
diseases and pests is discussed. The Alternaria leaf blight caused by Alternaria cyamopsidis Rangaswa-
mi & Rao and bacteria leaf blight caused by Xanthomonas axonopodis pv. cyamopsidis (Patel) Vauter-
in) are the most harmful diseases of guar. Seed infection promotes the extensive and fast spread of 
the disease. Anatomical and morphological characters are not having any relationship with A. cy-
amopsidis resistance in clusterbean plants. Sunshine, minimum temperature, cumulative rainfall and 
relative humidity in the evening were found significantly associated with Alternaria leaf blight severity 
(M.S. Saharan et al., 2004). The resistance of guar to bacteria leaf blight is oligogenically controlled 
(P.S.K. Anil et al., 2012). For X. axonopodis pv. cyamopsidis a differential interaction with plant host 
genotypes is characteristic. In the USA the two races of the pathogen (0 and 1) have been identified 
which differed not only by the virulence to guar varieties but serologically as well. A protocol of 
ELISA test for detecting virulent and avirulent strains of the bacteria is elaborated (G.K. Vijayanand 
et al., 1999). The pathogen isolates significantly differ in aggressivity when they are proliferated on 
resistant (HG 75) and sensitive (PNB) genotypes of guar. The analysis of the isolates with the use of 
molecular markers has revealed a significant polymorphism of the pathogen populations. The results 
obtained using two different approaches correspond to each other (B. Kaur et al., 2005). Plant infection 
with bacteria leaf blight and Alternaria leaf blight induces protective response (i.e. lignin and phenol 
compounds accumulation, increase of peroxidase activity). The induced resistance was observed when 
guar was inoculated with casual agents of charcoal rot Macrophomina phaseolina (Tassi) Goid., root rot 
Rhizoctonia solani J.G. Kühn, wilt Fusarium solani (Mart.) Sacc., and also with aphids infestation. The 
diversity of cultivated guar varieties for resistance to pathogens is not high. At the same time a differen-
tial interaction with plant host genotypes is revealed not only for bacteria leaf blight causal agent but 
also for M. phaseolina (S. Purkayastha et al., 2006). This means that varieties with different resistance 
genes should be grown for prevention of epiphytoties. The introgression of resistance genes from the 
wild species C. senegalensis Guill. & Perr. and C. serrata Schinz is considered as a promising approach 
for broadening genetic diversity (S. Kumar et al., 2017). However, interspecific crosses and phenotypic 
selection are the main breeding methods applied to date. In recent times the intercropping of guar with 
other crops (millet, okra, and castor) is also used for controlling populations of harmful organisms. 

 

Keywords: guar, Cyamopsis tetragonolоba, bacterial blight, Alternaria leaf blight, root rot, 
insect pests, resistance 

 

Guar, or clusterbean Cyamopsis tetragonoloba (L.) Taub. (family Fabace-
ae L., 2n = 14), a new for Russia crop, presents great interest for selection and 
genetic research. The plant originates from India where its basic planted areas 
are concentrated; recently, it has also been cultivated in other countries of Asia, 
Africa, America (mainly in the USA) and in Australia. Guar is used for food (its 
seeds contain a significant amount of protein and fat oil) and for cattle forage; 
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however, the most demanded product is guar gum which is formed in the sec-
ondary endosperm of guar seeds. Natural gum is applied in the food-processing 
industry as a consistence stabilizer, increasing viscosity and enhancing the gelati-
nizing properties of the substance, as well as in cosmetology, paper, textile, coal 
and oil-drilling industries. The urgent necessity of guar gum import substitution, 
primarily, having an industrial purpose, as it is used at drilling of oil wells, has 
caused the actualization of the problem of the cultivation of this tropical crop in 
the climatic conditions of Russia. 

Guar is not resistant to some fungal, bacterial, virus, nematode diseases 
and pests that periodically bring essential damage to the plant. In fact, the list of 
phytopathogens including obligate parasites and hemibiotrophs is rather exten-
sive. The most harmful diseases of guar are Alternaria leaf blight caused by Alter-
naria cyamopsidis Rangaswami & Rao [1], and bacterial leaf blight caused by 
Xanthomonas axonopodis pv. cyamopsidis (Patel) Vauterin. So, yield loss in India 
owing to the distribution of Alternaria leaf blight on guar crops reaches 60% [2], 
and of bacterial leaf blight 68% [3]. Guar gall midges Contarinia texana (Felt) 
can destroy up to 30% of grain yield [4, 5], and is one of the most serious phy-
tophages. Plant greenflies, thunder flies, frog-flies, white flies, Coleoptera pests 
[6-8] also bring a lot of harm. Thus, the necessity of the analysis of the Russian 
phytopathogenic landscape of all prospective regions for guar cultivation is obvi-
ous. The risk of damaging the new crop by pests-oligophages and widely 
specialised pathogens is especially great. The fungus Fusarium solani (Mart.) 
Sacc., causing wilt and root rot in India [9, 10], is propagated everywhere in 
Russia. Two diseases resulted in yield losses at experimental guar crops at the 
Ust-Labinsky District of the Krasnodar Territory in Russia ─ Alternaria leaf blight 
and bacterial rot [11].  

The purpose of the present review is to summarize available data about 
guar interaction with harmful organisms, the plant resistance to the most dan-
gerous pathogens and pests and the possibility of guar selection for the develop-
ment of immunity to them. 

R e s i s t a n c e  t o  b a c t e r i o s i s. The bacterial leaf blight agent of 
guar X. axonopodis pv. cyamopsidis was first revealed in two states of India in 
1952 [12], and soon in the USA [13], Brazil [14], and other countries. The in-
fection contamination is retained in seeds, which promotes the extensive and fast 
spread of the disease [15]. Epiphytotic development of the disease (the affection of 
plants reaches 80%) is usually observed after a long period of showers [16, 17].  

The studies investigating the factors of plant resistance to the pathogen 
are not numerous. It was found out that forms susceptible to the pest (first of all, 
the PNB variety) show a decrease in the activity of peroxidases and polyphenol 
oxidases. The absence of such a decrease or an increase in the activity of these 
ferments can be used as a marker in case of selection of plants resistant to the 
disease [18]. Contamination of the resistant sample HG 75 resulted in an essen-
tial increase in the levels of phenols and peroxidases in plants [19]. Susceptible 
(Pusa Nav Bahar), moderately resistant (HG 563, FS 277) and highly resistant 
(wild progenitor Cyamopsis serrata Schinz.) guar samples were investigated for 
the content of solvable and structural (cellulose, hemicellulose, lignin) carbohy-
drates after artificial inoculation of plants with X. axonopodis pv. cyamopsidis. 
The maximum decrease in the concentration of solvable sugars was noted in in-
oculated plants of the susceptible sample; the sample C. serrata had a minimum 
change in this parameter. The susceptible variety also showed the decrease in the 
level of structural carbohydrates; on the contrary, the resistant forms demon-
strated the raised level of carbohydrates as well, and that indicates the formation 
of protective barriers [20].  
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The resistance of the samples HG 75 and RGC 137 to the pathogen is 
controlled by dominant genes, which interact in a non-allelic way [21]. In F2 
from the crossing of the samples HG 75 and HG 563 with sensitive testers, phe-
notypes segregated as 13 resistant to 3 susceptible. The authors believe that both 
HG 75 and HG 563 have two key genes; one of them controls resistance to the 
disease, and the second one inhibits its development [22]. Thus, with equal 
probability, it is possible to assume that each of these samples possesses both 
dominant and recessive genes of resistance to bacteriosis. Unfortunately, genetic 
control of guar resistance to bacteriosis and other harmful organisms is discussed 
only in two small articles. The starting point of the research was the work [23] 
that supposes a high productive transcriptome (RNA-seq) sequencing of two 
guar varieties (M-83 and RGC-1066), carried out recently. In this work, there 
are 62146 unique coding sequences, deciphered and annotated, 5773 
microsattelite (SSR) markers and 3594 mononucleotide polymorphisms (SNP) 
which are identified.  

X. axonopodis pv. cyamopsidis is characterized by differential interaction 
with host-plant genotypes. In the USA, two strains of the pathogen (0 and 1) 
were distinguished, which differ not only in virulence to guar varieties [24], but 
also serologically [25]. A protocol of Enzyme-Linked Immunosorbent Assays 
(ELISA) is elaborated for detecting virulent and avirulent strains of the bacte-
rium [26]. X. axonopodis pv. cyamopsidis, collected in the north and the north-
west of India, essentially differed in aggressiveness when they were proliferated 
on resistant (HG 75) and sensitive (PNB) genotypes of guar. The analysis of the 
isolates with the use of molecular markers based on the polymerase chain reac-
tion (first of all, RAPD) has also revealed significant polymorphism of the path-
ogen population. The results obtained using two different approaches correspond 
to each other [27]. 

R e s i s t a n c e  t o  A l t e r n a r i a  l e a f  b l i g h t. The causative agent of 
Alternaria leaf blight was first revealed in 1953 in India [28], then in the USA 
[29] and other countries where guar was cultivated. The extensive spread of the 
disease was promoted by the fact that the infection contamination retained in 
seeds [30]. It was found out that the development of the fungus mycelium is op-
timal at a temperature of 35 C [31]. Other experiments demonstrated the most 
severe development of the disease in the case of the variety Pusa Navbahar 
(PNB) at 25-31 C, 80% of relative air humidity and heavy rainfall [32]. Moni-
toring of A. cyamopsidis on moderately resistant (HG-75, HG-365), moderately 
susceptible (RGC-1000), susceptible (RGC-936, RGC-1002) and highly suscep-
tible (FS-277) varieties of guar has shown some regularity. The disease affects 
susceptible samples more intensively, and the degree of leaves lesion develop-
ment depends, first of all, on insolation, the minimum air temperature, precipi-
tation and relative air humidity in the evening [2, 33]. 

Guar resistance to the disease is not related with its anatomic and mor-
phological features. The anatomical characteristics of leaves of two moderately 
resistant (HG-75, HG-365), four susceptible (HG-258, HFG-119, RGC-936, 
RGC-1017) and highly susceptible (FS-277) to Alternaria leaf blight guar varie-
ties were compared. All samples did not differ in the number and size of stomata 
on both surfaces of leaf plates. The upper surface of the leaves in the case of 
moderate stable forms had a bit larger number of hairs [23-25], in comparison 
with susceptible samples [13-17], but the pubescence of the bottom surface of 
the leaf plate of all varieties did not differ much. The amount of wax on leaves 
of the stable forms at all growth stages was a bit exceeded, in comparison with 
susceptible samples; however, distinctions were not statistically significant [34]. 

Guar inoculation with A. cyamopsidis resulted in the essential accumula-
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tion of polyphenol oxidase and phenolic compounds [35, 36]. U.N. Joshi et al. 
[30, 36], investigating the biochemical composition of the guar samples, suscep-
tible (IC 116835) and moderately resistant (IC 116903) to the Alternaria leaf 
blight causative agent, revealed the increase in the activity of enzymes, and the 
accumulation of phenols and lignin in response to infestation by the pathogen. 
The plants of the resistant variety RGC-986 showed the highest level of solvable 
protein and phenolic compounds in comparison with moderately resistant 
(RGC-1003) and susceptible (RGC-936) forms. Infestation by the pathogen re-
sulted in the most essential decrease in the solvable protein level in the case of 
the susceptible sample and the increase in the content of phenols in the case of 
the variety RGC-986. The infected plants of the resistant sample demonstrated 
the greatest concentration of sugars [37, 38]. 

R e s i s t a n c e  t o  o t h e r  d i s e a s e s. Data on guar resistance to caus-
ative agents of other diseases note mainly the presence of nonspecific reactions 
of plants in response to pathogen contamination. The induced resistance was ob-
served in the case of inoculation of guar samples with different resistance to the 
causative agent of charcoal rot Macrophomina phaseolina (Tassi) Goid. The leaves 
and roots of resistant forms revealed the highest activity of peroxidase and some 
other emzymes and accumulation of phenolic compounds. The variety RGC 
1031 [39, 40] appeared to be the steadiest. The marker SCAR-20 has been de-
veloped which allows identifying the sample RGC 1031 [41]. In the case of in-
festation with the guar wilt causative agent F. solani, the plants demonstrated the 
decrease in the protein level and the rise of activity of proteolytic enzymes [10]. 

Phytopathologic and DNA testing showed that isolates of M. phaseolina, 
collected on guar and other plants, differ in specificity to plant hosts and aggres-
siveness when they are proliferated on the susceptible variety FS 277 [42]. 

Addition of zinc (ZnSO4ƒ7H2O), copper (CuSO4ƒ5H2O) and manga-
nese (MnSO4ƒH2O) fertilizers into the soil induced the formation of resistance 
to root rot (causative agents Rhizoctonia spp.) in the susceptible sample FS 277, 
what testified to the decrease in the lesion degree of the infected plants. Thus, 
the plants revealed the raised activity of oxidative enzymes and accumulation of 
phenolic compounds and structural carbohydrates [43-45]. System resistance of 
guar to Rhizoctonia solani J.G. Kühn was also induced by processing of seeds of 
the variety Local with salicylic acid and/or Pseudomonas fluorescence Migula. 
The accumulation of PR-protein (chitinase, β-1,3-glucanase), phenolic com-
pounds and lignin, as well as an increase in the activity of enzymes, were re-
vealed in sample plants [46]. 

In India and Pakistan, papaya (PaLCuV) and tomato (ToLCV) leafroll 
viruses, a yellow tomato leafroll virus (TYLCV), and a recombinant guar leafroll 
virus (CyTLCuV) which are proliferated by whitefly Bemisia tabaci Genn., in-
voke deformation of leaf plates, contraction of interstices and stems of guar 
plants [47-51]. In India, tobacco streak virus (TSV) is revealed in guar, which 
invokes mosaic and necrosis of leaves and necrotic strips on stems [52]. Bean 
common mosaic virus (BCMV) is well spread in guar crops, which is transmitted 
not only by greenflies but also with inoculated seeds [53]. 

R e s i s t a n c e  t o  i n s e c t  p e s t s. Articles connected with guar re-
sistance to insect pests are not numerous. S.P. Singh et al. [54] investigated 40 
guar samples and revealed 3 precocious forms (HG 365, HG 563, RGC 1066), 
poorly colonized by greenfly Aphis craccivora (Koch). The greatest number of 
pests is marked on late-ripening varieties. Guar colonization with A. craccivora 
resulted in accumulation in plants of phenolic compounds and ferments, and a 
decrease in the level of carbohydrates and amino acids. It is curious that the 
maximum gathering of natural gum was received from the plants with the raised 
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level of carbohydrates and phenols that caused the raised resistance to the phy-
tophage [55]. 

In result of the research of 60 guar varieties, 5 samples (CH 14-2, HG 
75, HG 94, HG 258, HG 365), characterized by resistance to whitefly B. tabaci, 
were revealed [56, 57]. Eight guar samples were estimated for resistance to leaf 
beetles (family Chrysomelidae Latreille), leafhoppers Amrasca biguttula bigutella 
(Ishida), Empoasca Walsh spp., greenflies Aphis medicaginis Koch and American 
clover miners Liriomyza trifolii (Burgess). High-yielding samples RGC-1031 and 
GAUG-13 were less invaded by the phytophages [58]. It was reported about 
complex resistance of the guar variety BR-99 to insect pests (leafhopper, white-
fly) and root rot in Pakistan [59]. 

B r e e d i n g  f o r  r e s i s t a n c e. The literature data note low genetic di-
versity of sources of guar resistance to pathogens. In the field and laboratory ex-
periments, it was proved that the variety Brooks is resistant to A. cyamopsidis and 
bacteriosis in the USA [29]. Among the varieties resistant to bacteriosis and Al-
ternaria leaf blight, one can mention the varieties Hall and Mills, and their de-
rivative forms, the Kinman, Esser, and the high-yielding variety Lewis as well 
[60]. The variety Lewis is selected in F8 from the cross of the line T64001-12-1-
B-3-2-B-2 (Brooks ½ Mills) with the sample PI 338780-B from India [61]; the 
variety Santa Cruz [62] has an identical ancestry. Cultivation of genetically ho-
mogeneous varieties accelerated adaptable microevolution of the pathogen. 
There were already reports that the varieties Brooks, Hall and Mills began to be 
severely affected by the causative agent of bacteriosis [63]. The lineage of the 
guar varieties resistant to diseases from India is not discussed in the literature. 
Besides the above-mentioned varieties, resistance to Alternaria leaf blight was 
revealed in samples HFG-14, HFG-236, HFG-516, HFG-522, HFG-530, 
HFG-554 [64], CVS, RGC-619, RGC-677 and RGC-679 [65], HG-182 [66]. It 
is reported about resistance to diseases of samples RGC 986, RGC 1003, RGC 
1002, RGC 1017, RGM 112 [67]. Resistance to the anthracnose causative agent 
Colletotrichum capsici f. sp. cyamopsicola (Desai & Prasad) is noted for the varie-
ty RGC 673 [68].  

The overwhelming majority of selection and genetic works has been car-
ried out in India until now, where the most extensive collection of guar is put 
together (about 5 thousand accessions). Intraspecific crosses and phenotypic se-
lection are most often applied. Guar has highly variable morphological traits [69, 
70], but the diversity of its cultivated varieties for the genes of resistance to phy-
topathogens is low [71].  

The most widespread harmful organism, the causative agent X. axon-
opodis pv. cyamopsidis, is shown to differentially interact with host-plant geno-
types. The problem of overcoming of plants resistance due to the spreading of 
new intraspecific forms of harmful organisms is relevant in the case of other 
economically important varieties. It means that for the prevention of 
epiphytotics and mass reproduction of pests, it is necessary to grow varieties with 
different resistance genes. The prospective approach for dilating of genetic diver-
sity is introgression of resistance genes from the wild varieties C. senegalensis 
Guill. & Perr. and C. serrata Schinz. [71]. There are also some means of popu-
lation control of the harmful organisms based on management of plants popula-
tions in space and time: incorporation, strain-change, mosaics of species. Incor-
poration of different varieties of plants has been popular in India recently.  

Guar cultivation together with companion crops essentially reduced the 
number of harmful pests (leafhoppers, whiteflies, greenflies) on plants. There-
fore, at the use of millet as intercropping, the colonization of guar by 
A. craccivora has appeared to be the lowest, and the yield the highest [72]. 



902 

Companion guar crops, which were located either near to okra Abelmoschus es-
culentus (L.) Moench or as a shelterbelt along the edge and inside the field, 
caused a decrease in the number of sucking and gnawing depredators of okra, 
and also attracted entomophages [73]. Intercropping of castor-oil plant (Ricinus 
communis L.) and guar in the ratio 2:1 also significantly reduced the number of 
harmful pests on castor-oil plant and involved useful entomofauna [74]. 

P h y t o s a n i t a r y  m o n i t o r i n g  o f  g u a r  c r o p s  i n  R u s s i a. In 
2017, the authors carried out guar phytosanitary investigations (nurseries, collec-
tion study, and ecological testing) at the VIR Kuban experimental station 
(Gulkevichsky District, Krasnodar Territory) and the analysis of the infected 
vegetative material. In the beginning of July, the phytosanitary monitoring 
(shoots) showed the obvious domination of representatives of the family Aphidi-
dae (aphids) of the order Homoptera (homopterous) on juvenile plants. In all 
nurseries, the episode of a population explosion of black bean aphid Aphis fabae 
Scopoli was observed: the number of pests on some plants exceeded 2 thousand 
individuals on a propagule. The colonies of peach aphid Myzus persicae (Sulzer) 
and pea aphid Acyrthosiphon pisum Harris were also revealed. In the case of 
strong proliferation, the death of plants was noted. Predators were not found in 
aphids’ colonies; the individuals mummified by parasites were rare. Spreading of 
the virus infection contamination, which was proliferated by aphids (yellowing 
and leaves marbling), began. The pathogenic mycoflora was represented mainly 
by the fungus species Alternaria Nees invoking Alternaria leaf blight. The begin-
ning of spreading of bacterial spot was revealed. In the end of August (blooming-
fructification), it was revealed that after insecticidal treatment there were only 
individual colonies of aphids on guar. After their mass reproduction, severe focal 
virus lesion of plants was observed. The analysis of rhizospheric pathogenic 
mycoflora demonstrated the domination of the fungus species Verticillium Nees 
and Fusarium Link. As during the first estimation, two general propagated dis-
eases were revealed, the Alternaria leaf blight and bacteriosis; however, epiphy-
totic development was characteristic only for the last one. Mass wilting and 
death of plants of some samples were noted [75]. In three independent experi-
ments, the collection guar samples were estimated in bacteriosis epiphytotics. 
The highest resistance to disease was revealed in k-52569 (Pakistan), k-52575 
(USA) and k-52580 (India). Some forms were selected only in one of the exper-
iments, which is probably conditioned by the heterogeneity of the samples. Ap-
parently, lines resistant to the disease can be selected from the majority of col-
lection samples [75].  

Thus, the most harmful guar disease, in Russia as well, is bacteriosis. 
Sources of resistance to the pathogen are revealed in India and on the American 
continent, but the term of their use is circumscribed owing to the specificity of 
parasite-host interrelation. Alternaria leaf blight and vascular root rot are among 
the potentially dangerous diseases. Among phytophages, greenflies are the most 
harmful, as they are vectors of the viral infection. Infection by pathogens and 
colonization by phytophages induces defense response in guar plants. Because of 
differential interaction of harmful organisms with genotypes of a host, cultivation 
of genetically homogeneous varieties leads to mass reproduction of pests and 
diseases epiphytotics. Therefore, it is necessary to involve in the selection as 
many varieties as possible. In cultivation, it is better to alternate in time varieties 
with different resistance genes, to use mosaics (cultivation of many varieties with 
unequal resistance genes in the pathogen geographic range) and mixed varieties 
(the approach which was well proved against harmful pests). In breeding, it is 
perspective to create multilinear varieties (mechanical admixtures of phenotypic 
similar lines with unequal resistance genes) and pyramiding (merging of various 
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resistance factors in one genotype). It should be noticed that genetic researches 
of plant resistance and intraspecific variability of pathogens are still insufficient. 
In Russia, they became more dynamic within the frame of the project of crea-
tion of guar varieties with complex resistance (Vavilov All-Russian Institute of 
Plant Genetic Resources). In this program, the search for molecular markers and 
genes-candidates of economically valuable traits is parallel to sequencing allelic 
gene variants encoding guar resistance to diseases and pests.  
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A b s t r a c t  
 

Starch is the main metabolite in potato tubers. Therefore structure and functional analysis 
of starch metabolism genes are of fundamental and applied interest. The final starch amount in sink 
organs (fruits, seeds and tubers) depends not only on the amylose and amylopectin synthesis, but also 
on the catabolic enzymes activity. Proteins that participate in starch biosynthesis are rather well stud-
ied, while the starch degradation reactions are not fully understood. To date, more data on the cru-
cial role of starch-phosphorylases in this process have been reporting. Starch phosphorylases are 
widespread among plant species, but the coding genes structure and genetic diversity remain unclear. 
In potato tubers starch is cleaved by L-form of starch phosphorylase encoded by the Pho1a (STP23) 
gene. In the current work Pho1a gene fragment (exon II—exon IV) variability was analyzed for the 
first time in 15 wild and 81 cultivated potato accessions. The chosen gene fragment corresponds to 
the regulatory part of the glycosyltransferase domain and comprises glucose-6-P binding site, pyri-
doxal phosphate cofactor binding site and active site (glucose binding). The nucleotide and amino 
acid polymorphism is determined. A total of 96 potato accessions were used for allelic diversity anal-
ysis: 15 wild species from Potatoe and Estolonifera subsections (where S. etuberosum is a nontuber-
bearing species), 67 cultivated potato varieties and 14 breeding lines of S. tuberosum. Nuclear DNA was 
isolated from young leaves using potassium-acetate method with phenol-chloroform additional purifica-
tion. Primer combination Pho2F (5´-CTGAACATGAAGCAAGCGTA-3´)—Pho4R (5´-GGCTA-
TGGACTTAGGTACA-3´) was designed for chosen fragment amplification. The sequences of all 
varieties and breeding lines of S. tuberosum had a length of 670 bp. The length of the obtained Pho1a 
sequences in species ranged from 666 bp (S. vernei, S. lignicaule) up to 672 bp (S. pinnatisectum). 
Totally 59 SNPs were detected, 15 of them localized in exons. It allowed us to identify 11 allelic 
variants, moreover 9 of them were found in wild species. Cultivated potato S. tuberosum has two 
allelic variants. The Pho1a_A2 allelic variant was observed in the majority of analyzed potato cul-
tivars and all the breeding lines. Interestingly, the same variant was detected in some wild potato 
species, belonging not only to superseries Rotata, but also to Stellata that is considered to be more 
ancient. The Pho1a_A10 allelic variant was found in 9 cultivars (Bintje, Red Scarlett, Ushkonir, 
Karasaiskii, Aurora, Aladin, Chernskii, Plamya, Udacha). The Pho1a gene fragment translation 
revealed that 3 out of 15 exonic SNPs led to amino acid substitutions. In potato cultivars with the 
Pho1a_A10 allelic variant neutral M139I substitution was detected. The other neutral substitutions 
M139L and T157S were identified in S. circaefolium and S. vernei, correspondingly. The only 
radical substitution R212S was detected in nontuber-bearing S. etuberosum. The potential role of 
the found amino acid substitutions in the functional protein domain requires the further investiga-
tion. Further search for the allelic variants associated with starch content in tubers can be used in 
potato breeding programs. 

 

Keywords: starch phosphorylase, Pho1a, nucleotide and amino acid variability, wild spe-
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cies, potato cultivars, Solanum subgenus Potatoe 
 

Starch can be considered the main source of carbon and energy in plant 
cells. The final starch amount in heterotrophic organs (fruits, seeds, and tubers) 
depends not only on the synthesis of starch components, the amylose and 
amylopectin, but also on the activity of catabolic enzymes. Starch biosynthesis 
enzymes are rather well studied, while the starch degradation reactions are not 
fully understood [1]. The catabolism in the leaves is described in more details; 
some data proves catabolism in the endosperm of cereals, and less information is 
obtained for potato tubers [2].  

In general, the starch-destroying enzymes can be divided into two cate-
gories: hydrolytic (ES 3.2.1.1, ES 3.2.1.2 amylases, 4--glucanotransferase ES 
2.4.1.25, maltase ES 3.2.1.20, isoamylase ES 3.2.1.68) and phosphorolytic (-
glycan phosphorylase ES 2.4.1.1, maltose phosphorylase ES 2.4.1.8, -glucan-
H2O-dikinase ES 2.7.9.4, phosphoglucan-H2O-dikinase ES 2.7.9.5) [3-5]. Their 
comparative activity may vary depending on the plant stage of development or 
environmental conditions. Which of enzymes groups has bigger importance is a 
rather controversial issue. It is supposed that the process itself has been initiated 
due to glycans phosphorylation that makes the starch grains surface more hydro-
philic and, thus, more accessible to hydrolytic enzymes, creating selective pro-
tein-carbohydrate and protein-protein interactions additionally [5-8].  

Starch phosphorylases, the plant analogs of -glycan phosphorylases (ES 
2.4.1.1), need more attention among other phosphorolytic enzymes [9]. The 
fundamental role of starch phosphorylase is in the catalysis of starch decomposi-
tion due to the replacement of carbon with phosphorus in the glycoside bond 
with the formation of glucose-1-monophosphate [10, 11]. However, in the case 
of phosphate lack, starch phosphorylases can carry out the reverse reaction of 
starch synthesis [12]. 

Starch phosphorylases are widespread among plant species [13]. The 
presence of many isoforms is a characteristic feature of starch phosphorylases, 
which differ in kinetic properties and localization in the cell [13]. Most higher 
plants with known genomes and transcriptomes have two types of starch phos-
phorylases, the plastidic (Pho1/L-form/L-SP) and cytosolic (Pho2/H-form/r H-
SP) [14]. The plastid protein of about 105 kDa has low affinity to branched gly-
cans, while the cytosolic form of about 90 kDa is characterized by high affinity 
to linear and branched glycans and even to heteroglycans [15-17]. For the first 
time, various forms of plant starch phosphorylases have been found in potato 
tubers (Solanum tuberosum L.) and pea seeds (Pisum sativum L.) [18, 19]. Struc-
ture and genes polymorphism of starch phosphorylases are widely studied among 
the representatives of the Monocotyledons class: barley (Hordeum vulgare L.) 
[20], rice (Oryza sp.) [21], corn (Zea mays L.) [6, 22, 23]. At the same time, 
very few similar data are obtained for the Dicotyledons: the full-size sequence of 
the yam gene [24] and the cDNA of four potato varieties [25] are known. 

Starch is the main metabolite in potato tubers; therefore, the structural 
and functional analysis of the genes of starch phosphorylases and evaluation of 
their variability is of not only fundamental but also applied interest because it can 
shed light on the function of these proteins, as well as be used in the selection of 
new varieties with high starch content, resistant to cold-induced sweetening.  

Starch decomposition in potato tubers is carried out due to the L-form 
of starch phosphorylase, which is encoded by the Pho1a gene (STP23). The full-
size sequence of this gene of potato is unavailable now. The NCBI GenBank 
contains only the corresponding S. tuberosum mRNA (NM 001288286.1); how-
ever, it is known that the gene is located on chromosome 3 [26], has a length of 
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16.4 kbp and consists of 15 exons and 14 introns [27]. 
In the present paper, the allelic polymorphism of the fragment of the 

Pho1a gene from exon II to exon IV on the broad samples, including both wild 
species of potatoes and the varieties and lines of S. tuberosum was analyzed for 
the first time. As a result, we identified 11 allelic variants that can be used fur-
ther in breeding programs.  

The work objective of the present investigation was to assess the variabil-
ity of the starch phosphorylase Pho1a gene in the area of exons II-IV in tuber-
bearing and non-tuber-bearing potato species (Solanum, the Potatoe subgenus), 
as well as in domestic and foreign varieties and lines of cultivated species of 
S. tuberosum. 

Techniques. To investigate allelic polymorphism, 96 samples of potato 
were selected, including 15 wild species of the Potatoe and Estolonifera subsec-
tions, one of which was non-tuber-bearing (S. etuberosum), 67 varieties and 14 
lines of cultivated potato of S. tuberosum. The sequence of exons of rice Oryza 
sativa (AK063766.1), corn Zea mays (NM 001309854.1), barley Hordeum vulgare 
(JQ277327.1), and yam Ipomoea batatas (L.) Lam. (M64362.1) available in the 
GenBank NCBI database were taken for additional evaluation of polymorphism. 
Seeds of wild species were obtained from the collections of Vavilov Institute of 
Plant Industry (Saint Petersburg, Russia) and CGN (Centre for Genetic Re-
sources, Wageningen, the Netherlands). Varieties and lines are provided by 
Lorch Potato Research Institute (the Moscow Province, Russia). 

Nuclear DNA was isolated from young leaves with the potassium acetate 
method with additional purification with the phenol-chloroform mixture [28]. 
Primer combination Pho2F (5´-CTGAACATGAAGCAAGCGTA-3´)–Pho4R 
(5´-GGCTA-TGGACTTAGGTACA-3´) was designed for chosen fragment am-
plification. The reaction mixture for PCR contained 1½ buffer (50 mM Tris-
HCl, pH 8.0, 50 mM KCl, 1.5 M MgCl2, 20 mM dNTPs), 10 µm of the respec-
tive primer, 0.25 U of Taq DNA polymerase (Dialat Ltd, Russia) and 100 ng of 
potato genomic DNA. The temperature-time profile of PCR was as follows: the 
first cycle — 5 min at 95 C; 30 s at 94 C, 40 s at 55 C, 1 min at 72 C (35 
cycles); the final elongation — 1 min at 72 C. PCR was carried out with com-
mercial reagents (Dialat Ltd, Russia) in an amplifier Bio-Rad C1000 (Bio-Rad 
Laboratories, Inc., USA).  

PCR products were visualized by electrophoresis in 1% agarose gel LE 
2 Agarose (Helicon, Russia) with 1½ TBE buffer stained with ethidium bro-
mide, and documented in a BioDocII system (Biometra GmbH, Germany). 
Amplification products were sequenced with the same primers in the Bioengi-
neering CCU on the platform Applied Biosystems 3730 DNA Analyzer (Ap-
plied Biosystems, USA). 

For alignment and analysis of nucleotide and amino acid sequences poly-
morphism, MEGA 7.0 software was used (https://www.megasoftware.net/) [29]. 
The sequence of S. tuberosum mRNA from the GenBank NCBI database 
(NM 001288286.1) was the reference. The functional effect of amino acid substi-
tutions was calculated with Provean program (http://provean.jcvi.org/index.php). 

Results. To analyze the polymorphism of the Pho1a gene, a fragment 
from exons II to IV encoding the N-terminal regulatory part of the functional 
glycosyltransferase domain (ID 10136827) was selected, which includes glucose-
6-phosphate binding site, pyrodoxal phosphate binding site and the active bind-
ing site for glucose [20]. The selection of sites for primers annealing was based 
on the possibility of the Pho1a amplification in phylogenetically distant species, 
as well as the ability to discriminate the target isoform of the gene from paralogs 
of Pho1b and Pho2. The gene fragment was amplified and sequenced with the 
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help of the developed Pho2f-Pho4R primer pair. 
Sequences of all varieties and breeding lines of S. tuberosum had the 

same length, 670 bp. The length of the obtained Pho1a sequences in species 
ranged from 666 bp (S. vernei, S. lignicaule) up to 672 bp (S. pinnatisectum). The 
sequence lengths varied due to the presence of insertions and deletions localized 
in introns only. 

In total, 59 point nucleotide substitutions (single nucleotide polymor-
phisms, SNPs) were detected among 96 potato samples under investigation; 58 
of these SNPs were found in wild species sequences. The joint degree of poly-
morphism for the entire selection was 8.75%, and for a set of tuber-bearing and 
non-tuber-bearing potato varieties was 8.6%. Only two polymorphic sites 
(0.29%) were found in the analyzed varieties of the cultivated potato S. tu-
berosum, the breeding lines had no substitutions at all (Table 1). The great ma-
jority of substitutions were localized in the intron sequences. The variability of 
the studied exon sequences was 5.95% due to the presence of 15 SNPs, 14 of 
which were found in the species and only one replacement was found in the va-
rieties of S. tuberosum. 

1. The number and proportion of variable sites in the composition of the studied 
Pho1a sequences (II-IV exons) of wild species as well as varieties and lines of 
Solanum tuberosum 

Analyzed sequence Wild species  
and the Prior variety 

Varieties Breeding lines  All samples 

Full-length gene  58 (8.60 %) 2 (0.29 %) 0 59 (8.75 %) 
cDNA 14 (5.55 %) 1 (0.39 %) 0 15 (5.95 %) 
Protein 3 (3.57%) 1 (1.19 %) 0 3 (3.57 %) 

 

Based on the presence of the above-mentioned substitutions in the exon 
sequences, it is possible to distinguish 11 allelic variants (Table 2 submitted 
online on the journal website http://www.agrobiology.ru). Nine of them are typi-
cal for wild species, and seven are unique to the selection under investigation. 
The Pho1a_A1 allelic variant was typical only for the non-tuber-bearing variety 
S. etuberosum; however, despite its evolutionary distance from tuber-bearing spe-
cies [30], the differences were of only one SNP. The multiple SNPs that distin-
guish the species of the Rotata superseries from the evolutionary more ancient 
species of the Stellata superseries were not identified as well (see Table 2 on the 
journal website http://www.agrobiology.ru). Moreover, some Stellata species 
(S. polyadenium, S. chacoense, S. lignicaule) had the same allelic variant 
Pho1a_A2 that the majority of the analyzed cultivars of S. tuberosum.  

The analyzed sequences of the cultivated potato S. tuberosum were repre-
sented by two allelic variants. The Pho1a_A10 allelic variant was found in nine 
varieties of Russian and foreign selection (Bintje, Red Scarlett, Ushkonir, Ka-
rasaiskii, Aurora, Aladdin/Aladin, Chernskii, Plamya, Udacha). Varieties differed 
from wild species with the presence of nucleotide substitution G150A (the index 
corresponds to the number in the sequence of cDNA). 

All 14 potato breeding lines were monomorphic in the Pho1a fragment 
and had one common Pho1a_A2 allele with the majority of varieties, which was 
also found in a number of wild species (see Table 2). The same allelic variant of 
Pho1a_A2 in wild species and most varieties can most likely be explained by the 
use of wild species samples in crossbreeding. For example, Charodei, Kholmo-
gorskii, Sudarinya, Ocharovanie, and Sirenevyi tuman varieties – hybrids ob-
tained with the use of S. demissum, S. vernei, S. stoloniferum.  

The attempt to associate the presence of a certain allelic variant with the 
qualitative characteristics of tubers (starch content, cold resistance, cold-induced 
sweetening) was not successful.  

http://www.agrobiology.ru/articles/5-2018shmelkova-table-eng.pdf
http://www.agrobiology.ru/articles/5-2018shmelkova-table-eng.pdf
http://www.agrobiology.ru/articles/5-2018shmelkova-table-eng.pdf
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It is quite difficult to carry out a comparative analysis of the polymor-
phism of this part of the starch phosphorylase gene of potato and other plants 
since the Pho1a sequence is studied in a small number of monocotyledonous 
species [6, 20-23], and for dicotyledons, such information is extremely limited 
[24]. The polymorphism of the investigated plot of wild and cultivated tomato 
species was studied previously (Solanum, the Lycopersicon section). In total, 24 
SNPs were detected in the composition of such sequences in 11 tomato species, 
7 of them in the sequences of exons, 17 in the sequences of introns, the total 
polymorphism was 3.6% (M.A. Slugina, unpublished data). It is interesting that 
three species of wild potato (S. limbaniense, S. bulbocastanum, S. pinnatisectum) 
had indels common for all types of tomato in their introns sequences, which 
again reveal the phylogenetic relationships of tomato and potato.  

Comparison of the Pho1a fragment (exons II-IV) in the studied potato 
samples with sequences in other species taken from the NCBI database showed a 
rather conservative structure of this gene area in the analyzed monocotyledonous 
and dicotyledonous plant species. At the same time, the homology of primary 
exon sequences was rather high, and that of intron sequences was very low. In 
the investigated area, the localization of introns coincided, but their lengths dif-
fered. The analysis revealed 87 SNPs (33.98%) (Fig., A, posted on the journal 
website http://www.agrobiology.ru). The greatest homology (89.45%) was in po-
tato with yam. The most distant were the sequences of the Pho1a fragment of 
potato and corn (23.05%). 

 

A 

B 

SNPs in exon sequences of the Pho1a gene fragment (exons II-IV) in the species Solanum tuberosum L. 
(NM 001288286.1), Oryza sativa L. (AK063766.1), Zea mays L. (NM 001309854.1), Ipomoea batatas 
(L.) Lam. (M64362.1), Hordeum vulgare L. (JQ277327.1) (A) and substitutions of amino acids in the 
analyzed area of the protein (B). Gene fragment and nucleotide position on cDNA (A) and a.a.r. 
position in the analyzed fragment and in the protein (B) are indicated. 

 

The Pho1 protein has a size of 966 a.a.r. and consists of four sections: 
N-terminal transit peptide, which delivers protein to plastids, a regulatory do-
main, central insertion L78 (distinguishes this isoform from Pho2), and a 
catalytic domain. The regulatory domain L78 and the catalytic domain form a 
functional glycosyltransferase domain, the function of which is to transfer sugar 
fragments from the activated donor molecule to the acceptor molecule, followed 
by the formation of a glycoside bond [20, 25]. When aligning the sequences of 
known starch phosphorylases of mono- and dicotyledonous plants, it is shown 
that the regulatory and catalytic domains are the most conservative [20]. 

Encoding sequences of the studied fragment (exon II—exon IV) of pota-
to starch phosphorylase Pho1a gene were translated, which allowed estimating 

http://www.agrobiology.ru/articles/5-2018shmelkova-ris-eng.pdf
http://www.agrobiology.ru/articles/5-2018shmelkova-ris-eng.pdf
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their amino acid variability. The sequence available for analysis was 84 a.a.r. 
(positions from 129 to the 212 a.a.r.); it was a part of the regulatory domain and 
included glucose-6-phosphate and pyridoxal phosphate-binding sites, as well as 
the active binding site with glucose [20].  

Only four of the 15 exon SNPs in the analyzed fragment led to the sub-
stitutions of amino acid residues. At the same time, A/T31 and G/T33 were parts 
of the same codon and led to the substitution of the same amino acid position: 
at position 139, methionine was replaced by isoleucine (M139I) or leucine 
(M139L). Substitution of M139I was typical for a group of varieties of Russian 
and foreign selection. Among them are Ushkonir, Karasaiskii, Aurora, Bintje, 
Chernskii, Red Scarlett, Aladin, Plamya, Udacha. Amino acid polymorphism 
was not found in other studied varieties and breeding lines. It is interesting that 
for the previously cloned and sequenced full-size cDNA of potato cultivars Di-
ana, Theresa, Saturna, and Satina, amino acid polymorphism on the plot of the 
second and fourth exons has not been identified [25]. That is, the presence of 
variants of the sequence of starch phosphorylase is shown on a wider sample of 
varieties and breeding lines of S. tuberosum presented in this article. 

Significant variability of the Pho1a fragment has been identified in the 
wild species. The substitution M139L typical for wild tuber-bearing S. 
circaefolium was detected. The amino acid substitution T157S unique for the se-
lection was found in the S. vernei sample. However, according to the calcula-
tions in the Provean program [31], both substitutions are neutral and do not lead 
to a change in protein charge. R212S substitution in non-tuber-bearing 
S. etuberosum, in contrast to the above-mentioned, is the radical that may cause 
changes in the Pho1a protein structure and thus affect its functionality.  

Alignment of the obtained amino acid sequences with translated sequences 
(exons II-IV) in rice, corn, barley, and yam revealed 14 amino acid substitutions, 
among which three were radical (see Fig. B, http://www.agrobiology.ru).  

In general, the extremely low amino acid variability of the analyzed 
Pho1a regulatory domain in wild potato species and varieties is consistent with 
the data obtained for starch phosphorylases of other plant species [20], which 
indicates the important role of this domain for binding to substrates and cofac-
tors, and thus explains the preservation of its conservatism during evolution. 
Amino acid substitutions identified in the regulatory domain can potentially af-
fect the activity of the enzyme. In the future, it is necessary to continue the 
search for associations of detected substitutions with starch content in tubers, 
taking into account the prospects of their use in breeding programs. 

Thus, the analysis of the area of Pho1a gene from exons II to IV in 15 
wild species, 67 samples of cultivated potatoes and 14 breeding lines is carried 
out and description of its nucleotide and amino acid polymorphism is created on 
the basis of these data. Despite the conservatism of the studied exons, 59 nu-
cleotide substitutions were described on this fragment, 15 of which were local-
ized in exons, and three led to amino acid substitution. The unique replacement 
SNP636, leading to the substitution of arginine with serine R/S, found in non-
tuber-bearing S. etuberosum, is radical and can potentially cause a change in 
protein conformation. In total, 11 allelic variants are determined. Further search 
for their associations with the starch content in potato tubers can be used in 
breeding programs. The influence of the identified amino acid substitutions in a 
functionally significant area and their potential impact on the activity of the 
starch phosphorylase enzyme requires further study. 
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A b s t r a c t  
 

Common wheat lines containing introgression of alien genetic material are an important 
source and donors of pathogen resistance genes. However, for the effective involvement of lines in 
breeding, information is needed on their ecological plasticity and productivity in different envi-
ronments. This paper is the first report on estimates of adaptive responses, stability and breeding 
value of common wheat lines with alien substitutions and translocations in geographically distant 
regions. The aim of our investigation was comparative analysis of manifestation of agronomic im-
portant traits of common wheat introgression lines containing alien genetic material, when grown 
in different eco-geographical zones, the Western Siberia (the Russian Federation) and Eastern 
Europe (the Republic of Belarus). Twenty one fungal disease-resistant T. aestivum/T. timopheevii 
introgression lines (BC1F22-24, 2n = 42) from crossing of five common wheat varieties (Sara-
tovskaya 29, Skala, Irtyshanka 10, Tcelinnaya 20 and Novosibirskaya 67) with tetraploid wheat 
T. timopheevii var. viticulosum were tested. Field evaluation of the lines and parental wheat culti-
vars was carried out in 2015 in the conditions of the West Siberian (Novosibirsk Region) and 
Eastern European (Minsk, Republic of Belarus) agro-climatic zones. The field experiment was 
arranged in two replicates on 1 m plots, 40-60 grains per row and 20 cm distance between rows, 
according to the systematic method. The evaluation of the tiller number, plant height, ear length, 
spikelet number, ear grain number, ear grain weight and 1000-grain weight were carried out ac-
cording to the methodological recommendations of the N.I. Vavilov All-Russian Institute of 
Plant Genetic Resources (VIR) (for 20-25 randomly selected plants of each line). Our results 
show conserved ranks of tiller number, ear length, number of spikelets per ear, and ear grain 
number in five groups of introgression hybrids in two agro-ecological regions, as influenced by 
growing conditions, while hierarchical structures for plant height, ear grain weight and 1000-
grain weight dissociate due to effect of the genotype ½ environment interaction. In the West 
Siberian region, hybrid wheat lines, as a rule, overcome parental forms on productivity traits and 
are below them in height. In the Eastern European region, soft wheat varieties involved in cross-
ings are inferior to the introgression lines created on their basis only on tiller number. The ex-
ception was cultivar Scala, which in the conditions of the Republic of Belarus was characterized 
as medium-sized with high spike-lengths and the number of spikelets per ear, but with low values 
of the ear grain number and ear grain weight. Approximation of the productivity of introgression 
lines and their parents by PCA also indicates a significant influence of environmental conditions. 
Observations corresponding to the Western Siberian region and Belarus constitute two relatively 
distant dispersion clouds, differing in the degree of overlapping of the areas corresponding to 
different cross combinations and their positions relative to the parental forms in the PCA space. 
According to the results of the research, introgression lines created on the base of varieties Sara-
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tovskaya 29, Skala and Irtyshanka 10 are recommended as sources of resistance genes without 
reducing productivity of recipient varieties. 

 

Keywords: Triticum aestivum, common wheat, tetraploid wheat T. timopheevii, introgression 
lines, productivity, eco-genetic experiment 

 

Common wheat (Triticum aestivum L.) is one of the most important 
crops, which plays a key role in providing food for people all over the world [1]. 
To obtain high yields of common wheat, it is necessary to develop varieties 
which combine high yields with low fluctuations of economically valuable traits 
when cultivated in regions with different soil and climatic conditions [2-4]. The 
range of ecological flexibility determines the area of optimal agro-ecological zon-
ing of the variety [5-7]. 

Increasing productivity and maintaining a stable crop yield in changing 
environmental conditions depend on various factors, the most important of 
which are the varieties resistance to biotic and abiotic stressors. Fungal diseases 
lead to significant losses in yield of winter and spring common wheat: during the 
period of epiphytotics, the productivity of susceptible varieties decreases by 50-
70%. A number of papers associate high yields of modern varieties and breeding 
samples of common wheat, including lines obtained by the involvement of for-
eign genetic material, with resistance to fungal pathogens [8-10].  

Wild and cultivated relatives of common wheat are promising sources for 
expanding the genetic diversity of modern varieties for resistance loci. Currently, 
over 50 genes of resistance to leaf and stem rust, as well as powdery mildew, 
have been introduced into the genome of common wheat from relatives and ce-
reals from distant taxonomic groups [11]. However, in the case of introgression 
of alien resistance loci, it is necessary to pay attention to the degree of influence 
of inherited genetic material on other economically important traits. For many 
alien genes, determining resistance to leaf-stem infections, there has been a de-
crease in the productivity of the ear and other yield components during gene 
transfer to commercial wheat varieties [12, 13]. 

Information on the ecological flexibility and adaptability of lines in vari-
ous environmental conditions is needed in order to use introgression lines as 
sources and donors of fungal pathogen resistance genes. A collection of intro-
gressive lines of common wheat, obtained with the participation of the tetraploid 
species T. timopheevii var. viticulosum, was studied earlier. Long-term observa-
tions have shown that the lines are characterized by effective resistance to leaf 
rust and powdery mildew, some of them are resistant to stem rust, septoria, and 
dust brand; a number of lines have group resistance to disease [14]. Effective 
genes which determine the resistance of introgression lines to leaf rust [15, 16] 
were mapped using molecular genetic analysis,  

This paper for the first time presents estimates of the adaptive responses, 
stability, and breeding value of common wheat lines with alien substitutions and 
translocations, obtained in an eco-genetic study.  

The purpose of the study was a comparative analysis of manifestation of 
economically important traits in common wheat lines containing alien genetic 
material of Triticum timopheevii when grown in Western Siberia of Russia and in 
the Republic of Belarus, located in different geographical areas.  

Technoques. A total of 21 introgression lines of Triticum aestivum/T. 
timopheevii (BC1F22-24, 2n = 42), obtained by crossing five varieties of common 
wheat (Saratovskaya 29, Skala, Irtyshanka 10, Tselinnaya 20 and Novosibirskaya 
67) with tetraploid wheat T. timopheevii var. viticulosum [14] were used. Field 
testing of the lines and their parental forms was carried out in 2015 under the 
conditions of the West Siberian (Novosibirsk Province) and East European 
(Minsk, Republic of Belarus) agroclimatic regions. 
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The field experiment was laid out in 2 replications on plots with a width 
of 1 m, 40-60 grains per row and distance between rows of 20 cm, distributed 
over the plot according to the systematic method. The evaluation of the tiller 
number, plant height, ear length, spikelet number, ear grain number, ear grain 
weight, and 1000-grain weight were carried out according to the methodological 
recommendations of Vavilov All-Russian Institute of Plant Genetic Resources 
(VIR) (for 20-25 randomly selected plants of each line) [17]. 

The obtained data were processed with STATISTICA 10.0 software 
(StatSoft, Inc., USA) and Microsoft Excel package. Descriptive statistics meth-
ods (the arithmetic mean M and the standard error of the mean ±SEM were 
calculated) and nonparametric correlation analysis (the Spearman correlation 
coefficient r) were used in the study. Radar charts were constructed according to 
the difference between the mean value of the introgression line trait and the 
mean value of each parental form trait in two tests. The commonality of each of 
the variables and its contribution to the main components of variability were 
evaluated using Principal Component Analysis (PCA). 

Results. The climate of Western Siberia is continental and is character-
ized by long winters and short hot summers. The climate of Belarus is moderate-
ly continental and is characterized by frequent Atlantic cyclones, mild and wet 
winters, warm summers. The comparative analysis of meteorological conditions 
in 2015 (http://rp5.by) showed that the accumulation rate of the effective heat 
sum (EHS) in the West Siberian region was 11-15% higher than the values not-
ed for the Eastern European experimental site. In the Novosibirsk Region, EHS 
for the May-July period exceeded 1600 C required for the ripening of spring 
wheat [18], which contributed to the acceleration of growth and reproductive pro-
cesses, reduction of the crop vegetation period. During the whole period of growth 
and development of wheat, there was an insufficient amount of precipitation (the 
lack of precipitation was more pronounced in the conditions of the Republic of 
Belarus).  

The constructed radar charts reflect the difference between the mean 
value of the introgression line trait and the mean value of each of the parental 
forms traits during two tests and allow comparing the productivity of the studied 
wheat samples in the conditions of the West Siberian and East European re-
gions. Plants of the T. timopheevii species were characterized by a maximum till-
er number (on the average 2.7±0.1 stems in Novosibirsk, 4.7±0.2 stems in 
Minsk) and in terms of this trait were superior to the T. aestivum varieties in-
volved in the crossing and introgressive lines derived from them (Fig. 1). Under 
the conditions of the West Siberian region, the lines created on the basis of the 
varieties Saratovskaya 29 and Novosibirskaya 67 were inferior to the parental 
variety T. aestivum in terms of tiller number. Regardless of the growing condi-
tions, reliable transgressions of the trait (in relation to the variety) were shown in 
combinations based on the Skala and Tselinnaya 20 varieties. 

Significant differences were found in the height of plants grown in differ-
ent agro-climatic zones. Both hybrid forms and initial varieties formed a higher 
straw under the conditions of the continental climate of Siberia. At the same 
time, in the West-Siberian region, 75 and 57% of introgressive lines were inferior 
to the original variety and T. timopheevii in height. According to the results ob-
tained in the conditions of the Belarusian experiment, only 48% of introgressive 
lines were below both parental forms. 

T. timopheevii plants formed a short ear (5.3±0.1 and 5.6±0.1 cm, re-
spectively, in the conditions of Belarus and Russia) with a small number of 
spikelets (10.8±0.7 pcs.) regardless of the conditions cultivation. Its parameters 
were superior to the ear of Irtyshanka 10 ½ T. timopheevii (see Fig. 1, G, 3.3)  
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Fig. 1. The difference between traits (by the 
mean values) of the wheat introgression line 
and one of the parental forms, the Triticum 
timopheevii  or a T. aestivum variety  
when grown in Belarus, and T. timopheevii 

 or a T. aestivum variety  when grown 
in the West Siberia region (2015). The follow-
ing traits are presented: ear grains number 
(A), ear grain weight, g (B), tiller number, 
pcs. (C), 1000-grain weight, g (D), ear length, 
cm (E), plant height, cm (F), spikelet num-
ber, pcs. (G); 1.1-1.6 — lines created on the 
basis of the hybrid Saratovskaya 29 ½ T. timo-
pheevii; 2.1-2.4 — Skala ½ T. timopheevii; 
3.1-3.5 — Irtyshanka 10 ½ T. timopheevii; 
4.1-4.4 — Tselinnaya 20 ½ T. timopheevii; 5.3- 

5.4 — Novosibirskaya 67 ½ T. timopheevii. The diagram dark sector means that the introgressive line 
is inferior to the parental form by the mean value of the analyzed trait, the bright sector means that 
the introgressive line is superior to the parental form by the average value of the analyzed trait. 
 

and Tselinnaya 20 ½ T. timopheevii (see Fig. 1, G, 4.2). Under the conditions of 
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Belarus, an increase in the ear length compared to the variety was noted in four 
lines created on the basis of the Saratovskaya 29 variety (the average length of 
the ear in Saratovskaya 29 was 8.6±0.3 cm, in hybrids it could reach 
10.3±0.1 cm). In the West Siberian region, more than half of the lines obtained 
on the basis of the Skala and Tselinnaya 20 varieties, and all the lines of the Sa-
ratovskaya 29 ½ T. timopheevi and Irtyshanka 10 ½ T. timopheevi combinations 
were significantly superior to the initial wheat variety in terms of the ear length. 
In the Eastern European region, more than 60% of hybrid lines were inferior to 
the parent variety in terms of the spikelet number. The trait transgression was 
noted for six lines (in combination with the Saratovskaya 29, Skala, Irtyshanka 
10 and Tselinnaya 20). Introgression of the T. timopheevii genetic material into 
the Novosibirsk 67 variety resulted in a significant decrease in the ear length in 
hybrids regardless of growing conditions, while the number of spikelets almost 
did not decrease as compared with that in the cultural variety.  

In general, according to two environmental tests, the average ear grain 
number and ear grain weight (see Fig. 1, A, B) varied from 11.6±0.8 pcs. and 
0.4±0.04 g for line 4.3 (combination of Tselinnaya 20 ½ T. timopheevii) to 
32.03±2.9 pcs. and 1.13±0.09 g for line 3.1 (Irtyshanka 10 ½ T. timopheevii). Under 
the conditions of the West Siberian region, T. timopheevii plants formed on average 
15.6±0.5 ear grains with a weight of 0.61±0.03 g. When grown in Belarus, the seed 
number of the T. timopheevii ear reached 19.4±0.9 pcs., but the average grain weight 
decreased to 0.59±0.04 g. That is, some of the introgressive lines were inferior to the 
wild-growing ancestor in terms of the grains number (10 and 20% of samples, re-
spectively, in the conditions of the West Siberian region and Belarus) and the ear 
grain weight (20 and 15% of samples). In the Eastern European region, seed num-
bers of the cultural variety were exceeded only by four lines created on the basis of 
the Skala variety and two lines based on the Saratovskaya 29 variety. In the West 
Siberian region, transgression by the grains number and grains weight was observed 
for the combinations of Irtyshanka 10, Saratovskaya 29 and Tselinnaya 20. 

The growing conditions affected the 1000-grain weight in the T. timo-
pheevii species. While in the West Siberian region, this indicator reached 
37.9±0.8 g, exceeding the value of all parental varieties and being inferior to that 
only in eight introgressive lines (three lines of the combination Saratovskaya 
29 ½ T. timopheevii; four lines of Irtyshanka 10 ½ T. timopheevii; one line of 
Scala ½ T. timopheevii), then in Belarus, the 1000-grain weight in the T. timo-
pheevii was only 30.4±1.3 g, which is lower than in the majority of varieties and 
introgressive lines grown under the same conditions. In terms of the 1000-grain 
weight, 76.2% of the wheat introgressive lines in the West Siberian region and 
9.5% of the lines in the conditions of Belarus were superior to the cultural varie-
ties. It is possible that this is due to the difference in the size of the seeds that 
form the parental forms when growing conditions are changed. 

Reliable correlations of the mean values of the four traits in two growing 
regions are shown for the five hybrid combinations (Fig. 2). Compared with the 
West Siberian region, there was an increase in the tiller number by 87.0%, in the 
number of spikelets by 17.0%, in the ear length by 15.0%, in the number of 
grains by 2.6% under the conditions of Belarus. Lines on the basis of the Sara-
tovskaya 29 variety, which were undersized under the conditions of Belarus, 
were characterized by the maximum height of the stem in the West Siberian re-
gion. Compared with the Belarusian experiment, the lines created with the in-
volvement of the Scala and Irtyshanka 10 varieties showed an increase in the ear 
grains weight and 1000-grain weight when grown in the West Siberian region. 
However, under the conditions of Novosibirsk, the seed number of the lines cre-
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ated on the basis of the Saratovskaya 29, Tselinnaya 20 and Novosibirskaya 67 
varieties decreased. 

 

 

 

Fig. 2. Tiller number, pcs. (A), ear length, cm (B), ear grain 
number, pcs. (C), ear grain weight, g (D), plant height, cm 
(E), spikelet number, pcs. (F), 1000-grain weight, g (G) in 
groups of introgressive lines, obtained on the basis of T. timo-
pheevii and T. aestivum varieties in the conditions of the East 
European (a) and West Siberian regions (b): 1 — Saratovskaya 
29; 2 — Scala; 3 — Irtyshanka 10; 4 — Tselinnaya 20; 5 — 
Novosibirskaya 67 (2015). The figure shows arithmetic means 
with confidence intervals (95%); r is the Spearman correlation  

coefficient between the mean trait values of the wheat introgression line grown in the West Siberian 
region and Belarus; the asterisk indicates correlation coefficients statistically significant at p < 0.05. 

 

The Principal Component Analysis (PCA) estimates the commonality 
of each of the variables and its contribution to the main components of vari-
ability. The PCA is used to classify introgressive lines and parental forms ac-
cording to a set of phenotypic traits and comparative analysis of productivity 
when grown in two agroclimatic regions (Fig. 3). The method reduced the 
number of variables describing wheat productivity to three main components 
(eigenvalues higher than unity). The first two PCA factors together provided 
66.2% of the variance, the third factor explained additional 15.5%. For inter-
pretation of the obtained solution, a two-factor PCA model which reproduces 
commonalities for six traits of productivity 0.60-0.89 (dispersion share for a 
given number of factors) was selected. Based on the factor loadings, the first 
main component explained the variability of the main ear traits (length, 
number of spikelets, number and weight of ear grains). The tiller number and 
the height of the plant correlated with the second selected component, which 
allowed interpreting this factor as the plant habit. The addition of the third 
main component to the analysis significantly increased the commonality of 
the solution only for the 1000-grain weight (commonality of the trait was 
0.28 for the two main components, 0.85 for the three main components) and 
did not affect the sample classification diagram. 

PCA evaluation of the productivity of samples of introgressive lines and 
their parental forms grown in Western Siberia and Eastern Europe indicated a 
significant effect of growing conditions. The results of observations, correspond-
ing to the Novosibirsk Region and Belarus, form two dispersion clouds with the 
centers of gravity in the second and fourth quarters of the graph. Regional vari-
ants of the experiment could be divided by a diagonal line through the third and 
first quarters of the graph (see Fig. 3). There was an increase in the values of 
tiller number, plant height, size and yield of the main ear along this line. Projec-
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tions of the individual introgressive lines onto the PCA plane were combined 
into planar clusters corresponding to the same crossing combination tested in 
each of the growing regions. The clusters position was correlated with the pro-
jections of regional variants of tested parental forms (T. timopheevii, Saratovskaya 
29, Scala, Irtyshanka 10, Novosibirskaya 67, Tselinnaya 20). 

The total area of 
clusters overlapping and 
binding of the overlapping 
area to the analyzed samples 
for the conditions of West-
ern Siberia and Belarus dif-
fered. The Belarusian exper-
iment was characterized by 
greater compactness of the 
clusters, a wider range of 
spread and remoteness of 
the parental forms from the 
analyzed hybrid combina-
tions. Under the conditions 
of the West Siberian region, 
the projections of parental 
wheat varieties were close 
to the region of variation in 
the group of introgressive 
lines based on the Tselinna-
ya 20 and Scala varieties. In 
the West Siberian experi-
ment, the T. timopheevii fell 
into the range of variability 

of the hybrid combination based on the Saratovskaya 29 variety. The parent T. 
timopheevii showed lower values of the ear length, the number of spikelets and the 
number of seeds compared to the groups of lines created with the involvement of 
the Tselinnaya 20, Irtyshanka 10, Novosibirsk 67 and Scala varieties. The T. timo-
pheevii species grown under the conditions of Belarus was characterized by a low 
value of the two main components (coordinates) compared to the varieties in-
volved in crosses, which placed the clusters of introgressive lines of one crossing 
combination on the vector connecting the projections of the parental forms (see 
Fig. 3).  

Factor analysis and its variants (principal component analysis, biplot analy-
sis, etc.) are convenient for estimating components of a variety—year—growing con-
ditions system, since they allow simultaneously estimating the variance and in-
terrelation of a large number of traits, as well as reducing the number of experi-
mental parameters to several factors explaining the observed variation of traits 
[19, 20]. Thus, Yu.F. Osipov et al. [21] identified five auto-compensatory sys-
tems based on factor analysis of 44 indicators of the winter wheat 
agrophytocenosis, which allowed determining the effect of photosynthetic activi-
ty, mineral nutrition and planting density on wheat productivity. In another pa-
per, diversification of spring common wheat varieties according to the specificity 
of the genotype-environment response was carried out and the most productive 
and resistant varieties were identified for four sites of state variety testing in the 
Samara Region using the biplot analysis [22]. These approaches demonstrate a 
wide range of factor analysis capabilities for variety testing in specific soil and 
climatic conditions.  

 

Fig. 3. The projection of observations of introgressive lines of 
common wheat Saratovskaya 29 ½ T. timopheevii (1), Tselin-
naya 20 ½ T. timopheevii (2), Scala ½ T. timopheevii (3), Ir-
tyshanka 10 ½ T. timopheevii (4), Novosibirskaya 67 ½ T. 
timopheevii ( ) and parental forms T. timopheevii ( ), Sa-
ratovskaya 29 ( ), Tselinnaya 20 ( ), Novosibirskaya 67 (

), Scala ( ), Irtyshanka 10 ( ) onto the two first PCA 
components (2015). The first main component: eigenvalue is 
2.8, the variance explained is 39.8%; the second main com-
ponent: eigenvalue is 1.9, the variance explained is 26.4%. 
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Currently, in addition to bioinformatics analysis methods, it has become 
possible to use molecular genetic methods that allow the dissection of economi-
cally important traits and identify minor loci (quantitative trait loci, QTLs) with 
various effects. As a result of an integrated approach, it is possible to identify 
genotypes containing combinations of QTLs in the genome, which make a posi-
tive contribution to the phenotypic manifestation of a number of traits under 
various environmental conditions [23-25]. 

Selection of the main factors determining the formation of the wheat yield 
in various ecological and geographical conditions allows creating varieties with 
high ecological flexibility, which has been convincingly demonstrated for various 
types of crops, including wheat [26, 27]. In this experiment, the principal com-
ponent analysis used in the analysis of seven productivity traits allowed differen-
tiating introgressive lines and parental forms of wheat grown in the conditions of 
the Republic of Belarus and in the West Siberian region, to distinguish two signs 
describing the main ear productivity and plant habit, and also to identify groups 
of introgressive lines that significantly change productivity depending on growing 
conditions (hybrids based on Irtyshanka 10 and Saratovskaya 29). It should be 
noted that in the case of parental forms and hybrids, in which productivity ele-
ments are less dependent on uncontrollable factors (as was observed, for exam-
ple, in T. timopheevii parent plants), grain yield should be increased due to 
changes in the elements of crop cultivation technology.  

The results obtained in the study show the prevailing influence of eco-
logical and geographical conditions on the manifestation of economically im-
portant traits. At the same time, the most significant differences were noted for 
the tiller number, plant height, and ear length. Previously, using factor analysis 
of data on the assessment of lines in the conditions of the Novosibirsk Region, it 
was found that the genotype contribution to the phenotypic differences between 
lines and initial varieties is insignificant [28]. The identified fluctuations in the 
traits between groups of lines created on the basis of different common wheat 
varieties may be associated with a different response of the variety-founder to 
weather conditions, as shown by other researchers for both commercial varieties 
and introgressive lines [29-31].  

Thus, introgression of the Triticum timopheevii genome in the T. aestivum 
varieties leads to a significant diversification of introgression lines according to a 
set of productivity traits. The degree of manifestation of the observed diversifica-
tion depends on the growing conditions of the samples. In the West Siberian 
region, the hybrid lines of wheat, as a rule, are superior to the parental forms in 
terms of ear productivity and are inferior to them in terms of plant height. In the 
Eastern European region, the varieties involved in crossings are inferior to the 
introgressive lines created on their basis only in terms of tiller number. The ex-
ception is the Scala variety, which, under the conditions of the Republic of Bel-
arus, is characterized as medium-grown with high values of ear length and the 
number of spikelets, but low values of the number and weight of ear grain. Ac-
cording to the study, introgression lines created with the involvement of the Sa-
ratovskaya 29, Scala and Irtyshanka 10 varieties are distinguished by higher 
adaptability to the stressful environmental conditions and can be recommended 
as sources of resistance genes that do not cause a decrease in the productivity of 
the recipient varieties. 
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A b s t r a c t  
 

In worsen environmental conditions sustainable agriculture and high quality food produc-
tion rely on crop diversity and adaptiveness that requires the improved estimates of plant parameters. 
Flax which is among the recognized promising crops is presently rare in the Tyumen region. Our 
paper shows the most informative morphometric criteria of adaptiveness for several domestic and 
foreign flax varieties studied under local conditions. The criteria are for the first time improved by a 
rapid noninvasive method of chlorophyll measurement in leaves with a SPAD 502 optical counter. 
The purpose of this work was to estimate response of Linum usitatissimum L. genotypes to the envi-
ronmental factors and to identify signs for use as indicators of adaptability. A total of 20 collection 
samples of flax of different ecological and geographical origin from Russia (6 samples), Belarus (7 
samples), Czechia (2 samples), Ukraine (1 sample), France (1 sample), Canada (1 sample), Australia 
(1 sample), and Germany (1 sample) were used. Laboratory and field tests were conducted in 2016-
2017. Seeds were germinated in Petri dishes on a filter paper moistened with distilled water at 20 C, 
germination energy, laboratory germination rate, morphometric parameters and biomass of seedlings 
were determined. To test the plants at the initial stages of ontogenesis, 20 seeds were sown in 4-fold 
repeat in the vegetation pots. For field study (Biological station of the Tyumen state university «Bio-
station Kuchak», Tyumen Province, Nizhnetavdinsky District), 200 seeds of each sample were sown 
on 1 m2 plots in 3-fold repetition. Chlorophyll content in leaves was determined using an optical 
counter SPAD 502 («Minolta Camera Co., Ltd», Japan), three times with a 5 day interval in the 
laboratory test and seven times (according to the phenological phases — full shoots, herringbone, 
rapid growth, budding, flowering, green ripeness, and early yellow ripeness) in the field test. As per 
results obtained the seeds of the studied flax samples had two types of color (brown and yellow), 
differed in length (3.0-5.4 mm), width (2.1-8.2 mm), weight of 1000 seeds (6.57-4.36 g), shape 
(elongated-elliptic, ovoid flattened), which indicates sample heterogeneity. Features of plant growth 
and development at the initial stages of ontogenesis in some cases were confirmed in the field. For 
example, the length of the shoot in plants of varieties Mayak, Rybin, and Iva in the laboratory test is 
the largest of the entire experimental group (13.1; 12.5; 12.1 cm, respectively), and in the field, these 
varieties are in the ‘tall’ group according to plant height (96.1-100.2 cm). The yield of the flax straw 
was more (166.6-171.7 g/m2) in the varieties having shoots substantially predominating in the plant 
biomass (Grant, Mayak, Bertelsdorfer). Field germination rate (62.3-77.3 %) and plant survival dur-
ing the growing season (70.6-85.8 %) we refer to the informative criteria that characterize a number 
of ontogenetic interrelated processes. Also, we propose SPAD 502 readings (SPAD index) to evaluate 
the genotype ½ environment interactions. Our results show positive correlations between SPAD in-
dex and parameters of plant assimilation surface (linear size, area and number of leaves, and plant 
height), as well as plant survival during the growing season. Significant differences are revealed be-
tween the studied samples in the average daily chlorophyll accumulation in the leaves before flower-
ing and chlorophyll degradation at green and early yellow ripeness phases. Significant advantage in 
flax straw and seed yields have samples with a relatively rapid increase in SPAD index during the first 
half of the growing season with further uniform decrease towards maturity phase. Thus, Grant, 
Mayak (Belarus), Bertelsdorfer (Germany), Svalof (Czech Republic), Ottava 770 B See (Canada) are 
the varieties that combine high adaptive and productive properties. 

 

Keywords: Linum usitatissimum L., flax, collection sample, chlorophyll counter SPAD 502, 
simulated and natural conditions 

 

Stresses from environmental factors, known as stochastic events, repre-
sent significant deviations from normal conditions and can cause significant 
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damage to the plant population [1]. Sustainable crop production in the south of 
the Tyumen Province is possible with a combination of the following conditions: 
selection of plant species tolerant of limiting environmental factors, the creation 
of new highly adaptable varieties, their accelerated reproduction, and proper en-
vironmental placement [2]. Climate changes, manifested in an increase in aver-
age annual surface air temperature by 0.7 C on all continents over the last quar-
ter of the 20th century [3], indicate the need for making adjustments to the 
strategy for selecting species and varieties of cultivated plants.  

The provision of high-quality, environmentally friendly food products to 
a certain extent is achieved by increasing the number of crops, developing fun-
damentally new ways to evaluate plant forms and quickly processing information 
about the biology of their development. Genetic diversity of plants increases the 
choice and provides protection against adverse conditions.  

Flax is one of the crops that deserve attention and introduction into ag-
ricultural production. Currently, in the Tyumen Province, it is practically not 
grown; there is no testing of varieties in state strain-trial stations (SSTS). At the 
same time, flax growing was developed in Siberia in the 1970s-1980s, and the 
area under flax in the south of the Tyumen Province was more than 10000 hec-
tares [4]. The introduction and selection of flax varieties, ecologically adapted to 
local soil and climatic conditions, is important for agricultural practice.  

When phenotyping characteristics on seedlings in controlled conditions 
(modeled in the laboratory) and on adult plants in natural field conditions, it is 
possible to accelerate the identification of selectively valuable plant forms. Mor-
phological characteristics of seedlings are considered as biometric indicators of 
the reaction of the forming plant organism to environmental factors. Thus, the 
ratio of the root and the shoot lengths in standard and stressful conditions can 
serve as a convenient indicator characterizing ontogenetic development. This 
indicator is identified among the informative ones during the assessment of the 
degree of adverse effects on triticale [5], maize [6], safflower [7], and pine [8].  

The physiological features characterizing the genotype ½ environment 
interaction include the chlorophyll content in the leaves. Stationary methods for 
determining this indicator using spectrophotometers are laborious, time-
consuming, and require removal of plants from agrocenoses. The ability to 
quickly and accurately determine the amount of chlorophyll using the SPAD-
502 optical counter (Minolta Camera Co., Ltd., Japan) in the leaves of wheat 
[9, 10], barley [11, 12], oats [13], rice [14], potatoes [15], tomatoes [16], celery 
[17], sugar cane [18], papaya [19], bay [20] and woody [21] plants, eucalyptus 
[22], peanuts [23], soy [24, 25], arabidopsis [26], and ornamental crops [27] was 
shown. Differences between species and varieties were revealed according to the 
amount of chlorophyll when exposed to salinity [28], contrast temperature [29, 
30], lack of moisture [31] and in vitro culture [32]. In Russia, studies made us-
ing this instrument are fragmented [33].  

In this paper, for the first time in the conditions of the south of the 
Tyumen Province, the variability of morpho-physiological traits has been studied 
using the example of 20 samples of ordinary flax of different ecological and geo-
graphical origins and the most informative criteria determining the adaptive po-
tential of the crop have been established. Rapid diagnosis of the accumulation 
and degradation of chlorophyll in the leaves at different stages of plant ontogen-
esis was carried out using a SPAD 502 optical counter. 

The purpose of the research was to study the response of ordinary flax 
genotypes (Linum usitatissimum L.) to the effects of environmental factors and to 
identify population and individual characteristics for use as indicators of adaptive 
properties. 
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Techniques. The authors studied 20 collection samples of flax of various 
eco-geographical origins from Russia (6 samples), Belarus (7 samples), Czech 
Republic (2 samples), one sample per Ukraine, France, Canada, Australia, and 
Germany. Laboratory and field experiments were carried out in 2016-2017. 

Seeds were germinated in Petri dishes on filter paper moistened with dis-
tilled water at 20 C in a thermostat TS-1/80 SPU (Russia) in accordance with 
RF State Standard GOST R 52325-2005 [34]. The germinative energy, laborato-
ry germination rate of seeds, morphometric parameters, and seedling biomass 
were determined.  

To test the plants at the initial stages of ontogenesis, 20 seeds were sown 
in 4-fold repetition in the vegetation vessels. 280 g of soil with a humidity of 
60% of the total water capacity was placed in the vessel. Plants were grown on 
specialized racks (illumination of 5000 lux, 16 h photoperiod). Seed germination, 
plant height, chlorophyll content in leaves, the weight of the aboveground and 
underground parts were assessed. To characterize the structure of biomass, the 
ratio for shoots and roots was calculated.  

A field study of flax collection samples was performed at the experi-
mental field of the biological station of the Tyumen State University Lake 
Kuchak (Nizhnetavdinsky District, Tyumen Province, 5721´N, 6604´E) on 
cultivated sod-podzolic soil of sandy loam granulometric composition. Field tri-
als, observations and records of traits were carried out in accordance with the 
guidelines [35]. Sowing was carried out in the first decade of May in an ordinary 
way with 200 seeds per plot with an accounting area of 1 m2, repeated 3 times. 
Placement of the plots was randomized. The predecessor is spring barley.  

The chlorophyll content in the leaves was determined using an optical 
counter SPAD 502 (Minolta Camera Co., Ltd., Japan) at  = 650 nm (maxi-
mum absorption of chlorophylls a and b) and  = 940 nm (taking into account 
the thickness of the leaf). The instrument was calibrated before starting the 
measurement. The amount of chlorophyll in 20 leaves from the top of typical 
plants of each sample was estimated. The middle part of the leaf blade was 
placed on the bottom of the device, clamped for a few seconds until a numerical 
value appears. The device automatically remembers all readings and calculates 
average values (SPAD units). The authors conducted 3 measurements with an 
interval of 5 days in the laboratory experiment and 7 measurements in the field 
at different stages of phenological development: sprouting, herringbone, rapid 
growth, budding, flowering, green ripeness, early yellow ripeness.  

The plant height was measured at each phenological phase. During the 
harvesting period, the number of surviving flax plants in each plot was calculat-
ed, and survival was calculated in relation to the number of shoots. 

Statistical data processing was performed according to B.A. Dospekhov 
[36], G.F. Lakin [37], A. Field et al. [38] using the Microsoft Excel spreadsheet 
processor and the STATISTICA 6.0 software (StatSoft, Inc., USA). Mean values 
(M) and standard errors of the mean (±SEM) are presented. Differences be-
tween mean values of the variants were evaluated using Student's t-test and were 
considered to be statistically significant at p < 0.05 and p < 0.01.  

Results. The heterogeneous flax material differed in linear dimensions 
(length, seed width) and 1000-seed weight. In accordance with the International 
Classification of the species Linum usitatissimum L. [39], the samples were divid-
ed into two groups: with medium (3 samples) and small (17 samples) seeds (see 
Table). 

According to the color of flax seeds, there are two types, dark (brown) 
and light (yellow). M.N. Yaglo et al. [40] regarded this trait as an important 
marker for variety identification. The yellow color is determined by the domi-
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nant YSED1 gene, the dark yellow color by the recessive ysed2 gene, and the 
light yellow-brown color by the rs1 gene [41]. The seed color of the studied 
samples was brown (of varying intensity) in 19 samples and yellow in one (Otta-
va 770 B See). 

Characterization of seeds of the studied ordinary flax (Linum usitatissimum L.) sam-
ples (M±SEM, laboratory test) 

Sample, phenotype 
(origin) 

Seed size, mm  Length/width 
ratio 

1000-seed 
weight, g length width 

M e d i u m  s e e d s  (n = 3)  
Rucheek, o (Russia) 5.21±0.83 3.54±0.11 1.47 6.12±0.17 
Fleez, o (Russia) 5.21±0.12 3.30±0.77 1.58 6.00±0.91 
Turquoise, o (Russia) 5.05±0.77 4.31±1.22 1.17 6.57±0.25 

S m a l l  s e e d s  (n = 17) 
36.3.-4, l (Russia) 4.42±0.81 3.25±0.50 1.36 4.51±0.66 
Velizhsky Ridge, l (Russia) 3.02±0.12 3.12±0.71 0.97 4.48±0.59 
Pechersky Ridge, l (Russia) 4.13±0.99 3.54±0.66 1.17 4.36±0.33 
Grant, l (Belarus) 5.01±0.89 3.10±0.63 1.61 5.25±0.34 
Mayak, l (Belarus) 3.06±0.12* 5.23±0.32* 0.59 4.50±0.65 
Mara, l (Belarus) 4.21±0.54 3.42±0.65 1.23 4.83±1.03 
Rubin, l (Belarus) 3.15±0.78 2.11±1.23 1.49 4.66±0.34 
Iva, l (Belarus) 4.25±0.75 3.32±0.90 1.28 4.74±0.43 
Yarok, l (Belarus) 4.21±0.57 3.15±0.80 1.34 5.00±0.72 
Vesta, l (Belarus) 3.35±0.28 3.42±0.64 0.98 5.39±0.94 
Glinum, l (Ukraine) 4.45±0.45 2.25±1.12 1.98 4.89±0.77 
Bertelsdorfer, l (Germany)  4.06±0.10 8.21±0.21** 0.49 5.25±0.95* 
Currong, l (Australia) 4.05±0.45 3.05±0.32 1.33 4.37±0.76 
Svalof, l (Czech Republic) 5.34±0.90* 3.15±0.32 1.70 4.59±0.91 
Hermes, l (Czech Republic) 4.21±0.91 3.11±0.36 1.35 5.03±0.49 
Ottava 770 B See, l (Canada)  5.36±0.21 3.48±0.79 1.54 5.50±0.20 
Alizee, l (France)  4.54±0.54 3.27±0.25 1.38 5.61±0.63 
Mean of all specimens 4.31±0.55 3.58±0.62 1.30 5.08±0.60 
N o t e. The samples are grouped according to 1000-seed weight [39]; l — long-stalked flax (spinning flax), o — 
linseed flax (oil flax).  
*, ** Differences with the average value of the samples are statistically significant, respectively, at p < 0.05 and 
p < 0.01. 

 

The average seed length was 4.31±0.55 mm and varied in samples from 
3.02±0.12 (Velizhsky Ridge) to 5.36±0.21 mm (Ottava 770 B See). In seed 
width, the minimum value (2.11±1.23 mm) was observed in the Rubin variety, 
the maximum value (8.21±0.21 mm) in the Bertelsdorfer variety, with an aver-
age value of 3.58±0.62 mm in samples (see Table). In the majority of the sam-
ples studied, the seed linear dimensions did not differ significantly from the av-
erage population values. Significant differences were found in the Mayak and 
Svalof samples in the seed length, in the Mayak and Bertelsdorfer samples in the 
seed width. The calculation of the index of the ratio of the seed length and 
width allowed estimating their differences in shape. The seeds of 16 samples, in 
which the length and width ratio was 1.17-1.98, had an elongated-elliptical 
shape. In four samples, the seed shape was ovate oblate (length and width ratio 
0.49-0.98). By 1000-seed weight, a significant difference with the average popu-
lation value was noted only in the Bertelsdorfer sample. 

Testing of the physiological quality of seeds is carried out by germinative 
energy and laboratory germination rate in strictly regulated conditions. However, 
it is believed [42] that these tests are not designed to predict the exact number of 
seedlings in field conditions, since the impact of stress factors (low soil tempera-
tures, lack of moisture, pathogens, etc.) reduces the rate of germination. In this 
regard, informative addition to the assessment of the biological properties of 
seeds was the study of the initial ontogenetic development of plants on the basis of 
the variability of their morphological features. The germinative energy and labora-
tory germination rates confirmed the high sowing qualities of the seeds studied. By 
germinative energy, none of the samples was significantly different from the aver-
age value (95.6±0.74%) throughout the experimental group. Laboratory germina-
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tive energy of seeds of the Grant (99.8±0.66%) and Glynum (97.1±0.21%) va-
rieties was significantly higher (p < 0.05), the Yarok (93.7±0.90%) and Fleez 
(94.6±0.99%) varieties were below average.  

The variation of the characteristic values as influenced by environmental 
factors is called phenotypic adaptation and is determined by the reaction norm 
[43]. The ability of seeds to germinate and to form full-fledged seedlings reflects 
the adaptive properties of the crop in new environmental conditions. The aver-
age field germination of seeds in the studied flax samples was 25% lower than in 
the laboratory, which is typical of the soil and climatic conditions of the Tyu-
men Province and is consistent with data from other crops [44]. The samples 
response to cultivation in the field was ambiguous. Indices for 6 samples differed 
significantly (p < 0.05) from the average for the collection, of which Grant, 
Mayak, Velizhsky Ridge were characterized by high (77.3-76.5%), Hermes, Ber-
telsdorfer, Rucheek – by low (66.3-67.9%) seed germinative energy. The varia-
bility of samples in field germination was higher than in laboratory tests (Cv of 
25.18 and 9.13%, respectively).  

The identification of growth features in regulated conditions and the 
possibility of interpreting these data in relation to the field conditions are of par-
ticular interest. So, when grown in pots, the longest shoot length was observed in 
the Mayak (13.1±0.77 cm), Rubin (12.5±0.94 cm), and Iva (12.1±0.31 cm) va-
rieties. According to the results of the field assessment, these varieties were clas-
sified as tall (100.0, 96.1, 100.2 cm, respectively). That is, their high growth po-
tential was maintained throughout the entire period of plant development.  

Analysis of the structure of raw biomass revealed the predominance of 
shoots, making in samples 66.7% on average. The high share of shoots (87.5-
90.0%) in the formation of plant biomass at the initial stages of ontogenesis was 
found in samples Velizhsky Ridge, Grant, Iva, Vesta, Glinum, Bertelsdorfer, 
Ottava 770 B See. In the field trials, stock yield was relatively high for Grant, 
Glynum, Lighthouse plants (166.5-170.0 g/m2), seed yield for Grant, Mayak, 
Bertelsdorfer plants (66.5-77.7 g/m2). 

The environmental plasticity of the tested flax samples was characterized 
by 80% plant survival during the growing season. The variation of the trait was 
30.33% and was higher than for seed germinating energy, laboratory and field 
germination. Consequently, the survival of plants was largely determined by the 
indices of individual viability of the samples. Grant, Mayak, Rubin, Currong, 
Velizhsky Ridge showed the best viability, and Fleez, Mara, Hermes, and 
Rucheek had the least plasticity. Samples with high resistance to environmental 
factors on the biological properties of seeds, their ability to germinate, as well as 
on indicators of linear growth of roots and shoots in early ontogenesis in most 
cases, minimally deviated from the average values for the collection. Samples 
with reduced survival often deviated from the mean value in opposite directions, 
i.e. towards increased shoot length (Mara) and field seed germination (Hermes), 
and towards reduced laboratory and field germination rates, as well as shoot 
length (Fleez, Rucheek). 

Thus, we used the widely-used tests which are based on the study of the 
characteristics of plants in laboratory and field tests allow one to reveal the pe-
culiarities of intrapopulation variation at the phenotypic level. However, there 
are opportunities to improve this traditional methodology. For example, the tests 
using physiological markers, such as the chlorophyll content, are seemed im-
portant. 

When analyzing the dynamics of chlorophyll accumulation in leaves in a 
laboratory test, we did not reveal significant differences between the samples in 
the first and second measurements with the SPAD 502, which is probably due to 
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the low intensity of linear growth at the initial stages of ontogenesis. The third 
measurement showed an increase in intrapopulation differences. In six varieties 
(Mayak, Glynum, Iva, Velizhsky Ridge, Currong, Hermes), the indicators were 
significantly (p < 0.05) lower than the average value, the others did not signifi-
cantly differ. From the beginning to the end of the experiment, the indicator 
varied from 1.29 to 9.14 SPAD units. To assess the variability of the chlorophyll 
content in the leaves, to give a complete statistical description of the analyzed 
population in laboratory and field conditions, as well as to compare one distribu-
tion with another, span diagrams (box and whisker pots) developed by J. Tukey 
[38] were used (Fig. 1). 

 

A B 

  
Fig. 1. Chlorophyll content in leaves of flax (Linum usitatissimum L.) collection samples with SPAD 
502 (Minolta Camera Co., Ltd., Japan) in laboratory (A) and field (B) trials: 1, 2, 3 — counted with 
an interval of 5 days; a — full shoots, b — herringbone, c — rapid growth, d — budding, d — flow-
ering, e — green ripeness, g — early yellow ripeness; line — arithmetic average;  — standard error, 
±;  — the trait minimum; ˥ — the trait maximum (n = 20; field tests were performed at the bio-
logical station of Lake Kuchak, Tyumen State University, Nizhnetavdinsky Region, Tyumen Prov-
ince, 2016-2017).  

 

 
Fig. 2. Average daily accumulation and degradation of chlorophyll in flax (Linum usitatissimum L.) 
leaves during phenological phases for all samples on average (n = 20) (A) and in the samples with 
significant differences (n = 3) (B): 1 — full shoots, 2 — herringbone, 3 — fast growth, 4 — budding, 
5 — flowering, 6 — green ripeness, 7 — early yellow ripeness; a — Grant, b — Svalof, c — breeding 
sample 36.3.4 (field tests were carried out at Lake Kuchak biostation of Tyumen State University, 
Nizhnetavdinsky Region, Tyumen Province, 2016-2017). 

 

Under natural conditions, the highest values (70.05 SPAD units) for 
chlorophyll were observed in flax leaves during flowering. During seed formation 
and ripening, the index dropped to 4.23-13.24 SPAD units. The nature of 
changes in the amount of chlorophyll can significantly affect seed yield and 
quality [45]. The minimum daily average accumulation of chlorophyll was rec-
orded in the seedling phase (0.37 SPAD units). The further development of 
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plants was associated with an increase in the relative rate of chlorophyll accumu-
lation during sprouting—herringbone period (up to 1.29 SPAD units), herring-
bone—rapid growth (up to 1.79 SPAD units), rapid growth—budding (up to 2.18 
SPAD units), budding—flowering (up to 4.36 SPAD units). From flowering to 
green and early yellow ripeness, the indices sharply decreased and amounted to 
1.52 and 0.75, respectively (Fig. 2). 

Despite a common pattern of chlorophyll accumulation and degradation 
of, the studied samples differed significantly among themselves (see Fig. 2, B). 
Thus, the highest intensity of chlorophyll accumulation in the leaves was re-
vealed in Grant, i.e. the pigment level during growing season increased daily by 
2.71 SPAD units. Regarding other samples, the variety was characterized by a 
rapid increase in the chlorophyll content before flowering and pronounced deg-
radation during seed formation. The variety showed a higher yield of stock 
(170.0 g/m2) and seeds (68.3 g/m2), with average population values of 147.1 and 
59.85 g/m2, respectively. During the growing season in the breeding sample 
36.3.4, an increase in chlorophyll per day was slow (1.42 SPAD units), the low-
est rate (1.53 SPAD units) as compared to other samples was during flowering 
phase, the stock yield was low (100.2 g/m2). Destruction of chlorophyll in green 
ripeness (1.58 SPAD units) and early yellow ripeness (0.70 SPAD units) was 
relatively slow, and seed yield was 33.3 g/m2. Svalof variety ranked an interme-
diate position between the described samples according to average daily chloro-
phyll accumulation in leaves (2.10 SPAD units during the growing season). It 
stood out by this indicator during plant flowering (2.43 SPAD units), seed for-
mation and maturation (1.57-1.00 SPAD units), as well as by seed productivity 
(116.5 g/m2). In general, for the studied samples, seed yield varied from 33.3 to 
116.5 g/m2, and stock from 100.2 to 171.7 g/m2. 

Correlation coefficients revealed interrelations of chlorophyll accumula-
tion with other laboratory and field indicators. For plant height in the laboratory 
and field test the values were respectively r = 0.65 and r = 0.89; for the number of 
leaves r = 0.36 and r = 0.25; for leaf area r = 0.35 in the laboratory test (in the 
field correlation was weak). Positive correlations were found between the SPAD 
502 measurements and plants survival rate in the budding phase (r = 0.22) and 
early yellow ripeness (r = 0.24).  

The data we obtained are consistent with the concept that chlorophyll 
content in leaves is a significant parameter of plant physiological status [46, 47]. 
The chlorophyll content per unit of leaf area (chlorophyll density) [48] is an in-
formative indicator of photosynthetic activity, growth and development of many 
crops. SPAD 502 readings are considered convenient criteria to estimate photo-
synthesis process with regard to changes caused by environmental factor, which 
allows selection of genotypes that adapt to stress [49-51]. 

According to the results of variance analysis, differences in factors were 
found in terms of the proportion of influence on the content of chlorophyll in 
the leaves in the total phenotypic variability. The accumulation of chlorophyll 
was primarily determined by the conditions of growing flax plants (46.2%), as 
well as the interaction of this factor with the genotype (34.4%). Genotypic dif-
ferences were 16.6%. The simultaneous effect of other factors on the trait was 
insignificant.  

So, by laboratory and field tests, population and individual traits crucial 
for flax plant adaptation to new agro-ecological conditions are identified. Testing 
of seeds shows that morphological traits of seedlings and young plants, the indi-
ces of root and shoot development, the structure of biomass can be informative 
criteria for biological state of varieties, along with traditional indicators of ger-
minative energy and laboratory germination rate. The patterns of variability of 
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some traits (shoot length, plant biomass, chlorophyll content) detected in flax 
samples at the initial stages of ontogenesis are confirmed in field trials, which 
gives grounds for selecting genotypes with useful traits in simulated laboratory 
conditions. In the field, the field germination rate and plant survival during the 
growing season can be used to identify flax varieties resistant to hydrothermal 
stress, since these indicators sufficiently characterize a number of interrelated 
ontogenetic processes and reflect the plant response to environmental factors. 
Assessment of genotypes in the field trial is based on a number of traits: plant 
height, linear dimensions, leaf area and number. When selecting flax genotypes, 
it is convenient to use the SPAD 502 optical chlorophyll counter, which allows 
breeder significantly reduce the time of evaluation without losing objectivity. 
The relationships between the measured indicators (SPAD units), morphologi-
cal features and plant survival at different stages of ontogenesis are revealed. 
By a comprehensive study, Grant, Mayak (Belarus), Bertelsdorfer (Germany), 
Svalof (Czech Republic), Ottava 770 B See (Canada) varieties combining high 
adaptive and productive properties are suggested as a starting material in 
breeding genetic programs. 

 
R E F E R E N C E S  

 
1. Dzharvis D.I., Majer L., Klemik H., Guarino L., Smejl M., Braun A.H.D., Sadiki M., Shapit B., 

Hodkin T. Uchebnoe posobie po in situ sokhraneniyu v usloviyakh khozyaistva (on-farm) [A train-
ing guide for in situ conservation on-farm]. Rim, 2002 (in Russ.). 

2. Bome N.A. Podbor kul'tur i metody sozdaniya sortov dlya ekstremal'nykh uslovii Severnogo Zau-
ral'ya. Avtoreferat doktorskoi dissertatsii [Selection of crops and methods for creating varieties for 
extreme conditions of the Northern Trans-Urals. DSci Thesis]. St. Petersburg, 1996 (in Russ.). 

3. Tyutyuma N.V. Teoreticheskie i prikladnye aspekty izucheniya selektsionnoi tsennosti genofonda 
zernovykh kolosovykh kul'tur v aridnykh usloviyakh Nizhnego Povolzh'ya. Avtoreferat doktorskoi 
dissertatsii [Theoretical and applied aspects of studying the breeding value of the gene pool of 
cereal crops in the arid conditions of the Lower Volga region. DSci Thesis]. Astrakhan', 2009 
(in Russ.). 

4. Osnovnye pokazateli sel'skogo khozyaistva Tyumenskoi oblasti (1913-1996) [The main indicators 
of agriculture of the Tyumen region (1913-1996)]. Tyumen', 1997 (in Russ.). 

5. Kaydan D., Yagmur M. Germination, seedling growth and relative water content of shoot in 
different seed sires of triticale under osmotic stress of water and NaCl. Afr. J. Biotechnol., 2008, 
7(16): 2862-2868. 

6. Ma X.F., Yu T., Wang L.H., Shi X., Zheng L.X., Wang M.X., Yao Y.Q., Gai H.J. Effects of 
water deficit at seedlings stage on maize root development and anatomical structure. The Jour-
nal of Applied Ecology (Chine), 2010, 21(7): 1731-1736. 

7. Khodadad M. An evaluation of safflower genotypes (Carthamus tinctorius L.), seed germination 
and seedlings characters in salt stress conditions. African Journal Agriculture Research, 2011, 
2(3): 1667-1672. 

8. Taeger S., Sparks T.H., Menzel A. Effects of temperature and drought manipulations on seed-
lings of Scots pine provenances. Plant Biol., 2015, 17(2): 361-372 (doi: 10.1111/plb.12245). 

9. Pour-Aboughadareh A., Ahmadi J., Mehrabi A. Physiological responses to drought stress in wild 
relatives of wheat: implications for wheat improvement. Acta Physiol. Plant., 2017, 39: 106 (doi: 
10.1007/s11738-017-2403-z). 

10. Ogbonnaya F., Rasheed A., Okechukwu E. Genome-wide association study for agronomic and 
physiological traits in spring wheat evaluated in a range of heat prone environments. Theor. 
Appl. Genet., 2017, 130(9): 1819-1835 (doi: 10.1007/s00122-017-2927-z). 

11. Honsdorf N., March T., Hecht A., Eglinton J. Evaluation of juvenile drought stress tolerance 
and genotyping by sequencing with wild barley introgression lines. Mol. Breeding, 2014, 34(3): 
1475-1495 (doi: 10.1007/s11032-014-0131-2). 

12. Buschmann C., Konanz S., Zhou M. Excitation kinetics of chlorophyll fluorescence during 
light-induced greening and establishment of photosynthetic activity of barley seedlings. Photo-
synthetica, 2013, 51(2): 221-230 (doi: 10.1007/s11099-013-0017-2). 

13. Sánchez-Martín J., Mur L.A.J., Rubiales D. Targeting sources of drought tolerance within an 
Avena spp. collection through multivariate approaches. Planta, 2012, 236(5): 1529-1545 (doi: 
10.1007/s00425-012-1709-8). 

14. Aghaee A., Moradi F., Zare-Maivan H., Zarinkamar F., Irandoost H., Sharifi P. Physiological 
responses of two rice (Oryza sativa L.) genotypes to chilling stress at seedling stage. Afr. J. Bio-



 

935 

technol., 2011, 10(39): 7617-7621. 
15. Gianquinto G., Goffart J., Olivier M. The use of hand-held chlorophyll meters as a tool to 

assess the nitrogen status and to guide nitrogen fertilization of potato crop. Potato Res., 2004, 
47(1-2): 35-80 (doi: 10.1007/BF02731970). 

16. Wu Q., Su N., Shen W., Cui J. Analyzing photosynthetic activity and growth of Solanum lyco-
persicum seedlings exposed to different light qualities. Acta Physiol. Plant., 2014, 36(6): 1411-
1420 (doi: 10.1007/s11738-014-1519-7). 

17. Torricelli R., Tiranti B., Spataro G. Differentiation and structure of an Italian landrace of cel-
ery (Apium graveolens L.): inferences for on farm conservation. Genet. Resour. Crop Ev., 2013, 
60(3): 995-1006 (doi: 10.1007/s10722-012-9896-5). 

18. Martins M., Souza W. Characterization of sugarcane (Saccharum spp.) leaf senescence: implica-
tions for biofuel production. Biotechnol. Biofuels, 2016, 9: 153 (doi: 10.1186/s13068-016-0568-0). 

19. De Castro F.A., Campostrini E., Netto A. Portable chlorophyll meter (PCM-502) values are 
related to total chlorophyll concentration and photosynthetic capacity in papaya (Carica pa-
paya L.). Theor. Exp. Plant Phys., 2014, 26(3-4): 201-210 (doi: 10.1007/s40626-014-0018-y). 

20. Scotti I., Calvo-Vialettes L., Scotti-Saintagne C. Genetic variation for growth, morphological, 
and physiological traits in a wild population of the Neotropical shade-tolerant rainforest tree 
Sextonia rubra (Mez) van der Werff (Lauraceae). Tree Genet. Genomes, 2010, 6(2): 319-329 
(doi: 10.1007/s11295-009-0251-8). 

21. Wang Y., Hong W., Wu C., Lin H., Fan H. Variation of SPAD values in uneven-aged leaves of 
different dominant species in Castanopsis carlessi forest in Lingshishan National Forest Park. J. 
Forestry Res., 2009, 20(4): 362-366 (doi: 10.1007/s11676-009-0061-8). 

22. Barry K., Newnham G., Stone C. Estimation of chlorophyll content in Eucalyptus globulus foliage 
with the leaf reflectance model PROSPECT. Agr. Forest Meteorol., 2009, 149(6-7): 1209-1213. 

23. Nigam S., Aruna R. Stability of soil plant analytical development (SPAD) chlorophyll meter 
reading (SCMR) and specific leaf area (SLA) and their association across varying soil moisture 
stress conditions in groundnut (Arachis hypogaea L.). Euphytica, 2008, 160(1): 111-117 (doi: 
10.1007/s10681-007-9581-5).  

24. Kühling I., Hüsing B., Bome N., Trautz D. Soybeans in high latitudes: effects of Bradyrhizobi-
um inoculation in Northwest Germany and southern West Siberia. Organic Agriculture, 2018, 
8(2): 159-171 (doi: 10.1007/s13165-017-0181-y).   

25. Thompson J., Schweitzer L., Nelson R. Association of specific leaf weight, an estimate of chlo-
rophyll, and chlorophyll concentration with apparent photosynthesis in soybean. Photosynth. 
Res., 1996, 49: 1-10. 

26. Ling Q., Huang W. Jarvis, P. Use of a SPAD-502 meter to measure leaf chlorophyll concentration 
in Arabidopsis thaliana. Photosynth. Res., 2011, 107(2): 209-214 (doi: 10.1007/s11120-010-9606-0). 

27. Gratani L., Crescente M., Fabrini G., Varone L. Growth pattern of Bidens cernua L.: relation-
ships between relative growth rate and its physiological and morphological components. Photo-
synthetica, 2008, 46: 179 (doi: 10.1007/s11099-008-0029-5). 

28. Kiani-Pouya A., Rasouli F. The potential of leaf chlorophyll content to screen bread-wheat geno-
types in saline condition. Photosynthetica, 2014, 52(2): 288-300 (doi: 10.1007/s11099-014-0033-x). 

29. Figueiredo N., Carranca C., Trindade H. Elevated carbon dioxide and temperature effects on 
rice yield, leaf greenness, and phenological stages duration. Paddy Water Environ., 2015, 13(4): 
313-324 (doi: 10.1007/s10333-014-0447-x). 

30. Hund A., Frascarol E., Leipner J., Jompuk C. Cold tolerance of the photosynthetic apparatus: 
Pleiotropic relationship between photosynthetic performance and specific leaf area of maize 
seedlings. Mol. Breeding, 2005, 16(4): 321-331 (doi: 10.1007/s11032-005-1642-7). 

31. Caser M., Lovisolo C., Scariot V. The influence of water stress on growth, ecophysiology and orna-
mental quality of potted Primula vulgaris ‘Heidy’ plants. New insights to increase water use efficiency 
in plant production. Plant Growth Regul., 2017, 83(3): 361-373 (doi: 10.1007/s10725-017-0301-4). 

32. Erturk U.,  Sivritepe N.,  Yerlikaya C., Bor M.,  Ozdemir F.,  Turkan I. Responses of the cherry 
rootstock to salinity in vitro. Biol. Plantarum, 2007, 51(3): 597-600 (doi: 10.1007/s10535-007-0132-7).  

33. Kapotis G., Zervoudakis G., Veltsistas T. comparison of chlorophyll meter readings with leaf 
chlorophyll concentration in Amaranthus vlitus: correlation with physiological processes. Russian 
Journal of Plant Physiology, 2003, 50(3): 395-397 (doi: 10.1023/A:1023886623645). 

34. GOST R 52325-2005 «Semena sel'skokhozyaistvennykh rastenii. Sortovye i posevnye kachestva. 
Obshchie i tekhnicheskie usloviya» [RF State Standard R 52325-2005. Crop seed quality parame-
ters]. Moscow, 2005 (in Russ.). 

35. Pavlova L.N., Aleksandrova T.A., Marchenkov A.N., Rozhmina T.A., Loshakova N.I., Kudrya-
vtseva L.P., Krylova T.V., Gerasimova E.G. Metodicheskie ukazaniya po selektsii l'na-dolguntsa 
[Guidelines for the selection of flax-fiber]. Moscow, 2004 (in Russ.). 

36. Dospekhov B.A. Metodika polevogo opyta [Methods of field trials]. Moscow, 2014 (in Russ.). 
37. Lakin G.F. Biometriya [Biometry]. Moscow, 1990 (in Russ.).  
38. Field A., Mieles J., Field Z. Discovering statistics using R. SAGE Publication LTD, London, 2012. 
39. Mezhdunarodnyi klassifikator SEV vida Linum usitatissimum L. [СMEA International classifier of 



936 

Linum usitatissimum L. species]. Leningrad, 1989 (in Russ.). 
40. Yaglo M.N. Vicnik Zaporiz'kogo natsional'nogo universitetu. Biologichni nauki, 2014, 1: 39-46 (in Russ.). 
41. Porokhovinova E. Vavilovskii zhurnal genetiki i selektsii, 2012, 16(4/2): 936-947 (in Russ.). 
42. Filho J.M. Seed vigor testing: an overview of the past, present and future perspective. Sci. Agr., 

2015, 72(4): 363-374 (doi: 10.1590/0103-9016-2015-0007).  
43. Kosulina L.G., Lutsenko E.K., Aksenova V. Fiziologiya ustoichivosti rastenii k neblagopriyatnym 

faktoram sredy [Physiology of plant resistance to adverse environmental factors]. Rostov-na-Donu, 
1993 (in Russ.). 

44. Bome N.A., Bome A.Ya., Tetyannikov N.V. Agrarnyi vestnik Urala, 2015, 4(134): 15-18 (in Russ.). 
45. Cicero S., van der Schoor R., Jalink H. Use of chlorophyll fluorescence sorting to improve 

soybean seed quality. Revista Brasileira de Sementes, 2009, 31(4): 145-151 (doi: 10.1590/S0101-
31222009000400017). 

46. Sims D.A., Gamon J.A. Relationships between leaf pigment content and spectral reflectance 
across a wide range of species, leaf structures and developmental stages. Remote. Sens. Environ., 
2002, 81(2-3): 337-354 (doi: 10.1016/S0034-4257(02)00010-X). 

47. Steele M., Gitelson A.A., Rundquist D. Non-destructive estimation of leaf chlorophyll content 
in grapes. Am. J. Enol. Viticult., 2008, 59: 299-305. 

48. Bowyer J.B., Leegood R.C. Photosynthesis. In: Plant Biochemistry. P.M. Dry, J.B. Harborne 
(eds.). Academic Press, San Diego, 1997: 49-110 (doi: 10.1016/B978-0-12-214674-9.X5000-0). 

49. Wiesler F., Bauer M., Kamh M., Engels T., Reusch S. The crop as indicator for sidedress ni-
trogen demand in sugar beet production — limitations and perspectives. J. Plant Nutr. Soil Sc., 
2002, 165: 93-99. 

50. Wang Q., Chen J., Li Y. Nondestructive and rapid estimation of leaf chlorophyll and nitrogen 
status of peace lily using chlorophyll meter. J. Plant Nutr., 2004, 27(3): 557-569 (doi: 
10.1081/PLN-120028878). 

51. Uddling J., Gelang-Alfredson J., Piikki K., Pleijel H. Evaluating the relationship between leaf 
chlorophyll concentration and SPAD-502 chlorophyll meter readings. Photosynth. Res., 2007, 
91(1): 37-46 (doi: 10.1007/s11120-006-9077-5). 



938 

AGRICULTURAL BIOLOGY, ISSN 2412-0324 (English ed. Online) 

2018, V. 53, ¹ 5, pp. 938-946 
(SEL’SKOKHOZYAISTVENNAYA BIOLOGIYA) ISSN 0131-6397 (Russian ed. Print) 

ISSN 2313-4836 (Russian ed. Online) 
 

Plant tissue culture 
 
UDC 633.521:581.1:581.4 doi: 10.15389/agrobiology.2018.5.938eng 

doi: 10.15389/agrobiology.2018.5.938rus 
 

THE RESPONSE OF in vitro CULTURED CELLS  
OF Linum grandiflorum Desf. ON THE ACTION OF POLLUTANT  

AND HERBICIDE 
 

E.A. GONCHARUK1, T.N. NIKOLAEVA1, L.V. NAZARENKO2,  
E.A. KALASHNIKOVA3, N.V. ZAGOSKINA1 

 
1Timiryazev Institute of Plant Physiology RAS, Federal Agency for Scientific Organizations, 35, ul. Botanicheskaya, 
Moscow, 127276 Russia, e-mail goncharuk.ewgenia@yandex.ru ( corresponding author), niktat2011@mail.ru, 
nzagoskina@mail.ru; 
2Moscow City University, 4, 2-i Selskokhozyaistvennyi proezd, Moscow, 129226 Russia, e-mail nlv.mgpu@mail.ru; 
3Timiryazev Russian State Agrarian University—Moscow Agrarian Academy, 49, ul. Timiryazevskaya, Moscow, 127550 
Russia, e-mail kalash0407@mail.ru ( corresponding author)  
ORCID:  
Goncharuk E.A. orcid.org/0000-0002-9280-9450 Kalashnikova E.A. orcid.org/0000-0002-2655-1789 
Nikolaeva T.N. orcid.org/0000-0003-1528-1020 Zagoskina N.V. orcid.org/0000-0002-1457-9450 
Nazarenko L.V. orcid.org/0000-0002-2924-1612  
The authors declare no conflict of interests 
Received July 23, 2018   

 

A b s t r a c t  
 

Scholarly papers on in vitro culture of large-flowered flax (Linum grandiflorum Desf.), an 
ornamental crop for urban gardening, are very few and mainly elaborate morphogenesis, embryo 
culture, and cell line resistance issues. Heavy metals and herbicides are typical urban pollutants 
which cause oxidative stress. Our study for the first time reveals differences in morphophysiologi-
cal characteristics and biosynthesis of phenolic compounds between in vitro cultured flaxseed cells 
influenced by Cd and herbicide glyphosate. With the aim to specify the mechanisms involved in 
stress tolerance of L. grandiflorum we have estimated the accumulation of antioxidants of phenolic 
nature, including phenylpropanoids and flavonoid in the callus culture. When studying the effect 
of stress factors, cadmium (60 μM), glyphosate (10 μM) or cadmium and glyphosate simultane-
ously (in the same concentrations) were added to the nutrient medium. Control was the standard 
nutrient medium. Callus cultures were analyzed at the end of the passage (day 28 of culture). 
Phenolic compounds extracted with 96 % ethanol from a plant material frozen with liquid nitro-
gen at 196 C. The content of the sum of soluble phenolic compounds was determined with a 
Folin-Denis reagent, flavonoids with a 1 % solution of AlCl3 at 725 and 415 nm. The concentra-
tion of phenylpropanoids was determined by direct spectrophotometric analysis of the extracts at 
330 nm. To study the composition of the callus flax cultures phenolic complex compounds, the 
method of a thin layer chromatography on cellulose plates, solvent BUW (n-butanol + acetic 
acid + water in the ratio 40:12:28) were used. Callus of L. grandiflorum had a loose consistency, 
yellowish-green color, low growth index (by the end of the passage — 150 %) and high water con-
tent (95-97 %). As it grows, the content of soluble phenolic compounds and phenylpropanoids 
(biogenetically early polyphenols) increased 2.7 times by the end of the passage. The content of 
flavonoids, one of the most common representatives of phenolic compounds, in the first half of 
the cultivation cycle increased 2.25 times, and by the end of the passage slightly decreased. The 
application of cadmium caused the formation of dark colored necrotic cells on the surface of cal-
lus. In contrast, the application of glyphosate did not give such reaction. The application of cad-
mium did not affect the biosynthetic capacity of callus cultures in terms of the total accumulation 
of phenolic compounds, phenylpropanoids and flavonoids, the quantity of which was almost equal 
to that of the control. Under the application of glyphosate, however, the level of these secondary 
metabolites in cultures decreased, especially flavonoids. Under the simultaneous use of cadmium 
and glyphosate the total content of phenolic compounds in calluses increased, but we observed the 
decrease in the amount of phenylpropanoids and especially flavonoids. The data obtained show 
the differences in the response of large-flowered flax cells to the effect of stress factors on their 
morphology and the level of biosynthesis of phenolic compounds, the substances with high biolog-
ical and antioxidant activity. 
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One of the problems of recent times is a change in the environmental 
situation due to active industrial and agricultural human activities. Technogenic 
pollution of the environment occurs with various pollutants, including heavy 
metals [1]. The most common is cadmium, which is 2-20 times more toxic to 
plants, animals, and humans than other metals [2]. Cd has a negative effect on 
the processes of photosynthesis and respiration, water regime, mineral nutrition, 
the functioning of the antioxidant system. Cadmium damages the light-
harvesting antenna complexes of photosystem I and photosystem II [3, 4], com-
petes with ammonium ion, thereby affecting nitrogen metabolism [5], promotes 
the activation of free-radical processes [6], changes the accumulation of various 
antioxidants [7, 8]. All of this leads to a disruption of natural plant communities, 
and to significant crop losses in cultivated species due to changes in growth and 
development [1].  

In modern agroecological conditions, there is a problem of weed grass 
infestation of field and decorative crops, for which herbicides that can suppress 
plant growth are widely used [9]. These include glyphosate N-(phosphono-
methyl) glycine, a post-emergent non-selective herbicide of systemic action, 
which ranks first in the world in production among preparations of similar action 
[10]. Glyphosate is a unique inhibitor of the shikimate biosynthetic pathway key 
enzyme for aromatic compounds 5-enolpyruvilshikimate-3-phosphate synthase, 
as a result of which the synthesis of proteins and secondary metabolites of a 
phenolic nature is suppressed in plants and deregulation of energy metabolism is 
also observed [11]. 

Phenolic compounds are secondary metabolites synthesized in all cells 
and tissues of plants [12]. They vary widely in structure, chemical properties and 
biological activity. Their functional role is diverse and associated with the pro-
cesses of photosynthesis, respiration, regulation of enzymatic activity, protection 
of cells from stress effects [13]. The antioxidant properties of these plant me-
tabolites are due to the presence of hydroxyl groups in their structure, which 
easily interact with free radicals, thereby contributing to the inhibition of radi-
cal-chain oxidation under stressful conditions [14]. 

Flax (class Dicotyledoneae, fam. Linaceae) is one of the most important 
crops of complex use [15]. It is characterized by a diversity of species groups and 
varieties, which opens up wide possibilities for its use in the agricultural, textile, 
and pharmaceutical industries, as well as in decorative and landscape agriculture 
[16, 17]. In the latter case, the annual decorative look of flax Linum grandiflorum 
Desf. (large-flowered flax) is used successfully as it has a well-developed vegeta-
tive part and flowering continues until autumn [18]. Since this crop is planted in 
urban areas where the soil and the environment are contaminated with pollu-
tants, and various herbicides are used to control weeds, it is advisable to study its 
resistance to their effects.  

The method of culturing cells and plant tissues in vitro makes it possible 
to investigate metabolic processes, as well as the response of cells to the action 
of stress factors, at a simpler level of organization compared to an intact plant 
[19, 20]. In vitro culture of flax has a long history. At the same time, the preser-
vation of biodiversity, the study of the structure of plant cells and their resistance 
to stress factors [21-23] were the main areas of research. But in general, there are 
very few works on L. grandiflorum, and they mainly deal with issues of morpho-
genesis, embryo culture production, and study of resistance of cell lines [24, 25]. 

The present study is the first to identify differences in the in vitro response 
of cultured flaxseed flax cells to stress factors such as a pollutant (cadmium) and 
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a herbicide (glyphosate). This is manifested both in morphophysiological charac-
teristics and in the biosynthesis of phenolic compounds, the substances with high 
biological and antioxidant activity. 

The aim of this work was to evaluate the growth activity of the large-
flowered callus culture of flax and the accumulation of phenolic compounds in 
it, including phenylpropanoids and flavonoids, as well as the culture response to 
the action of pollutant (cadmium) and herbicide (glyphosate).  

Techniques. Callus cultures of large-flowered flax were grown on a Mu-
rashige-Skoog medium with added 2% sucrose and 2 mg/l of 2,4-dichloro-
phenoxyacetic acid in a factor-static chamber (Timiryazev Institute of Plant 
Physiology RAS) at 25 C, relative humidity 70% and a 16 h photoperiod (illu-
mination intensity 5000 lx). 

When studying the effect of stressors, cadmium Cd(NO3)2 (60 μM), 
glyphosate (Monsanto, Belgium) (10 μM) or cadmium and glyphosate were add-
ed to the main nutrient medium (at the same concentrations). The control was 
the usual nutrient medium. Callus cultures were analyzed at the end of the pas-
sage (day 28), fixing them with liquid nitrogen for subsequent biochemical stud-
ies. Growth rate of calluses and their morphophysiological characterization were 
accounted. The water content in callus tissues was determined by the standard 
method after drying to the constant weight in a thermostat at 70 C [26]. 

Phenolic compounds were recovered with 96% ethanol from plant mate-
rial frozen with liquid nitrogen at 196 C. After 45 min, the homogenate was 
centrifuged (16000 rpm, 15 min) and the supernatant was used for spectropho-
tometric measurements. The content of the sum of soluble phenolic compounds 
was determined with Folin-Denis reagent, flavonoids with 1% AlCl3 solution at 
 = 725 nm and  = 415 nm [27]. Rutin calibration curves were built. The 
amount of phenylpropanoids was estimated by direct spectrophotometry of ex-
tracts at  = 330 nm, using caffeic acid to construct a calibration curve [28]. 

To study the composition of the phenol complex of callus flax cultures, 
thin-layer chromatography was used on plates with cellulose (Merck KGaA, 
Germany), solvent BV (n-butanol + acetic acid + water in the ratio 40:12:28). 
Preliminary identification of phenolic compounds was carried out on an 
ultrachemiscope DESAGA UVIS (DESAGA, Holland) using specific bright blue 
or blue fluorescence in UV light at  = 254 nm and  = 366 nm. To detect 
phenolic compounds, chromatograms were treated with a mixture of 1% solu-
tions of FeCl3 and K3Fe(CN)6 (1:1), and phenolcarboxylic acid reagent (diazo-
tized p-nitroaniline) was used, followed by treatment with 20% Na2CO3 [27]. 

Experiments were performed in 5-fold biological and 3-fold analytical 
replicates. Correlation and factor analysis (ANOVA) was carried out in the Sig-
maPlot 12.3 software (https://systatsoftware.com). The tables show the arithme-
tic mean values of the obtained values (M) and their standard errors (±SEM). 
Superscripts denote the statistical significance of differences in average values for 
the Tukey test at p < 0.05. 

Results. The callus culture of large-flowered flax grown on the main nu-
trient medium was mostly yellow, although some areas were light green (Fig. 1, 
A). This may indicate the initial stages of the formation of chloroplasts in it, 
since growth occurred under the influence of light. The fact that these organelles 
are formed in in vitro cultures has been reported in the literature [19]. It should 
also be noted that the flax calluses had a loose structure, low growth during the 
entire passage, and high water content (Table 1). Similar characteristics of callus 
culture of large-flowered flax were cited by other authors [24]. 

In vitro plant cells retain many properties of intact tissues, including the 
ability to synthesize phenolic compounds [19, 20]. As the large-flowered callus 
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flax culture grew, the total 
content of phenolic com-
pounds increased (see Table 
1). The most significant 
changes occurred from day 
6 to the day 14 of culture, 
when the number of phenol-
ic compounds increased 2.4 
times. The maximum total 
content was noted at the 
end of the passage, being 2.7 
times more compared to the 
initial stages of growth (day 
6). Consequently, the great-
est intensity of biosynthesis 
of phenolic compounds was 
confined to the first half of 
the culture growth cycle, 
which once again confirms 
the high ability of young 
plant cells to form these 
metabolites [12]. 

Phenylpropanoids 
are biogenetically early rep-
resentatives of phenolic 
compounds synthesized in 

plant tissues [12]. Their accumulation has been reported in various members of 
the Linum genus [29]. The tendency of accumulation of phenylpropanoids in 
callus of large-flowered flax was similar to that for the number of phenolic com-
pounds (see Table 1). Based on this, it can be assumed that they are the main 
components of the phenolic complex of cultures and determine the nature of the 
accumulation of phenolic compounds.  

1. Morphophysiological and biochemical characteristics of callus culture of large-
flowered flax (Linum grandiflorum Desf.) on the main nutrient medium during pas-
sage (M±SEM) 

Indicator 
Culture age, days 

6 14 28 
Increase in the callus weight, % 115±5А 125±6А 150±5В 
Water content, %  94.42±0.48А 97.27±1.24А 97.254±1.01А 
Total content of phenolic compounds, mg eq. rutin/g dry weight 7.43±0.31А 18.07± 0.92В 20.23±0.74В 
The content of phenylpropanoids, mg eq. caffeic acid/g dry weight 10.58±0.63А 24.60±0.65В 28.97±0.54В 
The content of flavonoids, mg eq. rutin/g dry weight 2.92±0.74А 6.56±0.86В 6.03±0.71В 
N o t e. Superscripts (A, B) denote the reliability of differences in average values for the Tukey test at p < 0.05. 

 

Flavonoids are among the most common representatives of phenolic me-
tabolism in plant tissues [12]. Their accumulation in callus cultures increased in 
the first half of the cultivation cycle and by the 14th day was 2.25 times higher 
than the same indicator in a 6-day culture. By the end of the passage, the content 
of flavonoids was slightly reduced, but remained higher than at the beginning of 
the passage (almost 2 times). That is, at the final stages of culture growth, namely 
during the stationary phase, there was a tendency to a decrease in the content of 
these metabolites, which is also characteristic of plant tissues [13]. 

The impact of stress factors such as cadmium and glyphosate leads to an 
increase in the formation of reactive oxygen species in cells [2, 11]. Under these 
conditions, an important role belongs to phenolic compounds, the low-molecular-

A B 

 
C D 

 

Fig. 1. The appearance of callus culture of large-flowered flax 
(Linum grandiflorum Desf.) grown on the main nutrient medi-
um (A), as well as on a nutrient medium with cadmium 
(60 μM) (B), glyphosate (10 μM) (C), cadmium and glypho-
sate (D) (day 28). 
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weight components of the antioxidant defense system [14, 31]. They are able to 
"interrupt" chain oxidation reactions caused by stress factors, as well as form com-
plexes with heavy metals, preventing their toxic effect [1]. In this regard, the 
next task was to study the effect of cadmium and glyphosate on the growth of 
large-flowered callus crops, as well as the accumulation of phenolic compounds 
in them, which was estimated at the end of the passage, that is, during their 
maximum accumulation. 

2. Morphophysiological and biochemical characteristics of callus culture of large-
flowered flax (Linum grandiflorum Desf.) on media with cadmium (60 μM) and 
glyphosate (10 μM) (M±SEM, days 28) 

Indicator 
Stressor 

Cd glyphosate Cd + glyphosate 
Increase in the callus weight, % 135±7А 165±8В 150±6В 
Water content, %  97.20±1.01А 95.90±1.01А 97.71±1.12А 
Total content of phenolic compounds, mg eq. rutin/g dry 
weight 19.45±0.36А 15.93±0.72А 25.23±0.94В 
The content of phenylpropanoids, mg eq. caffeic acid/g dry 
weight 30.22±0.74А 27.68±0.63А 15.46±0.34В 
The content of flavonoids, mg eq. rutin/g dry weight 6.38±0.71А 3.48±0.29В 2.77±0.14В 
N o t e. Superscripts (A, B) denote the reliability of differences in average values for the Tukey test at p < 0.05. 

 

Callus culture grown on nutrient 
media with the addition of cadmium 
and glyphosate had a light-yellow color 
(see Fig. 1, B-D). There was a slight 
greening, but to a lesser extent than in 
the control version. In addition, small 
dark brown areas were formed on the 
surface, which could indicate cell necro-
sis, characteristic of other in vitro cul-
tures in the presence of cadmium [30]. 
At the same time, the morphophysiolog-
ical characteristics of calluses grown on 
the medium with glyphosate were better 
than in the control variant. They were 
denser and more compact, yellowish-
green in color, with good growth (Table 
2). The water content of the cultures in 
all the experimental variants had close 
values, approximately equal to those in 
the control.  

The presence of cadmium in the 
medium had practically no effect on the 
biosynthetic ability of callus cultures 
(see Table 2). The total accumulation of 
phenolic compounds, the amount of 
phenylpropanoids and flavonoids were 
similar to those in the control (see Table 
1). Most likely, L. grandiflorum cells are 
resistant to the studied metal concen-
tration. This may be due to the fact 
that flax belongs to the group of accu-
mulator plants, in which the toxic ef-

fect of the metal is expressed at higher concentrations of pollutant compared to 
other cultures, which are mainly exclusives that accumulate heavy metals in 

 
Fig. 2. Chromatographic separation of ethanol 
extracts from callus cultures of large-flowered 
flax (Linum grandiflorum Desf.) grown on the 
main nutrient medium (C) and on media with 
cadmium (Cd), glyphosate (Gl) and their combi-
nation (Cd + Gl): 1-8 – discovered substances 
of a phenolic nature. Thin layer chromatog-
raphy on plates with cellulose, solvent composi-
tion (BAW) is n-butanol + acetic acid + water 
(40:12:28). The values of Rf (the ratio of the 
distance traveled by the substance to the dis-
tance traveled by the solvent) are indicated. 
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Glyphosate serves as an inhibitor of one of the enzymes of phenolic metabolism 
responsible for the initial stages of the biosynthesis of these secondary metabo-
lites [10]. When it entered the plants, in some cases a decrease in their accumu-
lation was noted [31]. In the current experiment, a similar trend was observed, 
especially with respect to flavonoids (see Table 2). It can be assumed that 
glyphosate inhibited predominantly the flavonoid biosynthesis pathway for phe-
nolic compounds and, to a much lesser extent, phenylpropanoid. 

Accumulation of phenolic compounds in callus cultures was the most 
pronounced under the influence of combined cadmium and glyphosate. In this 
case, the total content of phenolic compounds significantly increased while re-
ducing the amount of phenylpropanoids and flavonoids, which suggests the acti-
vation of the formation of other classes of phenolic compounds, in particular 
lignans, the compounds of a phenolic nature characteristic of flax plants [29]. 

To understand the peculiarities of the formation of phenolic compounds 
in plant cells, it is important to study not only their content, but also their com-
position [12]. 

A thin-layer chroma-
tography method revealed no 
differences in the composition 
of the complex of ethanol ex-
tracted phenolic compounds in 
the control and test variants 
(Fig. 2, Table 3). In all ex-
tracts, eight compounds of a 
phenolic nature were present, 
of which three dominated. 
Most phenolic compounds, as 
per their mobility, were con-
jugates of phenol carboxylic 
acids, i.e. p-hydroxybenzoic 
(compounds 1, 6, 8), p-cou-

maric (compounds 3, 7), ferulic (compound 4) and caffeic (compound 5) [27]. 
The presence of these substances in the phenol complex of flax plants was also 
reported by other authors [29, 30]. Since thin-layer chromatography allows only 
a preliminary estimate of the composition of the phenolic complex of plant cells 
and tissues and does not provide a complete picture, these studies will be further 
continued. 

Thus, cultured in vitro cells of the large-flowered flax have the ability to 
form phenolic compounds, the biologically active substances with antioxidant 
activity, the greatest accumulation of which occurs at the end of the culture cy-
cle. Their content increased rapidly in the first half of the cycle, reaching the 
highest values by the end of the passage, which points to the importance of the 
formation of phenolic compounds, including phenylpropanoids and flavonoids, 
in plant cells not only in vivo, but also in vitro. The heavy metal cadmium, 
when added to the culture medium, affected the morphophysiological character-
istics of the callus culture; however, no changes in the accumulation of phenolic 
compounds, including phenylpropanoids and flavonoids, were observed. This 
once again confirms the significant resistance of flax cells to the action of heavy 
metals. The presence of glyphosate herbicide reduces the ability of the large-
flowered flax culture to accumulate phenolic compounds, which is more pro-
nounced for flavonoids. With the combined action of these two factors, the total 
content of phenolic compounds in cultures increases, and the amount of phe-
nylpropanoids and especially flavonoids decreases, which may be due to the 

3. Composition of the phenolic complex of ethanol 
extracts of callus cultures of large-flowered flax 
(Linum grandiflorum Desf.) in the control and 
all test  variants (Murashige-Skoog medium) 

Fraction No. Rf I II 
1 0.28 + + 
2 0.35 +  
3 0.53 + + 
4 0.59 + + 
5 0.62 + + 
6 0.70 + + 
7 0.75 + + 
8 0.89 + + 
N o t e. Thin-layer chromatography on plates with cellulose was used 
for the separation, the solvent is n-butanol + acetic acid + water 
(40:12:28). Rf is the ratio of the distance traveled by the substance to 
the distance traveled by the solvent, I and II are the manifestation of 
a reagent for phenolic compounds and phenylpropanoids, respectively. 
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formation of other representatives of phenolic compounds. Our findings confirm 
once again the species-specific response of plant cells to stress factors. 
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A b s t r a c t  
 

In virus—plant interactions, one of the major mechanisms for plant antiviral immunity re-
lies on RNA silencing, which is often suppressed by co-evolving viral suppressors, thus enhancing 
viral pathogenicity in susceptible hosts. However RNA silencing should not only be viewed as an 
antiviral mechanism that must be counteracted. In fact, many viruses encode weak or transiently 
active suppressors and probably do not use these viral proteins for control RNA silencing; for exam-
ple, Shallot virus X (ShVX) do not code the active silencing suppressor and consequently use the 
another molecular mechanism to overcome the silencing immune barrier, establish the persistent 
infection and prevent catastrophic damage to its host. We hypothesized that this “non-suppressor” 
mechanism is the process of transcriptomic reprogramming (TRP) induced by the PTI (pattern-
triggered immunity), the first layer of plant defence, which is triggered by specific recognition of 
conserved microbe- or pathogen-associated molecular patterns (MAMPs, or PAMPs, respectively) by 
pattern recognition receptors (PRRs) at the plasma membrane and the induction of defense signal-
ing. Recently a role of PTI in antiviral defence has been demonstrated in Arabidopsis by showing that 
mutants in the PRR (PRRs, Pattern recognition receptors) coreceptor kinases exhibit increased sus-
ceptibility to different RNA viruses. Our preliminary results confirm this hypothesis and show that 
there is a negative correlation between the ShVX reproduction rates and the levels of RNA-
dependent RNA-polymerase (RDR) and DCL proteins in roots and leaves of infected shallot plants. 
The task of this study is the experimental verification of our PTI-induced TRP hypothesis by quanti-
tative real-time PCR (Comparative CT experiment, delta-delta CT algorithm; calibrator: healthy 
shallot seedlings; normalizer: 18S RNA; The 7500/7500 Fast Real-Time PCR Systems, Applied Bio-
systems, USA) to evaluate in vivo expression levels of transcripts coding PTI markers, factors of 
RNA-silencing, NB-LRR receptors and complex of TCTP-PIRL-GRF6-DBP1 proteins in the 
healthy and ShVX-infected shallot (Allium cepa L. var. aggregatum L.G. Don) plants. In this study for 
the first time we obtained the convincing data about PTI and TRP induction in ShVX-infected shal-
lot plants. As result of TRP, repression of all factors of RNA-silencing, some NB-LRR receptors 
(e.c., Tm22) and some proteins of TCTP-PIRL-GRF6-DBP1 complex take place in this virus—plant 
system. On the other hand, group of defense genes with high expression levels has been discovered in this 
system: SOBIR — log10RQ  1.0; ARM (genes encoding armadillo protein family) — log10RQ  2.0; 
Pathogenesis-related protein 1, PR1 — log10RQ  2.0; Pathogenesis-related protein 5, PR5 — 
log10RQ  4.0 (!); Pathogenesis-related protein 14 = nsLTP — log10RQ  2.0. So, in leaves and 
roots of infected plants ShVX programs dynamical and coordinated process of TRP and downregula-
tion of genes coding for core RNAi components and disease resistance proteins might be correlated 
with successful virus reproduction and persistent virus infection establishment. We are of opinion that 
plant viral-specific PRRs identification, plant viral PAMP-triggered PTI and PRR (Pattern recogni-
tion receptors)-mediated transcriptomic reprogramming mechanisms ascertainment are the main 
tasks of coming antiviral plant immunity research period. Сloning of plant PRRs involved in plant virus 
PAMPs recognition, and the inter-species transfer of plant virus-sensing PRRs are the promising future 
technologies for broad spectrum antiviral resistant plants creation (D. Bao et al., 2017). 
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Keywords: allexiviruses, Shallot virus X, Allium cepa L. var. aggregatum L.G. Don, persistant 
infection, RNA-silencing, plant innate immune system, Pattern-triggered immunity (PTI), tran-
scriptomic reprogramming. 
 

Plants possess complex protective antiviral system with the key role of 
RNA silencing (the molecular mechanism induced by viral double-stranded 
RNA) controlling virus replication and manifestation of the symptoms [1, 2]. In 
this context the activity of viral suppressor proteins which prevent viral RNA 
fragmentation or blocking of the viral RNA translation during silencing has been 
highlighted as an indispensable condition for successful reproduction of 
phytoviruses [3, 4]. It is known, however, that many phytoviruses encode inac-
tive, very weak or transiently active suppressors [5]. In particular, as we have 
shown earlier [6], Shallot virus X (ShVX), the prototype of the genus Allexivirus, 
can successfully multiply and establish persistent symptomless infection in the 
absence of an active suppressor protein; therefore, it overcomes the immune bar-
rier of silencing using some others mechanism(s). We suggest that such a mech-
anism could be transcriptomic reprogramming (TRP) [7, 8] caused by PTI (Pat-
tern-triggered immunity), the first "defense line" of the innate immune system of 
plants [9]. As a result of TRP, expression of a number of target genes involved in 
the reproduction of phytoviruses can be selectively changed, in particular, ex-
pression of the RNA silencing key factors, i.e. DCL proteins, Argonaute proteins 
(Ago), and cellular RNA-dependent RNA polymerases (RDR), can be sup-
pressed to a critical level. The results we obtained earlier testify in favor of this 
assumption: DCL and RDR genes’ transcription have been repressed in roots 
and leaves of ShVX infected plants [10].  

Experimental data obtained in the past 2-3 years in several foreign labor-
atories indicate that phytoviruses, like bacterial pathogens, induce a process 
similar to classical PTI [11-13], and in this context the double-stranded replica-
tive forms of viral RNA act as virus-specific PAMPs (pathogen-associated mo-
lecular patterns) [12, 13]. Thus, at least two antiviral mechanisms triggered by 
double-stranded RNAs, i.e. RNA silencing and PTI, function in a plant cell. In 
Russia, the studies of the molecular mechanisms of antiviral phytoimmunity have 
not yet received proper development. 

 In is commonly deemed that the pattern recognition receptors (PRRs), 
RLKs (receptor-like kinases) or LRR-RKs (leucine-rich repeat receptor kinas-
es), localized on plant cell plasma membrane, specifically recognize conservative 
PAMPs, such as bacterial flagellin, and thus initiate PTI [14-18]. During the 
interaction of molecular patterns with PRRs, immediate and intensive induction 
of transcriptomic reprogramming occurs. This particularly results in differential 
expression of a number of proteins which are the PTI markers [19]. Specific an-
tiviral PRRs of a plant cell have not been identified to date, although their exist-
ence is quite convincingly proved by the recent study of the role of multifunc-
tional co-chaperone Hop/Sti1 in the symptoms of potato virus Y infection [20]. 

This paper is the world’s first attempt to obtain the experimentally evi-
dence in witness of PTI induction in shallot plants under persistent viral infection 
and the participation of this mechanism in transcriptomic reprogramming. The 
objective was to experimentally test the authors' hypothesis [10] of the tran-
scriptomic reprogramming key role as a mechanism of RNA silencing suppres-
sion, as well as the assumption that transcriptomic reprogramming is associated 
with PTI and, as a result, the expression of many genes involved in reproduction 
of phytoviruses (e.c. TCTP-complex) can be selectively changed [21]. In particu-
lar, our findings show that, due to the TRP, expression of all silencing factors and 
some R-genes, e.c. the Tm22 gene homologs, is suppressed.  

Techniques. Shallot plants (Allium cepa L. var. aggregatum L.G. Don) were 
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grown from bulbs under ShVX persistent infection. In each experiment, 5-6 bulbs 
of one shoot cluster were planted, and in 3 days and 2 weeks the bulk samples of 
roots, seedlings and leaves were collected.  

Total RNA isolation and ShVX detection by PCR method were described 
earlier [10]. 

Nucleotide sequences encoding homologs of selected target genes of 
A. cepa L. transcriptome (the species which is the closest to shallot plants) were 
searched using tblastn, tblastx software and the TSA database (Transcriptome 
Shotgun Assembly, https://www.ncbi.nlm.nih.gov/gen-bank/tsa/). The primers 
specific for the shallot homologs of the examined target genes were designed as 
described earlier [10, 23]; a set of primers was generated with Primer3 v.4.1.0 pro-
gram (http://primer3.ut.ee/).  

Transcripts, encoding target proteins, were detected by real time PCR us-
ing the Comparative CT experiment (delta-delta CT algorithm; virus-free shallot 
seedlings as a calibrator; 18S RNA as a normalizer) which seems to be optimal for 
dynamic process of transcriptomic reprogramming [22]. An amplifier was 
7500/7500 Fast Real-Time PCR Systems or QuantStudio (Applied Biosystems, 
USA), a set of reagents was SYBR® Green Reagents (OAO Syntol, Moscow), 3-
fold biological and 4-fold technical repetitions were used.  

Target gene expression levels were calculated, statistical processing made 
and histogram constructed with embedded software Design & Analysis Software 
v.1.4.3 (Applied Biosystems, USA). The figures show the mean logarithmic RQ 
values and their deviations (RQmin and RQmax). 

Results. Table 1 shows the PTI markers, and Table 2 shows the corre-
sponding primers. In the first series of experiments, the profiles of transcripts of 10 
classical PTI markers (Fig. 1) were investigated. 

1. Target genes which expression was investigated in shallot (Allium cepa L. var. 
aggregatum) plants persistently infected by shallot virus X 

Gene  Protein Plant species, ortholog ID 
P T I  m a r k e r  g e n e s  

ARM Armadillo repeat family proteins        Arabidopsis thaliana     AT3G02840 
RBOHD Respiratory Burst Oxidase Homologue D  Arabidopsis thaliana     AT5G47910 
EDS5 Mate Efflux Family Protein (Enhanced Disease Susceptibility 5) Arabidopsis thaliana     AT4G39030 
LOX3 Lipoxygenase 3 Arabidopsis thaliana     AT1G17420 
BRI1 Bri1-like 3 (Brassinosteroid insensitive) Arabidopsis thaliana     AT3G13380 
SOBIR Leucine-Rich Repeat Protein Kinase Family Proteins (Sup-

pressor Of Bir1-1/Evershed)  Arabidopsis thaliana     AT2G31880 
CRK4 Calcium-dependent protein kinase (CDPK) family proteins 

(Cysteine-rich receptor-like kinase 4) Arabidopsis thaliana     AT5G24430 
SERK1 Somatic embryogenesis receptor-like kinase 1 Arabidopsis thaliana    AT1G71830 
PR1 Pathogenesis-related proteins group 1  Arabidopsis thaliana    AT2G14610 
PR5 Pathogenesis-related proteins group 5 Arabidopsis thaliana    AT1G75040 
NHL10 Late embryogenesis abundant (lea) hydroxyproline-rich  

glycoprotein family Arabidopsis thaliana    NP_181142.1 
ACRE31 Avr9/cf-9 rapidly elicited protein 31 Nicotiana tabacum       AAG43547.1 
ACRE132 Avr9/cf-9 rapidly elicited protein 132  Nicotiana tabacum       AF211532.1 

O t h e r  t a r g e t  g e n e s  
DCL Dicer-Like proteins Allium sativum EPP005KGAA12S003959 
RDR 6 RNA-dependent RNA polymerase 6 Arabidopsis thaliana NP_001327617.1 
AGO Argonaute family proteins Triticum aestivum         AGB34311.1 
Tm22 ToMV resistance protein  Solanum lycopersicum  AAQ10736.1 
PR6 Pathogenesis-related proteins group 6 Arabidopsis thaliana      NP_199170.2 
LTP Lipid transfer proteins (Pathogenesis-related proteins group 

14), (Antimicrobial protein Ace-amp1 precursor mRNA)  Allium cepa                    AF004946.1 
WRKY WRKY transcription factors family proteins  Arabidopsis thaliana     AEC09374.1 
TCTP Translationally controlled tumor proteins Jatropha curcas            EF091818.1 
PIRL Plant intracellular Ras group-related  LRR proteins Arabidopsis thaliana     NP_196204.1 
DBP1 DNA-binding protein phosphatase 1 Arabidopsis thaliana NP_001324148.1 
СBP60g СBP60G (Calmodulin-binding protein 60 G) Arabidopsis thaliana     OAO89604.1 
GRF6 G-box regulating factor 6 Arabidopsis thaliana    NP_001190276 
FRK1 FRK (Fertilization-related kinase 1) Arabidopsis thaliana      OAP09570.1 
N o t e. The orthologs are indicated which allow us to construct corresponding primers (see Tables 2, 3). 
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2. Nucleotide sequences of primers used in determining the expression levels of Pat-
tern-Triggered Immunity (PTI) markers in shallot (Allium cepa L. var. 
aggregatum) plants persistently infected by shallot virus X (qPCR) 

Primer Sequence 
ID of the transcript Allium cepa L.  
in the database TSA (NCBI) 

ARM 530-L 5´- ATGATGCGGGCCTAGTAGAC -3´ 
GETF01031504.1 

ARM 766-R 5´- CTCCCTCGATCAGTCCACTC -3´ 
RBOHD 2641-L  5´- GTTTGATCCTAGACGACGCG -3´ 

GBRN01002659.1 
RBOHD 2868-R 5´- TCAACATACCCGACCCGAAA -3´ 
EDS5 303-L 5´- TCGCTTGGTCTTGGCTTCTA -3´ 

GBRQ01023449.1 
EDS5 549-R 5´- CGTCTGAGAATCCAACGACG -3´ 
LOX3 1753-L 5´- ATGCCACTCGTACGCTTTTC -3´ 

GBRQ01024907.1 
LOX3 1943-R 5´- GACGCCTGCATCATTAGAGC -3´ 
BRI1 1541-L 5´- TGTTCCCGCTCAGCTGATTA -3´ 

GBRQ01031765.1 
BRI1 1749-R 5´- TACTTTCGGTGGCAATGGGA -3´ 
SOBIR 812-L 5´- CAAGTCATGCAAGCTTCCGT -3´ 

GBRQ01012958.1 
SOBIR 1041-R 5´- CTGGAAAGATGATCGCGGTG -3´ 
AtCRK4 1496-L 5´- CTTTCTTGACCTTGGCCTCG -3´ 

GBGJ01061169.1 
AtCRK4 1731-R 5´- TCCCCAGCTAAGCACATCAA -3´ 
SERK1 1291-L 5´- CTTCTTCAGCGGGAACATCG -3´ 

GBGJ01064935.1 
SERK1 1478-R 5´- TCCACCTCCTCCATTTGTCC -3´ 
PR1 443-L 5´- GTCAAGATCGGTTGCGCTAG -3´ 

GBJZ01171295.1 
PR1 660-R 5´- CCAAGCAAACTCTCATCGCA -3´ 
PR5 616-L 5´- ACTGTCTACGGGCCCAAAAT -3´ 

GBGJ01079964.1 
PR5 803-R 5´- ATATGCTGCCTCCGGAACTC -3´ 
18s rRNA-L 5´- CATCAGCTCGCGTTGACTAC -3´ 

[22] 18s rRNA-R 5´- GATCCTTCCGCAGGTTCAC -3´ 
 

3. Nucleotide sequences of primers used in determining the expression levels of RNA 
silencing factors, NB-LRR receptors and genes involved in viral reproduction in 
shallot (Allium cepa L. var. aggregatum) plants persistently infected by shallot vi-
rus X (qPCR) 

Primer Sequence 
ID of the transcript Allium cepa L.  
in the database TSA (NCBI) 

Ago-L-672 5´-AACTCCCAAGAAGCTTTGCG-3´ 
GBGJ01050630.1 

Ago-R-851 5´-CCCTCCTTGAGCAGTTCTGA-3´ 
Tm22-L-3013 5´- TCGTGGGCTCTTTCACTGAT-3´ 

GBRN01023560 
Tm22-R-3257 5´- CACCCGCTTCATTGGTGTAG-3´ 
FRK1-L-421 5´-AGTCACGCTCAATGGCAATG-3´ 

GAAO01012059.1 
FRK1-R-635 5´-CTGCCGCAACATCATAGCAT-3´ 
NHL10-L-327 5´-TGCTCCTCACATCGTTCACA-3´ 

GBRQ01023138.1 
NHL10-R-572 5´-AGCTCACCACCTTCACTCTC-3´ 
ACRE31-L-473 5´-GCAGTTCTTCGAAAGCAGGA-3´ 

GBRO01073928.1 
ACRE31-R-699 5´-ATTGAGCACATCCTCCCCTT-3´ 
ACRE132-L-272 5´-GCCATGCCTCAACCTGATTT-3´ 

GBRQ01011764.1 
ACRE132-R-451 5´-CCTTCTTGATCGGGAAAGCG-3´ 
PR6-L-100 5´-ATGAGGGGTACATGGCAGAC-3´ 

GBRQ01165078.1 
PR6-R-274 5´-AAGCATCGGAAGCGAAGAAG-3´ 
LTP pcr-59- L GCA-GTC-CGT-ATG-CAA-AT 

AF004946.1 
LTP pcr-274-R TAG-GGT-TTC-GTC-TCA-GAC-CG 
WRKY-L-1367 5´-ACGTGGAAAGGGCATCAAAC-3´ 

GBRO01047677.1 
WRKY-R-1550 5´-GCGACCGGTCTTTGAACATT-3´ 
TCTP-L-172 5´-AGGGCAAGTGGGTAGTTCAA-3´ 

JR844934.1 
TCTP-R-382 5´-TCCAATTTCGAAGGCAGAAGT-3´ 
PIRL-L-84 5´-ATCATGGATCCAAGCCCCAA-3´ 

GAAN01019083 
PIRL-R-377 5´-CTTTGCGAGGTCAACAGCTT-3´ 
DBP-L-392 5´-AGGGTCGTTGTGCTCTTGTA-3´ 

GBRO01024689.1 
DBP-R-623 5´-CAACGGTCAGCTCAACGTAG-3´ 
СBP-L-429 5´- GAAGCAGAGGGAAAGCAACC-3´ 

GBRO01059419.1 
СBP-R-673 5´- AAGCCAACACCATCATGCAG-3´ 
GRF6-L-607 5´-TCCAGTCTTGAATTCGGCCA-3´ 

GAAN01023832.1 
GRF6-R-829 5´-TTCGATCGAGCAGAAGGAGG-3´ 
18S rRNA-L CATCAGCTCGCGTTGACTAC 

[22] 18S rRNA-R GATCCTTCCGCAGGTTCAC 
 

Our results show (see Fig. 1) that, to some extent, viral infection affects 
expression of all the examined genes; however, a group of genes with very high 
expression both in leaves and in roots of the infected plants is revealed, viz. 
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SOBIR with log10RQ  1.0, ARM with log10RQ  2.0, PR1 with log10RQ 
 2.0, and PR5 with log10RQ  4.0 (!). Therefore, it can be concluded that 
ShVX during the initiation of infection interacts with the factors involved in PTI 
and TRP is triggered by the PTI induction.  

 

 

Fig. 1. Transcripts of the Pattern-Triggered Immunity (PTI) marker genes in leaves (A) and roots (B) 
of shallot (Allium cepa L. var. aggregatum) plants persistently infected by shallot virus X 2 weeks after 
the bulb planting: RQ — Relative Quantification (changes in mRNA expression level compared to 
the internal control RNA). Symbols of the PTI marker genes are given in Table 1. 

 

At the initial stage of the infection in seedlings (Fig. 2, A), the expres-
sion of all target genes (Table 3) is activated (except for AGO and PIRL), in-
cluding four additional PTI markers and nsLTP (= PR14, Pathogenesis-Related 
Proteins Group 14). After 2 weeks of infection, the opposite pattern is noted 
(see Fig. 2, B). The expression of most target genes, including all RNA silencing 
factors, three PTI markers, NB-LRR receptors and CBP60g proteins that con-
trol the synthesis of salicylic acid, is suppressed in the leaves (Argonaute proteins 
more than others). However, within the same time frames, the expression of 
ACRE 132 and LTP (PTI markers) in the leaves show a noticeable tendency to 
growth, while TCTP expression remaines quite high and stable. 

In the roots (Fig. 3, A, B), inhibition of the target genes expression oc-
curs at the initial stage of infection, and after 2 weeks most of the target genes 
are suppressed, but LTP expression is slightly reduced. 

These results lead to the conclusion that in persistent infection ShVX in-
duces the dynamic TRP in roots and leaves, a selective change in the expression 
of many target genes, including the genes encoding PTI marker proteins, RNA 
silencing factors, NB-LRR receptors, lipid transfer proteins, as well as the pro-
teins involved in viral replication (TCTP complex). Ultimately, in the examined 
pathosystem, expression of all silencing factors and some NB-LRR receptors is 
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Fig. 2. Target gene transcripts in the above-ground organs of shallot (Allium cepa L. var. aggregatum) 
plants at different stages of shallot virus X infection: A — seedlings (3 days after the bulbs were 
planted), B — leaves (2 weeks after the bulbs were planted); RQ — Relative Quantification (changes 
in mRNA expression level compared to the internal control RNA). 

 

 

Fig. 3. Target gene transcripts in the roots of shallot (Allium cepa L. var. aggregatum) plants at differ-
ent stages of shallot virus X infection: A — 3 days after the bulbs were planted, B — 2 weeks after 
bulbs were planted; RQ — Relative Quantification (changes in mRNA expression level compared to 
the internal control RNA). 
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suppressed, which confirms our initial hypothesis. High induction of the transcrip-
tion factor WRKY (Group III) and the genes of PR proteins, e.c. PR1, PR5, and 
PR14 (nsLTP), should be noted as a characteristic feature of reprogramming. 

We believe that the induction of PTI, ETI (Effector-triggered immunity) 
[9] and the resulting transcriptomic reprogramming are the mechanisms, com-
mon to all RNA-containing viruses. Due to receptor and signaling functions in-
herent to innate immune system factors, numerous and diverse immune responses 
are activated in plants, including RNA silencing. Their goal is to control the re-
production of the virus, but not completely eliminate it. For their part, viruses 
have developed mechanisms to counteract the host plant immune responses, in 
particular through suppressor proteins. Many phytoviruses encode very weak, tran-
siently active or inactive suppressors. Thus, from the point of view of the virus, 
RNA silencing is not a perfect weapon of a cell: it can be ignored or weakened by 
the suppressor proteins or transcriptomic reprogramming. The virus's choice of the 
way to suppress the antiviral immunity depends on how the host plant resolves the 
dilemma of the concept of "growth-defense tradeoffs" [24]. 

The TRP process described in this paper has organ specific and a pro-
nounced biphasic character. At early stages of the infection, the expression of 
most target genes is activated, and at later stages it is suppressed. Analysis of the 
experimental facts also leads to the conclusion that in seedlings, leaves, and 
roots of the infected plants the transcriptomic reprogramming is likely induced 
by PTI, but not silencing involving a paralog of Ago-protein family. This paralog 
is not identified in this work, but its expression, as follows from the data (see 
Figs. 2, 3), is intensely suppressed at all stages of the infection. However, it can 
be assumed that at some stage of infection, transcriptomic reprogramming may 
also be due to the activity of a specific complex of silencing factors (for example, 
Ago2 + DCL4 + RDR1), the expression of which was probably not suppressed 
under the conditions of this experiment. As a result of this activity, endogenous 
small interfering RNAs of an extensive class of virus-activated cellular siRNA 
(virus-activated siRNAs, vasiRNAs) are generated [25] the targets of which are 
different genes of a host plant. It is also possible that in persistent ShVX infection 
the induction of transcriptomic reprogramming may be due to RNA silencing in-
volving small interfering RNA the source of which is the viral genome [26]. More-
over, a yet unknown mechanism of the studied pathosystem may change expres-
sion of certain types of microRNAs that control the TRP process [27].   

In our opinion, identification of plant antiviral PRR involved in PTI and 
elucidation of the molecular mechanisms of interaction of these receptors with 
double-stranded replicative viral RNA will bring to better understanding of TRP 
induction and its role in antiviral phytoimmunity. The fundamental features of 
the PTI process induced by viral PAMPs, suggest that the cloning and interspe-
cific gene transfer of plant antiviral PRRs may be promising for creating cultivars 
with high long-term resistance to a wide range of pathogenic viruses [28]. 

Thus, our experiments, for the first time in the world, shown that persis-
tent infection of shallot virus X induces in the roots and leaves of shallot plants a 
dynamic process of transcriptomic reprogramming, resulting in a change in the 
expression of a wide range of target genes, including those encoding PTI marker 
proteins, RNA silencing factors, NB-LRR receptors, PR proteins, as well as the 
proteins involved in virus replication. 
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A b s t r a c t  
 

Phytopathogenic Alternaria fungi are economically important causative agents of sugar beet 
(Beta vulgaris L.) leaf diseases which significantly reduce root yield and quality. Promising agents for 
plant disease biocontrol are Bacillus subtilis based biologicals due to the ability to stimulate plant 
growth and immunity to many biotic stressors. Starting our experiments, we could not find publica-
tions on B. subtilis effects towards physiological parameters of sugar beet plants affected by Alter-
naria. This paper is the first to report that B. subtilis-based biologicals including novel Bashkirian 
isolate B. subtilis 10-4 prevent a decrease in leaf photosynthetic activity in sugar beet plants affect-
ed by A. alternata, activate hydrolytic enzyme inhibitors, suppress proline production, and increase 
sugar content in roots. Our objective was to estimate effects of Fitosporin-M, Vitaplan, and endo-
phytic strain B. subtilis 10-4 on leaf photosynthetic pigments (chlorophyll a, b and carotenoids), leaf 
area index, activity of hydrolases (proteases and amylases) and their inhibitors, as well as proline and 
sugar levels in leaves, root level of sucrose, and productivity in healthy plants as compared to those 
artificially infected with A. alternata. Our results show that Vitaplan, Fitosporin-M and strain B. subtilis 
10-4 when used twice increase the concentrations of photosynthetic pigments (chlorophyll a, b and 
carotenoids) 1.2-1.9-fold in healthy plants whereas a decrease in photosynthetic activity in A. alter-
nata-infected plants is 1.2-1.5 times lower, the leaf area is 30 % higher and leaf weight increases 1.8-2.9 
times compared to the untreated plants. A. alternata infection increased the activity of hydrolases (pro-
teinase, amylase) and suppressed their inhibitors, which indicates the intensive development of the 
pathogen and a decrease in plant resistance to enzymes produced by pathogen during plant tissue colo-
nization. On contrary, biologicals suppress hydrolases and increase activity of their inhibitors both in 
infected and healthy leaves, which points out to the induction of protective reactions against A. alterna-
ta in plants. Interestingly, B. subtilis 10-4 and Fitosporin-M ensure the maximum activation of pro-
tective proteins. Furthermore, biologicals decrease stress-induced accumulation of proline and sugar, 
the markers of plant resistance to extremal factors in plants, which is in line with protective effect as 
well. Also, proline and sugar levels slightly elevated in healthy plants treated with the biologicals, which 
accentuate the role of these substances in induced resistance to A. alternata. Ultimately, larger roots 
with higher sucrose content confirm the positive effect of the used biologicals among which 
Fitosporin-M and strain B. subtilis 10-4 provide the maximum effect. 

 

Keywords: Bacillus subtilis, photosynthetic pigments, hydrolases, sugar, proline, sucrose, Al-
ternaria alternata, resistance, productivity, Beta vulgaris L., sugar beet 

 

Leaf diseases caused by pathogenic Alternaria fungi significantly reduce 
the productivity and quality of sugar beet plants (Beta vulgaris L.), an important 
sugar crops which serves as a source of raw materials for the sugar, food, confec-
tionery, alcohol industries, bioethanol, fertilizers, animal feed manufacture [1]. 
Affected plants suffer from Alternaria spot which is characterized by spot for-
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mation on the leaves surface [2]. Physiological functions are violated, anatomic-
morphological indicators change, yield decreases, separate parts of the plant die, 
which leads to their complete destruction [3]. The premature loss of the assimi-
lation area of the leaf apparatus, caused by Alternaria spot, leads to loss of plas-
tic substances of the roots, spent on the formation of new leaves, the growth of 
the roots mass slows down, and the sucrose content reduces [2]. 

The advantages of the use of biological preparations for plant health im-
provement in comparison with chemical means of protection are the ecological 
safety and systemic immunomodulatory action [3, 4]. Promising agents for plant 
disease biocontrol are Bacillus subtilis based biologicals due to their antagonism 
to pathogens and positive effects on the productivity of crops [4-6]. Growth-
stimulating and protective effects of these drugs are shown in many plant species 
[7-9] and in relation to various stress factors of biotic and abiotic nature [10-12]. 
It is considered that this action is due to the ability of B. subtilis to produce bio-
logically active substances (insecticidal and antimicrobial components, phyto-
hormones, siderophores, and chelators) [13-15], to reduce the content of eth-
ylene in plants, to improve nitrogen fixation, absorption of macro- and micro-
elements [16], to launch mechanisms of systemic plant resistance in response to 
stress [17] by activating salicylate- and jasmonate-dependent signaling pathways 
[18-20]. 

Hydrolytic enzymes (amylases, pectinases, and proteases) and their in-
hibitors [21-23] play an important role in the induction of plant resistance to 
pathogens. On the model potato and sugar beet plants, it is shown that the in-
troduction of biologicals on the basis of B. subtilis promotes the activation of 
protease inhibitor synthesis and protects plants from the penetration and devel-
opment of pathogenic microorganisms [6]. The development of protective reac-
tions of plants to stresses of different nature can also be judged by the degree of 
accumulation of proline and sugars in them, which serve as markers of the re-
sistance formation in extreme situations [24-26]. At the same time, despite the 
significant amount of experimental data, the sequence of protective mechanisms 
induced by B. subtilis is not completely clear. Starting the experiments, the authors 
could not find publications on B. subtilis effects towards the photosynthetic activity 
of sugar beet leaves as an integral characteristic of the physiological state of the 
whole plant and the nature of changes in the content of proline and sugars in the 
leaves in the conditions of infection with the pathogens of the Alternaria spots. 

As a result of the research, the authors have revealed for the first time 
that the introduction of biological preparations based on Bacillus subtilis prevents 
the reduction of photosynthetic activity of the sugar beet leaf apparatus induced by 
the pathogen of the Alternaria spots, and initiates protective reactions, including 
the activation of inhibitors of hydrolytic enzymes, increasing the content of proline 
and sugars. It reduces the damaging effect of the pathogenic A. alternata fungus on 
sugar beet plants and promotes the formation of large root crops. 

The work objective was to estimate the effects of Fitosporin-M, Vitaplan, 
and strain Bacillus subtilis 10-4 on the physiological and biochemical parameters 
and productivity of sugar beet infected with Alternaria alternata. 

Techniques. The investigations were carried out on sugar beet (Beta vul-
garis L.) plants, Kampai variety (OOO AgroSem-Invest, Krasnodar). In the ex-
periments, the biological preparations Fitosporin-M (B. subtilis 26D, NVP Bash-
inkom, Ufa) (P, 30 g/10 l), Vitaplan (B. subtilis 2604D + B. subtilis 2605D, 
ZAO Agrobiotekhnologiya, Russia) (SP, 20 g/ha) and a new strain of B. subtilis 
10-4 (Bashkir Research Institute of Agriculture; 105 CFU/ml) were used [8]. 
Plants were sprayed with suspensions of biological preparations 2 times, in the 
phase of 2-3 pairs and 4-6 pairs of real leaves, at a flow rate of 300 l/ha. 
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Field trials were carried out in the pre-Ural steppe zone of the Republic of 
Bashkortostan (OOO Chishmy Agroinvest) in 2013 on small plots (5 m2). The soil 
is leached chernozem (pH 5.25), Hg 5.50 mg eq/100 g of soil, humus content 
8.69%, potassium and phosphorus 29.0 and 23.0 mg/100 g, respectively. Sugar 
beet was planted according the terms generally accepted for the region; seedlings 
emerged on days 12-14. The shoots were artificially infected by applying 100 μl of 
the A. alternata fungus suspension (106 CFU/ml). The disease development was 
assessed visually during the growing season by a 5-point scale: 0 points no symp-
toms, 1 point lesion from 1 to 25% of the leaf area, 2 points lesion from 26 to 
50%, 3 points lesion from 51 to 75%, and 4 points more than 75%. 

During vegetation (phases of 4-6 pairs of leaves, closure of leaves in 
rows, technical maturity), control (untreated and healthy) and experimental 
(treated with biological preparations and infected by A. alternata) whole plants or 
detached roots and shoots were selected three times to assess physiological and 
biochemical parameters. 

Chlorophyll a and b content was determined according to S.W. Jefferey 
et al. [27]. Leaf samples were weighed, ground, mashed in a mortar calcium car-
bonate and 90% acetone (at the rate of 0.05 g of leaves per 10 ml acetone); the 
obtained extract was filtered. The optical density of extracted pigments was 
measured at  = 436 nm and  = 680 nm (a UV-2401PC spectrophotometer, 
Shimadzu, Japan). The concentration of carotenoids in the total extract of the 
pigments was calculated by the P. Wettstein’s formula [28]. 

The proline formation in leaves was evaluated by method of L.S. Bates 
et al. [29] modified by L.G. Kalinkina [30]. For this purpose, 2 g of the test ma-
terial was taken and poured with 2.5 ml of boiling distilled water. The tubes were 
brought to a boil in a water bath and cooled. Then, tubes with 2 ml of the cold 
test, 2 ml of ninhydrin reagent, 2 ml of glacial acetic acid were placed in a water 
bath, boiled for 1 h and cooled. The color density of the proline complex with 
ninhydrin was determined ( = 522 nm, a SF-26 spectrophotometer, LOMO, 
Russia). The proline content was determined by the calibration curve using 
standard solutions of chemically pure L-proline (Sigma Aldrich, USA). 

The enzymatic activity of proteinases, amylases, and their inhibitors was 
determined by the spectrophotometric method [21, 31], accumulation of sugar in 
leaves – by the photometric method with the use of 2,4-dinitrophenol according 
to GOST R 51636-2000, the amount of sucrose in roots by the cold water diges-
tion method with the use of the polarimeter P161-M (Russia) [32]. The leaf area 
was measured with a photoplanner, aerial parts of plants and roots were mass 
with the weighed [33]. 

All experiments were carried out in 3-4 biological and 4-5 analytical re-
peats. Statistical processing was performed with STATISTICA 6.0 software 
(StatSoft, Inc., USA.) The figures and tables show the mean values (M) and 
their standard deviations (±SD) at P = 0.95. 

Results. Alternaria spot affects the leaf surface of plants, forming spots, 
and leads to a decrease in the photosynthetic surface of the leaves [2]. Photosyn-
thesis is the main process in the formation of plant productivity; the total biolog-
ical yield of crops depends on its intensity [34]. In turn, the content of the main 
photosynthetic pigments (chlorophylls a, b, and carotenoids) is one of the indi-
rect indices of the photosynthetic activity and the most important biochemical 
indicator of the plant, which determines the intensity of photosynthesis [24, 34]. 
In the experiments, infection of sugar beet with A. alternata led to a decrease in 
the content of chlorophyll a (up to 1.5-fold) and b (up to 1.2-fold) in the leaves 
compared to healthy plants (Fig. 1), which indicates a violation of the photosyn-
thesis process and a decrease in the photosynthetic activity of plants. 
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Fig. 1. The content of chlorophyll a (A), chlorophyll b (B), carotenoids (C) and leaf area (D) in 
healthy (I) and infected with Alternaria alternata (II) sugar beet (Beta vulgaris L.) plants of variety 
Kampai treated with biological preparations: 1 C — control, 2 — Fitosporin-M, 3 — Vitaplan, 4 —  
Bacillus subtilis 10-4; a — the first treatment, b — the second treatment, c — harvesting (OOO 
Chishmy Agroinvest, the Republic of Bashkortostan, 2013). 

 

Inoculation with B. subtilis 10-4 and treatment with Fitosporin-M and 
Vitaplan biologicals restored the photosynthetic activity of plants. For example, 
2-fold treatment with biological preparations prevented stress-induced reduction 
of chlorophyll a and b in all variants of the experiment (see Fig. 1, A, B). The 
content of carotenoids in the leaves increased when infecting with A. alternata 
(see Fig. 1, B). Treatment with Vitaplan and B. subtilis 10-4 contributed to the 
decline of their number, whereas after two treatments with Fitosporin-M, a sig-
nificant accumulation of carotenoids more than the control values was observed. 
However, the content of carotenoids decreased to harvesting and was compara-
ble with that in the variants in which Vitaplan and the strain 10-4 were used (see 
Fig. 1, B). It is necessary to note that in uninfected plants, although 2-fold 
treatment with biological preparations led to a slight increase in the number of 
carotenoids, this figure was lower than in the control variant (see Fig. 1, B). 

The introduction of biological preparations under normal growing condi-
tions stimulated the photosynthetic activity of plants, probably due to an in-
crease in the content of physiologically active chlorophyll a. Indeed, the results 
obtained in assessing the leaf surface area (see Fig. 1, D) correlated with the ef-
fect of the studied compounds on the chlorophyll a and b content. Plants treated 
with bioactive preparations in all variants during the whole vegetation period 
were characterized by a much larger leaf area, both without and with A. alternata 
infection (see Fig. 1, D). 

It is obvious that the revealed increase in the content of photosynthetic 
pigments in case of the use of biologicals in the conditions of infection with A. 
alternata (see Fig. 1, A, B, C), in addition to their direct role in the process of 
photosynthesis and increasing leaf size (see Fig. 1, D), may contribute to the 
development of protective reactions of plants [34]. In particular, carotenoids 
perform photoprotective and antioxidant functions [35-38] by preventing damag-
es caused by the formation of singlet oxygen and triplet chlorophyll [37]. In ad-
dition, they can take the excitation energy of triplet chlorophyll, and then dissipate 
it as heat or extinguish singlet oxygen molecules [38, 39]. However, it is necessary 
to note that despite the obvious role of carotenoids in the antioxidant protection 
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of plants, data on changes of their content under the influence of stress are very 
contradictory [22, 24, 36]. Such effects can be explained, on the one hand, by the 
induction of carotenoids formation under the influence of the stress factor, on the 
other hand, by its enhanced degradation under severe stress [22]. 

 

 

Fig. 2. Activity of proteinases (A, B), amylases (C, D), proteinase inhibitors (E, F) and amylase in-
hibitors (G, H) in leaves of healthy (A, C, E, G) and infected with Alternaria alternata (B, D, F, 
H) sugar beet (Beta vulgaris L.) plants of variety Kampai treated with biological preparations: a — 
control, b — Fitosporin-M, c — Vitaplan, d — Bacillus subtilis 10-4; I — the first treatment, II — 
the second treatment, III — harvesting (OOO Chishmy Agroinvest, the Republic of Bashkorto-
stan, 2013). 

 

Hydrolytic enzymes (proteases, amylases) and their inhibitors play an 
important role in the formation of plant protective reactions to pathogens [21]. 
In infection with A. alternata, the increase in the activity of proteinases and am-
ylases (Fig. 2, B, D) in the leaves of sugar beet occurred which indicates the 
intensive development of the pathogen in plant tissues. Probably, this process 
was caused by changes in the metabolism of the host plant under the influence 
of the pathogen, as well as by the secretion of hydrolytic enzymes by the patho-
gen itself capable of macerating tissues and destroying the components of the 
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cell wall, which allows the pathogen to overcome the natural resistance of the 
host plant. Plants treated with the strain of B. subtilis 10-4, Fitosporin-M and 
Vitaplan were characterized by a decrease in the activity of hydrolases in the in-
fected and healthy leaves (Fig. 2, A-D), and the greatest decrease in hydrolytic 
activity was observed in variants with the use of Fitosporin-M and the strain of 
B. subtilis 10-4. 

A significant contribution to the regulation of the hydrolytic enzymes ac-
tivity is made by protein inhibitors of plants that suppress the activity of their 
own and foreign enzymes, in particular, pathogenic fungi and bacteria [23, 40]. 
The activity of hydrolase inhibitors decreased in the leaves of sugar beet in re-
sponse to infection with A. alternata (see Fig. 2, E, H), as a result of which, 
probably, the resistance of plants to the action of enzymes of the pathogen and 
its spread in tissues decreased. Treatment with the studied drugs, on the contra-
ry, contributed to an increase in the activity of hydrolase inhibitors (see Fig. 2, 
E, H), indicating that the under their influence plants induct protective reactions 
against A. alternata. It is necessary to note that the maximum activation of pro-
tective proteins was caused by the use of the strain of B. subtilis 10-4 and 
Fitosporin-M. 

Accumulation of sugar and proline in plant mass can be important bio-
chemical markers of resistance formation [31]. Healthy plants of B. vulgaris 
gradually accumulated sugar in the leaves throughout the growing season (Fig. 3, 
A), which was quite typical and consistent with the available data in the litera-
ture [41]. The highest rate of sugar accumulation was observed in the initial 
stages of growth, when the plant formed leaves and roots vigorously, and slowed 
to the end of the formation of the third pair of real leaves. Apparently, it was 
due to the fact that in the phase of the closure of leaves in the rows, leaves 
growth slowed, the intense thickening and formation of root crops, accompanied 
by the continuation of sugars accumulation in them, was observed. 

 

 

Fig. 3. The content of sugar (A, B) and proline (C, D) in leaves of healthy (A, С) and infected with 
Alternaria alternata (B, D) sugar beet (Beta vulgaris L.) plants of variety Kampai treated with biolog-
ical preparations: a — control, b — Fitosporin-M, c — Vitaplan, d — the strain of Bacillus subtilis 
10-4; I — the first treatment, II — the second treatment, III — harvesting (OOO "Chishmy Agroin-
vest", the Republic of Bashkortostan, 2013). 

 

Infection with A. alternata led to a sharp increase in sugar content in the 
leaves compared to the control parameters of healthy plants, which apparently 
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performs a protective role and allows the plants to continue to grow under stress 
conditions (see Fig. 3, B). The properties of monosaccharides associated with an 
increase in the stability of biomembranes, anti-denaturation effects on proteins 
and antioxidant effect may contribute to this process [42]. In addition, accumu-
lating carbohydrates help maintain the osmotic status of cells [33]. 

One of the most multifunctional plant stress metabolites is amino acid 
proline which plays the role of not only an osmolyte and antioxidant [24, 43] 
but also a low-molecular chaperone [40] involved in maintaining the native 
structure of enzymes [24]. Many investigations have reported an increase in the 
proline content in plants in response to the stress of different nature and its im-
portance as a factor for plant survival in extreme situations [24-26]. However, we 
did not find any available data on changes of proline content in sugar beet plants 
in A. alternata infection and the use of B. subtilis-based preparations. 

A. alternata infection led to a significant increase in the content of pro-
line in sugar beet plants (see Fig. 3, D). At the same time, treatment with 
Fitosporin-M, Vitaplan and B. subtilis 10-4 contributed to the prevention of its 
accumulation, induced by stress (see Fig. 3, D). It is necessary to note that un-
der the influence of biological preparations in healthy plants, a slight increase in 
the amount of proline, which further indicates the important role of this agent in 
the formation of induced resistance to the causative agent of Alternaria spots, 
was observed (see Fig. 3, B). 

The combined indicator of the nature of physiological and biochemical 
processes for the entire period of vegetation can be the data on the external state 
of plants and the productivity of root crops. In the experiment, the artificial infec-
tion of plants with A. alternata led to a gradual increase in the affected leaf area. 
For example, to harvesting it reached 75% or more (4 points), while in plants 
treated with B. subtilis 10-4, Fitosporin-M, Vitaplan, less than 35% (2 points). 
The best effect was observed in use of B. subtilis 10-4 and Fitosporin-M. In these 
cases, the disease development did not exceed 25 and 30% respectively. At the 
same time, 2-fold treatment with biologicals led to a significant increase in the 
average weight of aerial parts of healthy plants 1.8-2.7-fold and roots crops 1.6-
2.3-fold depending on the variant of the experiment (Table). Treatment with bio-
logical preparations preventes the stress-induced decline in the productivity of root 
crops in infection with A. alternata and contributes to stable growth of leaves and 
roots comparable to that in healthy plants. 

Leaf and root weight in sugar beet (Beta vulgaris L.) plants of variety Kampai, 
healthy and infected with Alternaria alternata, as influenced by Bacillus subtilis-
based microbial preparations 

Variant 
Aaerial part, g Roots, g 

I treatment II treatment harvesting I treatment II treatment harvesting 
H e a l t h y  p l a n t s  

Control 4.45±0.19 14.67±0.77 165.20±2.65 0.52±0.09 4.33±0.30 550.80±10.41 
Fitosporin-M 6.11±0.30 27.96±0.82 304.80±2.32 0.92±0.19 10.42±0.48 971.00±11.89 
Vitaplan 7.75±0.51 14.25±0.46 425.40±3.01 1.17±0.28 4.94±0.12 970.60±13.03 
Bacillus subtilis 10-4 11.00±0.42 36.70±0.91 336.40±4.69 1.80±0.12 14.12±0.22 1142.40±12.62 

I n f e c t e d  p l a n t s  
A. alternata 6.86±0.22 14.14±1.13 71.20±1.78 1.32±0.09 3.37±0.21 276.30±4.11 
Fitosporin-M 8.84±0.14 15.61±0.91 182.00±1.99 1.81±0.12 7.11±0.29 463.00±5.33 
Vitaplan 4.68±0.49 11.84±0.70 127.40±2.06 0.64±0.11 3.98±0.15 502.20±5.09 
Bacillus subtilis 10-4 11.21±0.30 25.70±1.42 209.40±2.57 2.72±0.23 11.66±0.23 607.20±4.95 

 

In addition to the positive impact on the intensity of growth processes 
and biomass accumulation, 2-fold application of biological preparations provided 
a higher content of sucrose in yield as compared to control of both healthy and 
infected plants. So, at harvesting in the control variant, the root crops contained 
16.1% of sucrose, in tests from 17.9 to 19.0%. The maximum amount of sucrose 
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was in 2-fold treatment with Fitosporin-M and B. subtilis 10-4. In infection with 
A. alternata, the roots of all treated plants were characterized by an increased 
content of sucrose compared to untreated ones. 

Thus, the preparations Fitosporin-M, Vitaplan, and Bacillus subtilis 10-4 
contribute to increased synthesis of photosynthetic pigments (chlorophyll a, b, 
and carotenoids), increase activity of hydrolase inhibitors in leaves and reduce 
stress-induced accumulation of proline and sugars, providing a protective effect 
in infection of sugar beet plants with Alternaria alternata. When treated with 
B. subtilis-based microbial preparations, both healthy and infected plants show an 
increase in sucrose accumulation. The most effective variants were 2-fold use of 
Fitosporin-M and B. subtilis 10-4, in which the adverse impacts of A. alternata is 
smoothed to the maximum and root crops with the biggest weight and the high-
est sucrose content are obtained.  
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A b s t r a c t  
 

In recent years, in our country there has been a clear trend towards sustainable growth in 
the production of sunflower oil. During long-term monitoring high risks of contamination with my-
cotoxins are established for the by-products of oil and oil-extracting industries, oil cakes and meals, 
which are traditionally in demand as valuable raw materials for mixed fodders (G.P. Kononenko et 
al., 2018). Among the possible reasons of contamination are the violations of the technology of pro-
duction and storage of the final products, but the problem of the sanitary quality of oil seeds coming 
from the farms remains without attention. The purpose of our work was to survey the lots destined 
for the production of oil by comparing the contamination with mycotoxins of the main seeds and 
typical accompanying impurities. The average samples of sunflower oil seeds from the farms of the 
Belgorod, Voronezh, Kursk and Lipetsk regions of the 2016 year crop were fractionated into seeds 
and impurities (according to GOST 22391-2015) for separate study of their contamination. We also 
examined a batch of seeds stored after cleaning in two compartments, in one of which there was a 
shutdown of the ventilation system and, as a result, self-warming foci arose. In addition, sunflower 
growing plants that were collected in June-September 2016 and 2017 in the subsidiary farms of the 
Moscow, Tver, Voronezh and Rostov regions were analyzed for mycotoxins. Ground parts (n = 65) 
were cut at a height of 5 cm from the soil surface, dried in a shaded ventilated room and crushed 
whole. Another part of the plants (n = 29) was divided into leaves, stems and baskets before grind-
ing. The mycotoxins group containing T-2 toxin (T-2), diacetoxycirpenol (DAS), deoxynivalenol 
(DON), zearalenone (ZEN), fumonisins (FUM), alternariol (AOL), aflatoxin B1 (AB1), sterigmato-
cystin (STE), cyclopiazonic acid (CPA), emodin (EMO), ochratoxin A (OA), citrinin (CIT), myco-
phenolic acid (MPA), PR toxin (PR) and ergot alkaloids (EA) were determined by the enzyme im-
munoassay. Our tests show that in seeds AOL is almost universally encountered, MPA and EMO are 
somewhat less frequent, the remaining mycotoxins are not detected. In contrast, in impurities, in 
addition to AOL, EMO and MPA, fusariotoxins (T-2, DAS, ZEN) are often enough, whereas CPA 
and CIT are more rare, and DON, STE, EA occur in a few samples. The ranges of AOL, EMO and 
MPA content are significantly wider and the average values for the samples are significantly higher 
than those found in the seeds. The newly discovered fact of multiple and intensive contamination of 
impurities with mycotoxins has a great practical importance, as it is an experimental justification for 
the need for thorough harvest cleaning for further processing. Additional experiments with vegetating 
sunflower plants show the maximum content of mycotoxins in leaves and pseudanthium (sunflower 
head) as compared to stems. A sharp increase in the mycotoxin accumulation both in seeds and in 
impurities occurs under self-warming conditions. The obtained results show that fungi of the genera 
Alternaria and Penicillium can cause damage to the harvested crop. We will elucidate their role in 
more detail in further studies.  

 

Keywords: Helianthus annuus, sunflower, seeds, impurities, mycotoxins, Fusarium, Alter-
naria, Aspergillus, Penicillium, enzyme immunoassay 

 

Sunflower (Helianthus annuus L.) is cultivated in many countries for oil 
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seeds widely used edible oil. At the same time, in different areas, based on the 
generalized data on the contamination of seeds and the products of their pro-
cessing with mycotoxins, the real risks of the influence of these toxicants on a 
humans are confirmed [1-4]. Considering the frequent occurrence and high con-
tent of Alternaria toxins with genotoxic effect, seeds, and sunflower oil are clas-
sified as products that pose a serious threat to public health [5-7]. 

In Russia, where about 70% of the world's sunflower crops are located, 
sunflower oil production in recent years has shown a tendency to sustainable 
growth. For oil cakes and meals, the by-products of oil-pressing and oil-
extracting industries, which are traditionally in demand as a valuable raw materi-
al for mixed fodders, a long-term monitoring has been established the significant 
mycotoxin contamination [4]. Among its possible causes, there are violations of 
technological schemes during seed processing, transportation and storage of final 
products at enterprises, but the problem of the sanitary quality of oil seeds, com-
ing from agricultural producers, remains without attention. 

In the present work, in mycotoxicological assessment of commercial 
batches of sunflower oil seeds, we determined for the first time the nature of the 
contamination and revealed an increased accumulation of mycotoxins in the im-
purities. A survey of vegetating sunflower plants before harvesting showed that 
the main contribution to the contamination is made by the fragments of baskets 
and leaves. The new data on a sharp increase in contamination of batches of 
seeds by mycotoxins that have undergone self-warming are of particular interest, 
since information about mycotoxin formation in such conditions is very limited.  

The aim of the work was to compare the contamination by mycotoxins 
of seeds and impurities in the production batches, intended for the production of 
sunflower oil. 

Techniques. The study was performed on samples from 19 batches, a bulk 
sample per each batch, of sunflower oil seeds (Helianthus annuus L.), produced 
at agricultural enterprises of Belgorod, Voronezh, Kursk and Lipetsk Regions in 
2016. Before conducting the analysis, the samples from each batch were frac-
tionated into main seeds and impurities, separating the small part (the entire 
passage through a sieve with holes of 3.0 mm in diameter) and organic impuri-
ties (husks, remains of leaves, stems, baskets) from the residue on the sieve [8]. 

While conducting the mycological analysis of the samples from the batch 
of seeds stored after harvesting in two compartments, in one of which the stor-
age conditions were violated, superficially sterilized seeds and the grinding of 
unsterilized seeds were incubated on a nutrient medium followed by detachment 
and species identification of the fungi Alternaria and Penicillium by culture and 
morphological features [9, 10]. Toxin formation in typical strains was evaluated 
after culture on malt extract agar medium (MEA, Liofilchem, Italy) [11] in the 
dark at 25 С for 7 days. 

 For the analysis of vegetative sunflower plants, they were selected in 
June-September 2016 and 2017 in the subsidiary farms of Moscow, Tver, Voro-
nezh, and Rostov Regions. The ground parts (n = 65) were cut at a height of 
5 cm from the soil surface, dried in a shaded ventilated room and crushed whole. 
Another part of the plants (n = 29) before grinding was divided into leaves, stems, 
and baskets.  

In the group of mycotoxins, determined by the enzyme immunoassay us-
ing commercial and certified research test systems [12, 13], there were T-2 toxin 
(T-2), diacetoxyscirpenol (DAS), deoxynivalenol (DON), zearalenone (ZEN), 
fumonisins (FUM), alternariol (AOL), aflatoxin B1 (AB1), sterigmatocystin (STE), 
cyclopiazonic acid (CPA), emodin (EMO), ochratoxin A (OA), citrinin (CIT), 
mycophenolic acid (MPA), PR toxin (PR) and ergot alkaloids (EA). 

The quantitative results were statistically processed by the single-factor 
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analysis of variance [14] using the R version 3.4.3 program (https://cran.r-
project.org/bin/windows/base/old/3.4.3/) [15]. The differences between the mean 
s(M) were estimated by the significance level p = 0.05.  

Results. The samples from the production batches of the sunflower seeds 
were fractionated into the main seeds and impurities to study separately the nature 
of their contamination (Table 1).  

1. Occurrence (n+) and the content of mycotoxins (µg/kg) in seeds and impurities 
of batches of sunflower (Helianthus annuus L.) seeds (Belgorod, Voronezh, 
Kursk and Lipetsk Regions, 2016) 

Mycotoxin 
Main seeds  
(n = 19)  

Impurities 
organic impurities (n = 19) small part (n = 18) 

T-2 – 15 (3-11-100)a 18 (2-12-100)a 
DON – 1 (1000)  2 (79, 1000)  
DAS – 14 (145-250-395)a 15 (130-305-935)a 
ZEN 1 (15)  15 (25-34-50)a 16 (25-37-63)a 
FUM 1 (79)  – – 
EA – 1 (6)  4 (2-7-16)  
AOL 15 (21-450-3080) a 19 (40-2390-7940)b 18 (44-1800-5620)b 
AB1 – – – 
STE – 2 (9, 12)  1 (20)  
CPA 1 (200)  9 (77-145-250)a 7 (64-135-250)a 
EMO 8 (12-42-125)a 17 (130-825-1620)b 17 (50-415-795)c 
OA – – 1 (9)  
CIT – 12 (25-44-94) 6 (21-32-43)  
MPA 6 (12-28-53)a 16 (16-245-2400)b 15 (27-260-1050)b 
PR – 4 (230-360-645)  2 (235, 300)  
N o t e. T-2 — T-2 toxin, DAS — diacetoxyscirpenol, DON — deoxynivalenol, ZEN —  zearalenone, FUM — 
fumonisins, EA — ergot alkaloids, AOL — alternariol, AB1 — aflatoxin B1, STE —  sterigmatocystin, CPA — 
cyclopiazonic acid, EMO — emodin, OA — ochratoxin A, CIT — citrinin, MPA — mycophenolic acid, PR — PR-
toxin; n — the number of examined samples. The number of positive samples n+ is indicated before the brackets, 
the minimum-average-maximum mycotoxin content in the positive samples is shown in brackets. A dash means 
that no positive samples were found. In one line, for values with different superscript indices (a, b, c), the differ-
ences are statistically significant at p = 0.05. 

 

2. Occurrence (n+) and the content of mycotoxins (µg/kg) in leaves, baskets, stems 
and whole sunflower (Helianthus annuus L.) plants (Moscow, Tver, Voronezh 
and Rostov Regions, 2016 and 2017) 

Mycotoxin Whole plants (n = 65) 
Parts of plants (n = 29) 

leaves baskets stems 
Т-2  14 (2-6-20) 23 (2-3-6)a 16 (2-15-145)a 1 (2) 
ДАС 24 (97-165-265) 25 (130-265-645)a 9 (130-205-315)a – 
ДОН – 2 (76, 100) – – 
ЗЕН – 4 (28-34-39)a 5 (26-29-33)a – 
ФУМ – – – – 
ЭА 52 (2-14-60) 22 (2-14-100) – 2 (2, 3) 
АОЛ 42 (14-32-91) 23 (12-40-100)a 14 (15-110-775)a 3 (20-200-415) 
АВ1 – 1 (2) 1 (4) – 
СТЕ 17 (12-14-25) 11 (10-16-27) 1 (25) – 
ЦПК 64 (89-235-500) 29 (130-415-980)a 20 (50-150-400)b 4 (115-130-140) 
ЭМО 27 (19-37-10) 26 (25-47-100)a 17 (20-61-225)a 2 (26, 30) 
ОА 7 (4-5-7) 3 (5-5-6) 1 (6) – 
ЦИТ 12 (32-42-50) 16 (29-44-63) 4 (21-42-60) – 
МФК 15 (15-52-225) 11 (13-21-35)a 11 (13-42-215)a 2 (13, 36) 
PR 9 (150-180-265) 20 (130-300-500) 4 (135-195-260) – 
N o t e. T-2 — T-2 toxin, DAS — diacetoxyscirpenol, DON — deoxynivalenol, ZEN —  zearalenone, FUM — 
fumonisins, EA — ergot alkaloids, AOL — alternariol, AB1 — aflatoxin B1, STE —  sterigmatocystin, CPA — cy-
clopiazonic acid, EMO — emodin, OA — ochratoxin A, CIT — citrinin, MPA — mycophenolic acid, PR — PR-
toxin; n — the number of examined samples. The number of positive samples n+ is indicated before the brackets, 
the minimum-average-maximum mycotoxin content in the positive samples is shown in brackets. A dash means 
that no positive samples were found. In one line, for values with different superscript indices (a, b), the differences 
are significant at p = 0.05. 

 

Out of the 15 studied mycotoxins, AOL was almost universal, MPA and 
EMO were less frequent, and ZEN, FUM, and CPA were found in single sam-
ples. On the contrary, along with AOL, EMO and MPA, the impurities quite 
often contained fusariotoxins (T-2, DAS, ZEN), more rarely CPA and CIT, in 
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few cases DON, STE, EA and PR. There were no significant differences in the 
nature of the contamination of the organic impurities and the small part in most 
mycotoxins. The content ranges of AOL, EMO, and especially MPA in impuri-
ties were significantly wider and, by average values, significantly exceeded the 
indicators of seeds. The fact of multiple and intense contamination of impurities, 
described for the first time, is of practical importance, since it experimentally 
substantiates the need for thorough cleaning of sunflower seeds supplied for fur-
ther processing. 

It was of interest to identify which parts of the plants that get into the 
seeds during harvesting make a major contribution to contamination. To do this, 
we studied the component composition of mycotoxins in the ground parts, as 
well as leaves, baskets, and stems of a vegetative sunflower (Table 2). The con-
tamination of plants was multiple; most often there were CPA, EA, AOL, EMO, 
followed by STE, CIT, and MPA, less often OA and PR, out of fusariotoxins, 
T-2 and DAS were detected with a frequency of 14/65 and 24/65. The accumu-
lation of T-2, DAS and AOL could be caused by phytopathogenic fungi Fusari-
um and Alternaria, whereas almost constant detection of CPA, EA, and EMO in 
the samples seems to be associated with the members of genera Aspergillus and 
Penicillium [16-18]. They often accompany the pathogens of fungal diseases of 
sunflower in very small quantities [19], but their role in the production of toxins 
is yet to be assessed.  

In leaves and baskets, the complex of the main contaminants as a whole 
corresponded to the established one for whole plants, and toxic metabolites were 
found extremely rarely in the stems (see Table 2). These results are consistent 
with the previously published ones for a smaller sample [20]. The heterogeneous 
nature of the distribution of mycotoxins among the plant organs is seen as a 
manifestation of the complex associative connections of these organisms with 
microscopic fungi, mainly endophytes [21, 22]. According to the obtained data, 
the content of all toxins, except for ZEN and MPA, was less in the baskets in 
comparison with the leaves. At the same time, a statistically significant decrease 
in the content of CPA was observed. The extensive information, which has ap-
peared in recent years, on the composition and content of fungal metabolites in 
lichen thalli [23], and now in sunflower, has become an important contribution 
to understanding the biochemical mechanisms of regulation of coenotic interac-
tions. The advanced comprehensive studies of endogenous fungi and the meta-
bolic profile, formed in plants with the participation of the entire associated 
community of organisms, seem to be especially promising. 

We had the opportunity to analyze the samples from a batch cleaned and 
splinted for storage between two premises in one of which technical problems 
led to the appearance of self-warming foci. In the main seeds under unfavorable 
condition, a much larger amount of AOL and MPA was detected (Table 3). Ac-
cording to the results of the mycological analysis in the seeds of these compart-
ments, there were both similarities and differences. The number of affected rep-
resentatives of the genus Alternaria was equally extensive (85-95%), and the fre-
quency of Penicillium spp. in the affected part was significantly higher (248½103 

CFU/g vs. 7½103 CFU/g); moreover, with a frequency of 10 %, they were ac-
companied by one of the species of Aspergillus glaucus Gr. From morphological 
features, the species composition of Alternaria and Penicillium fungi in both parts 
was fairly uniform. The typical strains of A. tenuissima (Nees & T. Nees: Fr.) Wilt-
shire and P. stoloniferum Thom in the laboratory express tests were highly active 
and formed AOL and MPA of more than 10000 ng/ml of the medium. The abil-
ity of A. tenuissima to produce AOL was described previously [24], and for the 
species P. stoloniferum, subjected to multiple taxonomical movements [25] and 
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currently recognized as synonymous with P. brevicompactum, the possibility of 
MPA biosynthesis was repeatedly confirmed by foreign and Russian researchers 
[26-28]. In addition, A. pseudoglaucus Blochwitz from Aspergillus glaucus Gr. also 
belong to MPA producers [26]. Accounting a general trend of increased AOL 
and MPA amounts in sunflower seeds with changing external conditions, there 
were no effects of growth inhibition and suppression of specific toxins biosynthe-
sis between these species. The reports on the mutual influence of toxigenic fungi 
of different genera coexisting on the same biological substrate are still few. Nev-
ertheless, it was shown that the rate of colonization of wheat caryopsides with 
the fungus A. tenuissima and the amount of formed AOL significantly increased 
after the preliminary treatment of fusariotoxins DON or ZEN [29]. Recently, 
the relationship between aggressive trichothecene-producing species Fusarium 
and Alternaria fungi in oats has been characterized as symbiotic [30]. 

 

For organic residues in the impurities, as a result of self-warming, there 
was an increase in the contamination of MPA and the appearance of STE and 
CPA, but the same clear tendency towards AOL, EMO and fusariotoxins (T-2, 
DAS, ZEN) was not observed (see Table 3). It is probable that higher accumula-
tion of MPA on the dead sunflower tissues is related to the fact that under these 
conditions P. stoloniferum gets a chance to realize the potential of a mycophilic 
fungus of physiological necrotrophs [27]. The fact regarding its habitat on the 
stroma of the phytopathogen Helminthosporium sativum Pam. and the inhibiting 
effect against the pathogens of common sunflower diseases Botrytis cinerea Fr. 
and Verticillium dahliae are described [31]. 

The sharp accumulation of mycotoxins, not only in seeds but also in the 
impurities, serves as another argument in favor of the increased attention to 
cleaning batches before storage and processing. 

When examining the production batches of seeds, as well as the samples 
from self-warming foci, we did not note a single case of AB1 detection given the 
sufficiently high sensitivity of the applied method (0.002 mg/kg). Nevertheless, 
AB1 is officially recognized as the only indicator of safety (not more than 0.005 
mg/kg) for food oilseeds (including sunflower), as well as for unrefined vegetable 
oils of all types and their products [32-34]. The apparent inconsistencies between 
the mycotoxicological criteria for the control of sunflower oil cakes and meals, 

3. Mycotoxin contents (µg/kg) in the main fraction and impurities of the same 
batch of sunflower (Helianthus annuus L.) seeds depending on storage conditions 
(Kursk Region, 2016) 

Mycotoxin Main seeds 
Impurities 

organic impurities small part 
T-2 –/– –/3 3/5 
DAS –/– –/– 215/400 
DON –/– –/– –/– 
ZEN –/– –/– 49/45 
FUM –/– –/– –/– 
EA –/– –/– –/– 
AOL 26/240 955/245 480/390 
AB1 –/– –/– –/– 
STE –/– –/– –/15 
CPA –/– –/– –/250 
EMO –/41 735/600 355/1000 
OA –/– – –/– 
CIT –/– 26/- –/– 
MPA 53/2630 125/1000 345/6310 
PR –/– –/– –/– 
N o t e. T-2 — T-2 toxin, DAS — diacetoxyscirpenol, DON — deoxynivalenol, ZEN —  zearalenone, FUM — 
fumonisins, EA — ergot alkaloids, AOL — alternariol, AB1 — aflatoxin B1, STE —  sterigmatocystin, CPA — 
cyclopiazonic acid, EMO — emodin, OA — ochratoxin A, CIT — citrinin, MPA — mycophenolic acid, PR — PR-
toxin. Estimates for due and violated storage condition (self-warming foci) are indicated through a slash. A dash 
means that no positive samples were found. 
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and the prevalence of real carriers of the threat to animal health we examined in 
detail earlier [4]. 

Thus, in sunflower oil seeds, the main contaminants of mycogenic origin 
are represented by alternariol, mycophenolic acid, and emodin. The impurities 
that get into the batch during harvesting and contain the remnants of the herb-
age of plants are characterized by a more intensive accumulation of these myco-
toxins and the appearance of a number of others, i.e. fusariotoxins, as well as 
cyclopiazonic acid and citrinin. If the storage conditions are violated, higher 
humidity and temperature lead to sharply increased accumulation in seeds of 
alternariol and mycophenolic acid which have toxic effects, including genotoxi-
city and immunosuppressive activity. This first information on the nature of con-
tamination by mycotoxins of commercial sunflower oil seed batches is a step 
towards the creation of a Russian replenishable database to improve the hygienic 
and sanitary requirements of food and fodder safety. 
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A b s t r a c t  
 

Stimulation of nitrogen-fixing symbiosis by is an important mechanism of interaction be-
tween rhizobacteria and leguminous plants. At the same time, little is known about intraspecific (va-
rietal) variability of leguminous when responding to inoculation with rhizobacteria. Our recent model 
studies of hydroponic soybean seedlings showed that rhizobacteria Pseudomonas oryzihabitans Ep4 
can better stimulate growth and colonize the roots of Nice Mecha and Swapa soybean plants when 
compared to Bara variety. The purpose of this work was to study the variety-specific responses of 
soybeans plants to inoculation with rhizosphere bacteria (rhizobacteria) producing auxins and con-
taining 1-aminocyclopropane-1-carboxylate (ACC) deaminase at various levels of plant mineral nu-
trition under agrocenosis conditions. The subject plants were three early ripening soybean Glycine 
max (L.) Merr. varieties of the northern ecotypes Nice Mecha, Swapa and Bara. Rhizobacterial 
strains Pseudomonas oryzihabitans Ep4 and Variovorax paradoxus 3-P4 were used for inoculation. 
Biopreparation rizotorfin containing a nodule bacterium Bradyrhizobium japonicum strain 634b was 
used for the formation of nitrogen-fixing symbiosis. Three-year field experiments were conducted in 
2013-2015 years in the northernmost area of soybean cultivation (Orel region) on a dark gray forest 
medium-loamy soil. Mineral fertilizer ‘diamofoska’ was applied 7 days before sowing. Two mineral 
nutrition levels of N30P81K81 and N44P116K116 were used. In all treatments with rhizotorfin there 
was an increase in nodule biomass and nodule number, except the treatment of cultivar Bara at 
N30P81K81. In using lower mineral nutrition with risotorphin, the strain Ps. oryzihabitans Ep4 in-
creased number (by 140 %) and weigh (by 176 %) of nodules and nitrogen-fixing activity (by 69 %) 
of Swapa plants at flowering. At a higher mineral nutrition the influence of Ps. oryzihabitans Ep4 on 
the legume-rhizobia symbiosis manifested by the increased nodule number on Swapa roots (by 55 %) 
and nitrogen-fixing activity of Bara variety (by 205 %), whereas the strain V. paradoxus 3-P4 in-
creased nitrogen fixation of Nice Mecha (by 231 %) and Bara (by 205 %). The positive effects of 
both rhizobacterial strains on the plant growth at the flowering stage, as well as on the content of 
nutrients (Mg, Ca, B, Fe, Zn and Mo) in leaves were more pronounced on varieties Nice Mecha 
and Swapa at lower and/or higher mineral nutrition. At N30P81K81 the increase of shoot biomass at 
the flowering stage in cultivars Nice Mecha and Swapa was obtained after inoculation with mono-
cultures of the studied rhizobacteria and after combination of rhizobacteria with rhizotorfin as well. 
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However cultivar Bara has a positive response to mono-inoculation with rhizotorfin. At N44P116K116 
a combined inoculation of cultivar Bara with rhizotorfin and strain Ps. oryzihabitans Ep4, as well as 
cultivar Nice Mecha with rhizotorfin and strain V. paradoxus 3-P4, was significantly more efficient as 
compared to mono-inoculation with rhizotorfin. As a rule, the positive effects of both rhizobacterial 
strains on plant growth at flowering, as well as on the content of nutrient elements (Mg, Ca, B, Fe, 
Zn and Mo) in leaves, were more pronounced on cultivars Nice Mecha and Swapa at a lower and/or 
a higher level of mineral nutrition. The maximum effect of rhizobacteria on seed yield and seed 
quality (protein and fat content) is also obtained by inoculation of varieties Nice Mecha and Swapa. 
However, variety Bara has the highest response to mineral fertilizers. The differences found between 
soybean varieties in the response to inoculation with plant growth-promoting rhizobacteria indicate a 
higher degree of integration between associative microorganisms and varieties Nice Mecha and 
Swapa compared to variety Bara. The results of this study indicate the promise for creating plant-
microbe systems that combine a high degree of symbiotrophy and assimilation of nutrients from 
fertilizers and soil. 
 

Keywords: Glycine max, Pseudomonas, Variovorax, intraspecies variability, mineral nutri-
tion, rhizosphere, symbiotic nitrogen fixation, phytohormones, agrocenosis 

 
 

At present time, considerable experimental data has been accumulated 
on the positive effect of associative rhizosphere bacteria (rhizobacteria) on the 
growth, nutrition, and adaptation of agricultural plants to unfavorable climatic 
and soilborne factors by fixing atmospheric nitrogen, production or utilization of 
biologically active substances, mobilization of nutrients in the rhizosphere, in-
duction of system stability and biocontrol of phytopathogens [1-5]. The ability to 
stimulate the formation of nitrogen-fixing symbiosis with nodule bacteria serves 
as an important mechanism for leguminous plants to interact with rhizobacteria. 
Thus, the number of nodules on soybean roots increases upon combined inocu-
lation with nodule bacteria Bradyrhizobium japonicum and rhizobacteria Pseudo-
monas fluorescens [9-11], Azospirillum brasilense [12], Bacillus subtilis [13-17], B. 
thuringiensis [13, 14, 18], B. megaterium [19], Paenibacillus lautus [19], as well as 
with unidentified phosphate-mobilizing bacteria. The action of rhizobacteria can 
be associated with a decrease in the biosynthesis of ethylene, stress phytohor-
mone (to which the process of nodulation is highly sensitive) due to the utiliza-
tion of its precursor 1-aminocyclopropane-1-carboxylate (ACC) by rhizobacteria 
which use the ACC deaminase enzyme [19, 21-23]. It is supposed that the pro-
duction of auxins by rhizobacteria, stimulating root growth and nodulation, is 
involved in the activation of nitrogen-fixing symbiosis [4, 8, 24]. However, in 
most of the studies enumerated, the mechanisms of the positive impact of 
rhizobacteria on the soybean symbiosis with nodule bacteria were not studied. 

It is also little known about the intraspecific (varietal) variability of le-
guminous plants in response to rhizobacteria inoculations. Four pea varieties 
have demonstrated significant differences in the Ps. brassicacearum Am3 strain 
effects on the absorption of nutrients (N, P, K, Ca, S, Fe) from the soil con-
taminated with heavy metals [25]. The influence of the Az. brasilense rhizobacte-
ria, which fix nitrogen and produces auxins, on the growth of sorghum [26], 
wheat [27] and bean [28] varied significantly depending on the variety. Similar 
results were obtained for the related species, Az. lipoferum, in the experiments 
with corn varieties [29]. Varietal specificity in the effects of rhizobacteria on leg-
ume-rhizobia symbiosis in soybean [15, 30], pea [31-32] and chick pea [33] has 
been revealed. Differences in the expression of the genes associated with auxin 
and ethylene signaling are described for two rice varieties upon Az. lipoferum in-
oculation [34]. The variation in the ability of the introduced rhizobacteria popu-
lations to colonize plant roots depending on the variety has been also described 
in other studies [27, 35]. Nevertheless, the reasons for the intraspecific variability 
of plant-bacteria interactions have not been studied yet, which restrains signifi-
cantly the application of the latter as biopreparations [36]. 

Soybean is the main leguminous crop in the Russian Federation. Its 
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growth and nutrition depend to a significant extent on symbiosis with nodule 
bacteria and rhizobacteria. To expand the area of this crop, varieties resistant to 
cold and adapted to nutrient-poor soil are needed. For the northernmost area of 
soybean cultivation in Russia, the Orel Region, early ripening varieties of the 
northern ecotypes were created: Nice Mecha, Swapa and Bara. However, little is 
known about their symbiotic characteristics and potential. It can be assumed that 
rhizobacteria producing auxins and containing ACC deaminase should facilitate 
soybean adaptation to unfavorable climatic and soil conditions.  

The authors have previously shown in model studies of hydroponic soy-
bean seedlings that rhizobacteria Ps. oryzihabitans Ep4, producing auxins and 
containing ACC deaminase, perform stimulation of the growth and root coloni-
zation at a higher degree in Nice Mecha and Swapa varieties compared to the 
Bara variety. This is due to the intense root exudation of organic acids, sugars, 
and amino acids and their effective utilization and transformation by rhizobacte-
ria [32]. The close integration of Ps. oryzihabitans Ep4 strain with the Nice 
Mecha and Swapa varieties was partially confirmed by the results of the field 
experiment at a combined inoculation of plants with nodule bacteria [37].  

In this report, the authors describe for the first time the positive effect of 
the rhizosphere bacteria, containing ACC deaminase, on different varieties of 
soybean northern ecotypes and their symbiosis with nodule bacteria.  

The purpose of this study was to reveal the correlation of the variety-
specific responses of soybean plants with rhizobacterial inoculation and mineral 
nutrition under agrocenosis conditions. 

Techniques. The highest quality seeds of early ripening released soybean 
Glycine max (L.) Merr. varieties Nice Mecha and Swapa were obtained from the 
Federal Scientific Center of Legumes and Cereal Crops (Orel), the seeds of the 
Bara variety from Soybean Complex LLC (Krasnodar).  

At inoculation, the used strains of associative bacteria containing ACC 
deaminase and producing auxins were Pseudomonas oryzihabitans Ep4 [38] and 
Variovorax paradoxus 3-P4 [39]. To prepare the inoculum, the associative bacte-
ria were cultured in previously formulated liquid nutrient medium [40] for 4 days 
at 28 C and 180 rpm. The resulting suspension was diluted with sterile faucet 
water to a final concentration 107 cells/ml. To generate nitrogen-fixing symbio-
sis, biopreparation rhizotorfin (ECOS, Saint Petersburg) containing nodule bac-
teria Bradyrhizobium japonicum 634b in sterilized turf as a carrier was used 
(109 cells/g turf). The purity of the inocula and the biopreparation was con-
firmed by microbiological methods. All the strains were deposited in the Institu-
tional Collection of Beneficial Microorganisms of Agricultural Designation (All-
Russia Research Institute for Agricultural Microbiology, Saint Petersburg).  

The soil of the plots on which the field experiments were conducted 
(APC Integration, Orel State Agricultural University, Lavrovo, Orel Province, 
2013-2015), dark gray forest medium-loamy, humus content 3.4±0.1%, mobile 
nitrogen 57±8 mg/kg, labile phosphorus 100±8 mg/kg, mobile potassium 136±9 
mg/kg, pH 5.0±0.06 (average data for 3 years). Soil characteristics were deter-
mined by standard methods.  

The plants were cultivated in a seven-field crop rotation system of the 
grain type with full plot randomization (the plot square 10 m2) in a fourfold 
analysis for each variant, the crop was preceded by bare fallow. Mineral fertilizer 
(diammophoska) was applied 7 days before sowing (N30P81K81 and N44P116K116, 
70 and 100%, respectively, for planned crop yield 3 t/ha). Immediately prior to 
sowing, the seeds were pretreated with Maxim KS fungicide (fludioxonil, 
2 ml/kg seeds; Syngenta LLC, Russia) at a working concentration to which the 
strains under study are resistant according to preliminary tests. A part of the 
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seeds was pretreated with rhizotorfin (strain B. japonicum 634b, 2g/kg seeds). 
The seeding rate for all the seeds is 70 pcs/m2 (selection seeding-machine 
Plotseed XL, Wintersteiger, Austria). The inocula of Ps. oryzihabitans Ep4 and 
V. paradoxus 3-P4 (200 ml/m2) were used to treat root zone on the day 10 and 
day 27 after sowing (seedlings and 2-3 true leaves, respectively), samples without 
inoculation were used as controls (for the evaluation of rhizobacteria effects by 
integral parameters upon co-inoculation, the sample with rhizotorfin served as a 
control). For all the variants, the soil preparation Dual Gold, EC (1.6 l/ha; Syn-
genta LLC, Russia) was applied before sowing and Bazagran, AS (2 l/ha; BASF 
LLC, Russia) at three true leaves. Insecticide Karate Zeon, MCS (0.4 l/ha; Syn-
genta LLC, Russia) was used for pest control. Two weeks before harvesting, the 
plants were desiccated with Reglon Super, AS (1.5 l/ha; Syngenta LLC, Russia). 
The seeds were harvested by a combine harvester TERRION-SAMPO SR2010 
(Agrotekhmash, Russia).  

Nitrogenase (nitrogen-fixing) activity was evaluated in roots at flowering 
by acetylene method [42]. The roots of 5 plants from each plot were washed 
with water, nodules were counted up, roots were placed into the airproof flasks 
(250 ml) and incubated in 10% acetylene atmosphere for 1 h at 25 C. The reac-
tion was terminated by 2.5% formalin solution, the ethylene concentration was 
determined (gas chromatography system FGC-1, ECAN LLC SPE, Russia). The 
nodules were separated from the roots, desiccated and weighed. The leaves of 
the plants of each plot were desiccated and used for elemental analysis. 

The seed protein and lipids were measured using the infrared grain ana-
lyzer Infratec™ 1241 (FOS", Denmark) according to the manufacturer's guide-
lines. The quantity of B, Ca, Co, Cu, Fe, K, Mg, Mn, Mo, Ni, P, S, Zn in 
leaves was assessed using an emission spectrometer ICPE-9000 (Shimadzu, Ja-
pan). For this, dry leaves were milled and burnt in the mixture of concentrated 
HNO3 and 38% H2O2 (1:1) at 70 C (DigiBlock system, LabTech, Italy). The 
total nitrogen content in leaves was determined (an automatic analyzer Kjeltec 
2300, FOSS Analytical, Denmark).  

Statistical processing was performed with STATISTICA 10 software 
(StatSoft, Inc., USA). The dispersion analysis (Fisher minimal mean difference 
test), Student t-criterion and correlation analysis were used. The mean values 
(M) and mean values errors (±SEM) were calculated.  

Results. Rhizotorfin with N30P81K81 increased the number of nodules for 
all the varieties, and with N44P116K116 for Nice Mecha and Swapa as compared to 
control (Table 1). Combined inoculation with rhizobacteria also led to more in-
tensive nodule formation; moreover, the Swapa variety demonstrated a statistically 
higher number of nodules compared to rhizotorfin mono-inoculation (see Table 
1). Rhizotorfin increased the weight of nodules. Combined treatment with 
rhizotorfin and Ps. oryzihabitans Ep4 increased nodule weight for Swapa plants at 
both levels of mineral nutrition, as well as nitrogen-fixing activity at N30P81K81 as 
compared to control and rhizotorfin application. With V.  paradoxus 3-P4 at 70% 
level of mineral nutrition, the Swapa and Bara plants statistically significant in-
creased the nodule weight (p < 0.001 and p = 0.044, respectively). Higher nitro-
gen fixation for all the varieties at the 100% mineral nutrition was scored only at a 
combined inoculation with nodule and associative bacteria (see Table 1). 

N30P81K81 increased overground plant weight at flowering of Nice 
Mecha and Swapa varieties both with bacterial monocultures and in the case of 
combination with rhizotorfin. However, the Bara variety demonstrated positive 
response only to rhizotorfin mono-inoculation (see Table 2). At N44P116K116 
rhizotorfin increased the overground plant weight only for Nice Mecha and 
Swapa varieties. For Bara variety, combined inoculation with Ps. oryzihabitans  
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982 

Ep4 strain, and for Nice Mecha variety with V. paradoxus 3-P4 were statistically 
more effective (p = 0.015 and p = 0.039, respectively) (see Table 2) than 
rhizotorfin mono-inoculation. Ps. oryzihabitans Ep4 and V. paradoxus 3-P4 
strains statistically significantly increased the root weight (p between 0.045 and 
0.0012) in Nice Mecha variety at mono-inoculation and at a combined inocula-
tion with rhizotorfin regardless of mineral nutrition levels (see Table 2). The in-
oculation with V. paradoxus 3-P4, as well as use of this strain or Ps. 
oryzihabitans Ep4 in combination with rhizotorfin, positively influenced the root 
weight in Swapa and Bara varieties. 

2. Plant biomass of soybean Glycine max (L.) Merr. varieties during flowering as 
influenced by nodule bacteria Bradyrhizobium japonicum 634b (rhizotorfin) and 
associative bacteria Pseudomonas oryzihabitans Ep4 and Variovorax paradoxus 3-
P4 at different levels of mineral nutrition (M±SEM, APC Integration of Orel 
State Agricultural University, Lavrovo, Orel Province, 2013-2015) 

Variant 

Dry weight, g/plant 
overground part roots 

Nice 
Mecha 

Swapa Bara 
Nice 
Mecha 

Swapa Bara 

N30P81K81 (70 %) 
No inoculation 39±2a 35±4a 44±2a 3.5±0.1a 3.9±0.2a 3.8±0.3a 
B. japonicum 634b 45±2b 46±3b 55±4b 4.1±0.3ab 5.1±0.4ab 4.1±0.2ab 
Ps. oryzihabitans Ep4 49±3bc 45±2ab 43±2a 4.3±0.2bc 5.1±0.4ab 4.6±0.5b 
V. paradoxus 3P-4 48±1bc 47±5b 44±4a 4.5±0.1bc 5.8±0.6b 4.3±0.4ab 
B. japonicum 634b + Ps. oryzihabitans Ep4 48±2bc 46±5b 47±4ab 4.1±0.3b 6.1±0.5b 4.2±0.2ab 
B. japonicum 634b + V. paradoxus 3P-4 52±1c 50±3b 41±4a 4.8±0.2c 5.0±0.3ab 4.7±0.4b 

N44P116K116 (100 %) 
No inoculation 27±3a 46±1a 47±2a 3.5±0.1a 4.8±0.3a 3.7±0.2a 
B. japonicum 634b 36±1b 57±3b 49±3ab 3.9±0.3ab 6.1±0.6ab 4.0±0.2ab 
Ps. oryzihabitans Ep4 35±1b 48±4ab 59±4bc 4.2±0.2b 5.5±0.5ab 3.9±0.2ab 
V. paradoxus 3P-4 33±1ab 52±4ab 53±5abc 4.5±0.2b 5.2±0.4ab 3.8±0.2ab 
B. japonicum 634b + Ps. oryzihabitans Ep4 39±0bc 57±5b 61±3c 4.2±0.2b 6.4±0.8b 4.5±0.1b 
B. japonicum 634b + V. paradoxus 3P-4 42±1c 52±4ab 58±5bc 4.1±0.1b 6.3±0.8b 4.0±0.2ab 
N o t e. For each fertilizer dosage, statistically significant differing variants are designated by Latin letters (Fisher 
test, MMD, p < 0.05, n = 12). 

 

N content in leaves increased in all cases with rhizotorfin (Table 3). At 
the 70% level of mineral nutrition, both strains of rhizobacteria increased the P 
content in the leaves of Nice Mecha variety at mono- and combined inoculation 
(see Table 3). This indicator was higher in Swapa plants upon inoculation with 
rhizotorfin and Ps. oryzihabitans Ep4 regardless of the level of mineral nutrition, 
whereas in Bara plants solely at the 70% level. Mg, Ca, B, Fe, Zn and Mo con-
tent (see Table 3) in the leaves of Nice Mecha and Swapa plants when using 
rhizotorfin and Ps. oryzihabitans Ep4 mixture, was generally higher. A similar, 
but less pronounced effect result was obtained for two these varieties upon 
rhizotorfin and V. paradoxus 3-P4 inoculation: at N30P81K81 the bacteria did not 
affect Mg, Ca, B and Zn, and at N44P116K116 the content of P did not increase. 
Both control and inoculated plants of Bara variety (in contrast to the rest two 
varieties) differed insignificantly in elemental composition of leaves, which mani-
fested for Mg, B, Zn, Mo at 70% nutrition level and for P, Fe and Zn at the 
100% level (see Tables 3, 4). The positive effect of the combined inoculation on 
patterns of macro- and microelements was in many cases statistically significant 
compared to control plants without inoculation, as well as to rhizotorfin applica-
tion (see Tables 3, 4). 

Rhizotorfin and rhizobacteria did not increase Co, Cu, K, Mn, Ni and S 
accumulation in leaves. The exceptions were rise of Co level in Nice Mecha (by 
15%, p = 0.015, n = 12) and Swapa (by 26%, p = 0.015, n = 12), as well as S 
content increase in Swapa variety (by 23%, p = 0.016, n = 12) in response to 
rhizotorfin and Ps. oryzihabitans inoculation (data not shown).  
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At both levels of mineral nutrition, rhizotorfin has increased the seed 
yield of all varieties (maximum level at combined inoculations with rhizobacte-
ria) (Table 5). Swapa plants statistically significant increased crop productivity (p 
= 0.008) compared to rhizotorfin application upon its combination with Ps. 
oryzihabitans Ep4 at 100% mineral nutrition. The protein content in seeds in-
creased in Nice Mecha variety upon any inoculation, as well as in Swapa variety 
in all tests (except for mono-inoculations with Ps. oryzihabitans Ep4 and V. 
paradoxus 3-P4 at N30P81K81 and N44P116K116, respectively) (Table 5). For Bara 
variety, this effect was observed only for rhizotorfin and V. paradoxus 3-P4 com-
bination at N30P81K81, as well as for both rhizosphere strains at N44P116K116. 
The lipid content in seeds of inoculated plants was more frequently higher in 
Nice Mecha plants, less commonly in Swapa and only in one case (for 
rhizotorfin and Ps. oryzihabitans Ep4 co-inoculation at 70% level) in Bara varie-
ty (see Table 5). 

Field tests conducted by the authors of the present study have shown 
that rhizobacteria positively affect nitrogen-fixing symbiosis, growth, and nutri-
tion of early ripening varieties of soybean northern ecotypes. This data expands 
the concept of interaction between rhizobacteria and leguminous plants at co-
inoculation [11, 12, 14, 16], as compared to other varieties [15-19], at different 
types of nitrogen and phosphorus nutrition [20] in traditional soybean cultivating 
regions. The data of response specificity of varieties under study at the rhizobac-
teria inoculation has been confirmed. These findings indicate more effective in-
tegration of Ps. oryzihabitans Ep4 strain with Nice Mecha and Swapa varieties 
conditioned by root exudation patterns [37]. In these varieties the roots extract 
more organic acids and sugars, the nutrients for rhizobacteria, thus promoting 
rhizosphere colonization. Rhizobacteria, in turn, use Bara variety root exudates 
less (possibly due to the presence of antibacterial components). Another im-
portant component of exudates, tryptophane (the precursor of auxin biosynthesis 
in bacteria) [34] is not absorbed in Bara variety rhizosphere [37]. Our findings  
are in line with data pointing to the important role that the root exudates play in 
varietal specificity of rhizobacterial effects described for pea growth [32], soy-
bean legume-rhizobia symbiosis [15, 30], as well as Arabidopsis thaliana [45] and 
sorghum [46] growth.  

More effective interactions between rhizobacteria under study and Nice 
Mecha and Swapa plants compared to Bara variety are also confirmed by inte-
grated parameters of bacterial effects (Fig. 1). These parameters allow summing 
up the factors related to different aspect of specific plant response to inoculation 
but do not depend on the effect of rhizotorfin. In all the cases (except V. 
paradoxus 3-P4 which can influence symbiosis), the minimal rhizobacteria effect 
values were characteristic of Bara variety (see Fig. 1). Additionally, the effects of 
both strains on mineral nutrition and of V. paradoxus 3-P4 strain on Swapa plant 
biomass turned out to be statistically higher than that on Bara variety. It should 
be noted that the maximum relative values of rhizobacterial effects were obtained 
for nitrogen-fixing symbiosis parameters (see Table 1, Fig. 1). This fact indicates 
the importance of interactions between microorganisms in the rhizosphere not 
only for enhanced growth due to effective symbiosis but also for better mineral 
nutrition of plants. Indeed, additive and synergetic effects on the nutrient levels 
in leaves appear upon combined inoculation with rhizobacteria and rhizotorfin. 

The positive effect of rhizobacteria on nitrogen-fixing soybean symbiosis 
(the increase in nodule formation and acetylene-reductase activity) could be as-
sociated with the presence of ACC deaminase enzyme [38, 39]. It has been es-
tablished that ACC-utilizing rhizobacteria reduce the ACC content in the roots, 
contributing to a decrease in plant biosynthesis phytohormone ethylene, which 
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acts as an inhibitor of symbiotic nodule formation [23, 48]. In our experiments 
the stimulation of nodule formation in pea by V. paradoxus 5C-2 [21], as well as 
in the soybean Swapa variety by Ps. oryzihabitans Ep4 [37] strain has also been 
described. 

 

 

The obtained results are in line with the data of the researchers who 
studied the effects of combined inoculation with nodule and rhizosphere bacteria 
on the nitrogen-fixing symbiosis in different leguminous crops. Thus, it was 
shown that chick-pea inoculation with nodule bacteria Mesorhizobium ciceri and 
Ps. fluorescens [49] or Bacillus sp. [50] led to increased nodule number and nod-
ule weight. These factors were also increasing upon combined inoculation of 
bean plants with nodule bacteria R. leguminosarum bv. phaseoli and different spe-
cies of rhizobacteria of Bacillus genera [51-52], Ps. fluorescens or Az. lipoferum 
[53]. Rhizobacteria Az. brasilense, Azotobacter chroococcum, B. cereus, Ps. putida 
and Ps. fluorescens stimulated nodulation and nitrogen-fixing activity of pigeon-
pea (Cajanus cajan) upon application of nodule bacteria Rhizobium sp. bioprepa-
ration [54]. Similar results were obtained with rhizobacteria and nodule bacteria 
for pea [55, 56], lentil [56], Chickasano pea [57] and medick [58]. As a rule, in 
these experiments stimulation of nodule formation led to increased biomass of 
overground parts and seed harvests.  

The affection of the strains under study on the soybean plants was to a 
large extent similar as evidenced by the positive correlation between Ps. 
oryzihabitans Ep4 and V. paradoxus 3-P4 effects on the parameters measured at 
N30P81K81 (r = +0.60, p < 0.001, n = 48) and N44P116K116 (r = +0.70, p < 
0.001, n = 48). This could be due to similarity of the in mechanisms of their 
interaction with plants, as both strains exhibit high ACC deaminase activity and 
produce auxins and siderophores [37-39]. Nevertheless, Ps. oryzihabitans Ep4 
increased the content of nutrients in leaves to a greater extent compared to V. 
paradoxus 3-P4, especially at combined inoculation with nodule bacteria (see 
Tables 3, 4, Fig. 1). It is known that rhizobacteria of Pseudomonas genus can 

Fig. 1. Evaluation of Pseudomonas oryzi-
habitans Ep4 (A) and Variovorax paradoxus 
3P-4 (B) effects depending on soybean 
Glycine max (L.) Merr. Variety,  by in-
tegrated parameters: I — symbiosis 
(nodule number, nodule weight, nitro-
genase activity), II — biomass (over-
ground weight, root weight at flowering, 
crop productivity), III — N, P, K, Mg, 
Ca, B, Fe, Zn and Mo content in leaves, 
IV — quality (proteins and lipids in seeds); 
1 — Nice Mecha, 2 — Swapa, 3 — Bara. 
The rhizobacterial effect is calculated as 
a median value of the effect of compo-
nents compared to the corresponding 
control (with or without B. japonicum 
634b inoculation) against the back-
ground of each level of the two fertiliz-
ers (N30P81K81 or N44P116K116). Median 
values errors are designated by vertical 
intervals (±SEM). Statistically signifi-
cant differences between the varieties for 
each parameter are designated with dif-
ferent Latin letters (t-Student test, p < 
0.05) (APC Integration of Orel State 
Agricultural University, Lavrovo, Orel 
Province, 2013-2015). 
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mobilize soil nutrients, and their positive effect on mineral nutrition is important 
for plant growth improvement [4, 25, 43, 44]. However, only fragmentary data are 
available on the ability of rhizobacteria of the Variovorax genus to affect the plant 
consumption of nutrients. Thus, the authors had previously shown that the inocu-
lation of pea with V. paradoxus 5C-2 strain increased the plant consumption of N, 
P, K, Ca and Mg [25, 59]. The results presented in the current study indicate that 
V. paradoxus increases the consumption of nutrients by soybean, and this effect 
depends on the plant variety and mineral fertilizer dosage. 

 

 
Fig. 2. Soybean Glycine max (L.) Merr. varieties Nice Mecha (1), Swapa (2) and Bara (3) response 
to mineral fertilizers: Nnodule — nodule number, Wnodule — nodule weight, Nfix — nodule acety-
lene-reductase activity, OW — overground weight of dry plants at the flowering stage, RW — dry 
roots weight at the flowering stage, SW — seeds weight at the firm ripe stage; N, P, K, Ca, Mg, Fe, 
B, Cu, Mn, Mo, Ni and Zn — elemental content in leaves at flowering. The effect of fertilizer level 
is represented as the ratio of mean absolute values of the factor for all the inoculation variants at 
N30P81K81 to the mean value of this factor at N44P116K116. Statistically significant differences be-
tween the fertilizer levels are marked with the asterisks (Fisher MMD test, p < 0.05, n = 72) (APC 
Integration of Orel State Agricultural University, Lavrovo, Orel Province, 2013-2015). 

 

The observed effects on the plants for each of two rhizobacteria strains 
were similar at both mineral nutrition levels. The authors observed a positive corre-
lation of the effects at the given levels by measured parameters for Ps. oryzihabitans 
Ep4 (r = +0.61, p < 0.001, n = 48) and V. paradoxus 3-P4 (r = +0.49, p < 0.001, 
n = 48). The results give the evidence of the ability of rhizobacteria under study 
to mediate stable and positive affection on growth and nutritional parameters of 
soybean plants at different mineral nutrition dosages. At the same time, respons-
es of soybean varieties to mineral significantly differ, which are shown as aver-
aged effects of the fertilizer factor for all the inoculation variants (Fig. 2). First-
ly, at 100% level of mineral nutrition, the number and weight of nodules were 
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less for Swapa and Bara varieties, whereas for Nice Mecha variety the second 
factor increased. That means that the optimal dosage of the fertilizer (most likely 
nitrogenic) for nitrogen-fixing symbiosis formation is individual for each variety. 
Secondly, the positive growth response to the increase in the mineral fertilizer 
dosage was to a greater extent indicative for the Bara variety with the relatively 
low rhizobacterial symbiotic potential. This led to the maximum increase in the 
overground plant part and seed weight (see Fig. 1). Responsiveness to mineral 
fertilizers and symbiosis effectivity may be interdependent, as far as the plants 
have an evolutionary determinant aimed to compensate for low adaptation to 
unfavorable soil conditions by means of intensification of symbiotic interactions 
with microorganisms. This phenomenon was described by the authors of the pre-
sent study for the first time while investigating correlations between the effec-
tiveness of interaction of 99 pea genotypes with the arbuscular-mycorrhiza fungi 
and their resistance to heavy metals [60]. Thirdly, only the Bara variety has 
demonstrated the decrease in the leaf content of nutrients (Ca, Mn, Mo, and 
Ni) upon the fertilizer dosage increase (also K content reduction occurred in 
Nice Mecha variety) (see Fig. 1). This effect was possibly associated with the 
dilution of elements by biomass which the most significantly increased in Bara 
variety at 100% level of mineral nutrition. 

Therefore, rhizobacteria Pseudomonas oryzihabitans Ep4 and Variovorax 
paradoxus 3-P4 which produce auxins and exhibit ACC-deaminase activity can 
activate legume-rhizobia symbiosis, consumption of nutrients from the soil by 
the roots, and increase in seed quality of early ripening soybean varieties of the 
northern ecotype. This indicates the stability and significance of the effects ob-
served, and therefore the prospects of using such microorganisms as bioprepara-
tions to improve soybean adaptation to the northern regions of cultivation. Sig-
nificant genotypic differences between soybean varieties in their response to rhi-
zobacterial inoculation point to the higher extent of integration of rhizobacteria 
with Nice Mecha and Swapa plants in agrocenosis as compared to Bara variety. 
It is possible that the insufficiency of Bara plant symbiotic potential is compen-
sated by its ability to use mineral fertilizers more effectively. In this regard, crea-
tion of varieties and plant-microbial systems combining a high level of 
symbiotrophy and an ability to actively assimilate nutrients from fertilizers and 
soil is of interest. 
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A b s t r a c t  
 

Soil microbial communities are complex multicomponent systems that form under the in-
fluence of a wide range of factors, among them — soil type, plant species, climate, agricultural tech-
nology — in general, determining the physical and chemical characteristics of the environment. The 
plant, according to many researchers, is the main factor determining the structure of the soil micro-
bial community, due to the extensive number of compounds released into the soil. There is still a 
discussion about the specific nature of the action of various plants on soil microbiome, which is very 
important both for understanding the mechanism of interaction of microorganisms and plants, and 
for building optimal crop rotations, as well as organizing measures to protect agricultural crops from 
phytopathogenic microorganisms and pests. Winter rye is one of the few crops that can grow contin-
uously for decades. It has a powerful root system, comparable to the biomass of the above-ground 
part of plants. The root excretions of winter rye reach 21 % of the synthesized plant mass. This paper 
presents the results of research aimed at studying the phylotypical structure and diversity of prokary-
otic microorganisms in rye crops grown in permanent culture and six-field crop rotation for almost 
100 years, in the long-term multifactorial field experiment of the Moscow Timiryazev Agricultural 
Academy. The aim of our work was to study the influence of various agricultural technicians such as 
crop rotation and liming, under the conditions of a long field experiment on the phylogenetic struc-
ture of prokaryotic micro-organisms in rye crops. The results of the high-throughput DNA sequenc-
ing of the soil microbiome and the subsequent analysis of the phylogenetic structure and diversity of 
the prokaryotic microorganisms of the sod-podzolic soil under the conditions of perennial rye culture 
showed that the plant is one of the key factors in the formation of the prokaryotic community. Re-
gardless of the agrotechnical methods under the cover of winter rye, the same core structure of pro-
karyotes, including a small number of types of proteobacteria and actinobacteria, develops in the 
earing phase. The dominant position among them is occupied by the bacteria of the Rhizobiaceae 
family, which in this case is to some extent related to the history of the experimental field. Apparent-
ly, the bacteria of this family and, above all, the nodule bacteria, find favorable conditions for their 
development in the rye rhizosphere. It is possible that a kind of associative symbiosis is formed be-
tween them, which was observed by some authors with other cereal crops. In this connection, studies 
of the viability of Rhizobiaceae in winter rye crops, and their evolution to associative endosymbiotic 
relationships with rye in the course of a long coexistence are of undoubted interest. The effect of 
liming on the genetic structure of the prokaryote community of acidic soils may be different. At the 
same time, apparently, the specific type of plants, as well as the history of the field (crop rotation, 
permanent culture, fertilizer system, etc.) are of significant importance. 

 

Keywords: phylogenetic structure, biodiversity of prokaryotes, Rhizobium sp., Proteobacte-
ria, sod-podzolic soil, winter rye. 

 

The soil is a complex ecological system, where a critical role is played by 
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microbial communities, which ensure the normal functioning of the biosphere [1, 
2]. For agriculture, the taxonomic and functional structure of the microbial com-
munity, which is formed under a variety of physical and chemical environmental 
conditions under the cover of different plant species, is of special interest. Most 
researchers are of the opinion that the main factor in the formation of the rhizo-
sphere microbiota, and especially the rhizoplane, are plants, but, given the com-
plexity of the interaction in the soil—microorganism —plant system, many of them 
recognize the significant influence of the soil type, agrotechnical measures, and 
climate on the structure and diversity of rhizosphere microorganisms [3-5].  

Until now, there is a discussion about the specific nature of the effect on 
various plants on the soil microbiome, which is very important for understanding 
the mechanism of interaction between microorganisms and plants, building op-
timal crop rotations, as well as organizing measures to protect agricultural crops 
from phytopathogenic microorganisms and pests. In this regard, a special role is 
given to the study of soil microbial flora under the conditions of long field ex-
periments in which the same crop is under cultivation in the field for many 
years. Such experiments are conducted in Russia, Germany, Great Britain, the 
USA, Canada, and France [6]. Total studies of the phylogenetic structure of the 
soil microbiome in the multifactorial long-term (more than 100 years) field ex-
periment (Moscow Timiryazev Agricultural Academy) showed [7] that the key 
factor in the microbiome phylogenetic diversity is the type of cultivated plant, 
liming is in the second place. The systematic use of mineral fertilizers had no 
noticeable effect on the phylogenetic structure of the soil microbiome. At the 
same time, microbiomes of the soil sown with various plants respond differently 
to liming [7].  

The structure of the soil microbiome under winter rye is of special inter-
est. It is one of the few crops that can grow continuously for decades. It has a 
powerful root system, comparable to the biomass of the above-ground part of 
plants and reaching 6 t/ha [8]. The total area of the roots is about 6 thousand 
m2 and their surface exceeds the surface of the above-ground part by 130 times 
[9]. According to some authors, the root excretions reach 21% of the synthesized 
plant mass. The root excretions of winter rye and plant tissues include organic 
acids, sugars, cyclic hydroxamic acid glucosides, as well as the products of their 
secondary transformation, α-glucans and benzoxyzolinone derivatives [11-13]. 
Hydroxamic acid derivatives and their transformation products have herbicidal, 
fungicidal and insecticidal properties, providing protection of the crop from phy-
topathogenic fungi and its high competitiveness with weeds [14-16]. This sug-
gests a significant effect of winter rye on the soil microbiome. 

E. Kurek et al. [17] showed that the number of prokaryotes in the rhizo-
sphere of winter rye is higher than in the soil. According to their data, gram-
positive bacteria prevail in the soil and in the rhizosphere of plants. Other re-
searchers note that gram-negative bacteria prevail in the rhizosphere of plants of 
almost all field crops, especially at an early age [2, 9]. According to A.O. Zverev et 
al. [18], the phylogenetic structure of prokaryotes and their diversity in the rhizo-
sphere of winter rye at the age of 42 days and in the fallow soil almost do not dif-
fer. I.G. Shirokikh et al. [19] found in the rye rhizosphere a significant number of 
actinomycetes; their species composition and number changed during the ontoge-
ny of plants. The dominant position was occupied by streptomycetes. Data on the 
long-term effect of rye cultivation on soil microbial flora are not available. 

This paper for the first time presents data on the phylotype structure and 
diversity of prokaryotic microorganisms in the soil when growing rye as a 
permanent crop in six-field crop rotation for almost 100 years (long-term multi-
factorial field experiment of the Moscow Timiryazev Agricultural Academy). The 
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results indicate that the plant is a major factor in the formation of a soil prokary-
otic community. 

The purpose of this study was to assess the effect of different agricultural 
technologies (crop rotation, liming) under the conditions of a long-term field 
experiment on the phylogenetic structure of microorganisms in rye crops. 

Techniques. Soil samples were collected in 2010 at the site of the long-
term experiment of the Russian State Agrarian University – Moscow Timiryazev 
Agricultural Academy, which was located on an area of about 1.5 hectares with a 
slope of 1 to the north-west on the morainic plain in the southern part of the 
Klin-Dmitrov Upland. The altitude above the sea level was 162 m, the average 
precipitation was about 600 mm per year, about half of which occurred in May-
August; the average annual temperature was 4.1 C. The soil was sod-podzolic, 
sandy large-silt loam, old-arable (over 200 years in tillage) [20]. Plots planted 
with winter rye (Secale cereale L.), which has been cultivated as a permanent 
crop in six-field crop rotation since 1912, were used for phylogenetic analysis of 
the prokaryotic microorganisms system in the soil. Crop rotation included bare 
fallow, winter rye, potatoes, barley with clover undersowing, first-year clover, 
and flax. Mineral fertilizers were applied to experimental plots annually. The 
total volume of these fertilizers over the years of study (1912-2009) was 5820 kg 
of nitrogen, 7990 kg of phosphorus, 6716 kg/ha of potassium [20]. 

Soil samples were collected during the winter rye paniculation phase to a 
depth of arable horizon A1 (0-20 cm) in 5 replications, of which an average 
sample was made, which was thoroughly mixed.  

When isolating DNA from a soil sample, a weighed portion (0.2 g) was 
placed in an Eppendorf tube with a volume of 2 ml, then an equal volume of 
glass beads with a diameter of 0.1 mm (Innomed, Hungary), 350 μl of A solu-
tion (20 mM of sodium phosphate buffer, 240 mM of guanidine isothiocyanate, 
pH 7.0), 350 μl of B solution (500 mM of Tris-HCl, 1% SDS, pH 7.0) and 400 
μl of a phenol and chloroform mixture were added. The tube was placed in a 
FastPrep-24 homogenizer (MP Biomedicals, USA) and the sample was de-
stroyed within 10-15 min. Then it was centrifuged at 10,000-15,000 g for 5 min, 
the aqueous phase was collected. After homogenization, 400 μl of chloroform was 
added into the sample, then it was vigorously shaken using a vortex for 1 min, 
centrifuged under the same conditions as in the previous stage, the aqueous phase 
was collected. An equal volume of isopropyl alcohol was added to the extracted 
DNA; then it was vortexed, centrifuged, washed twice with 70% ethanol, and 
dried in air. The precipitate was dissolved in 100 μl of water at 65 C for 15 min. 

DNA was purified from impurities using electrophoresis in 1% agarose 
gel. A cut agarose block containing DNA was placed in an Eppendorf tube (1.5 
ml), 2 volumes of C solution (3 M of guanidine isothiocyanate, 20 mM of Tris-
HCl, 20 mg/ml of Triton X-100, pH 7.0) were added and incubated at a tem-
perature of 65 C until complete dissolution of the block. 20 μl of D solution (C 
solution with the addition of silica, 40 mg/ml) was added to the solution, then it 
was stirred and incubated for 5 min at room temperature and shaken occasional-
ly. Then it was centrifuged at 10000-15000 g for 1 min, the supernatant was 
completely removed, the precipitate was suspended in 200 μl of D solution (25% 
of ethanol, 25% of isopropanol, 100 mM of NaCl, 10 mM of Tris-HCl, pH 
7.0), centrifuged at 10,000-15,000 g for 1 min, then the supernatant was re-
moved, the precipitate was resuspended in ethanol, centrifuged again for 1 min, 
and then the supernatant was removed. The precipitate was dried in air for 15 
minutes, 50 μl of elution buffer (10 mM of Tris-HCl, 1 mM of EDTA, pH 8.0) 
was added and vortexed for 30 minutes. After that, the samples were centrifuged 
and the supernatant was collected, avoiding the ingress of silicon oxide into the 
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purified DNA sample. 
The isolated total soil DNA was used as a template for sequencing nu-

cleotide sequences. Universal primers for the V4 variable region of the 16S rRNA 
gene (F515 – 5´-GTGCCAGCMGCCGCGGTAA-3´, R806 – 5´-GGA-
TACVSGGGTATCTAAT-3´) were used with the addition of oligonucleotide 
identifiers for each sample and service sequences necessary for high-throughput 
DNA sequencing using the Roche protocol (Switzerland). Samples preparation 
and sequencing were performed using GS Junior (Roche, Switzerland) in ac-
cordance with the manufacturer's recommendations. Taxonomic identification of 
DNA sequences and comparative analysis of microbial communities were per-
formed using VAMPS (Visualization and Analysis of Microbial Population 
Structure) (http://vamps.mbl.edu/). In addition, the RDP database (Ribosomal 
Database Project, http://rdp.cme.msu.edu/) was used for the extended phyloge-
netic characteristics of sequences. 

Results. Agrochemical characteristics of the soil as of the date of soil 
sampling are presented in the table.Результаты. Агрохимическая характери-
стика почвы на дату отбора почвенных образцов представлена в таблице. 

Agrochemical characteristics of sod-podzolic soil in the plots of the long-term experi-
ment under the crops of winter rye (experimental field of the Russian State Agrarian 
University – Moscow Timiryazev Agricultural Academy, Moscow, 2010) 

Experiment variant Ntotal, % P2O5, 
mg/100g 

K2O, 
mg/100g 

Ctotal, % pHsal. 
The amount of  
exchange bases,  
mEq/100 g  

Rye crop rotation 0.090 31.45 4.25 0.79 4.2 8.00 
Rye crop rotation + lime  0.098 31.85 4.63 0.93 5.7 7.75 
Permanent rye  0.112 53.80 24.70 1.28 4.6 8.63 
Permanent rye + lime 0.095 53.70 21.51 0.98 6.1 8.25 

 

High-throughput py-
rosequencing of amplified 
DNA from soil samples as part 
of the microbial community of 
the sod-podzolic soil under 
winter rye crops revealed 16 
phyla of bacteria and 2 phyla 
of archaea. The dominant po-
sition was occupied by two 
bacterial phyla — Proteobacte-
ria (from 34 to 56%) and Ac-
tinobacteria (from 15 to 26%). 
The Acidobacteria and Firmic-
utes phyla were from 3.5 to 
7.5%, and archaeans were from 
3.0 to 8.5% of the total num-
ber of prokaryotic microor-
ganisms (Fig. 1). 

About 300 genera of 
microorganisms were found in 
of the soil prokaryotic com-
munity. Among them, only 41 
(which did not exceed 13% of 
the total number of taxa) had 
a frequency of more than 1% 
(Fig. 2). 12 genera were en-
countered in all variants of the 

 

Fig. 1. Taxonomic diversity of prokaryotic microorganisms of 
sod-podzolic soil (at the phyla level) in the plots of the long-
term experiment under the crops of winter rye depending on 
the cultivation technology: I – in crop rotation with soil lim-
ing, II – in crop rotation without soil liming, III – perma-
nent crop with soil liming, IV – permanent crop without soil 
liming (experimental field of the Russian State Agrarian Uni-
versity – Moscow Timiryazev Agricultural Academy, Mos-
cow, 2010) 
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experiment, regardless of the winter rye growing technology (rotation, permanent 
crop, liming). Apparently, they were the core system of prokaryotes, characteris-
tic of the studied soil type under winter rye crops. The system was dominated by 
bacteria belonging to the Proteobacteria and Actinobacteria phyla, as well as uni-
dentifiable bacteria (see Fig. 2). The dominant development of these taxa in the 
rhizosphere of winter rye was observed by other authors [2, 18], which is con-
sistent with the results of this study. 

 

Microorganism I II III IV 

Acidobacteria Gp6 0.99 1.85 0.37 1.42 
Acidobacteria Gp16 0.58 1.50 0.87 2.24 
Acidobacteria Gp1 0.58 0.45 3.29 0.67 
Acidobacteria Gp4 0.58 1.00 0.31 0.89 
Acidobacteria Gp3 0.25 0.65 1.49 0.37 
Actinobacteria genus NA18 4.47 7.44 5.21 6.18 
Actinobacteria genus NA17 1.66 2.70 2.73 2.76 
Solirubrobacter sp. 1.41 1.45 1.43 1.86 
Actinobacteria genus NA16 1.08 2.15 2.42 1.86 
Arthrobacter sp. 0.91 1.50 0.93 1.12 
Actinobacteria genus NA11 0.58 0.70 0.74 0.97 
Streptomyces sp. 0.50 1.05 0.37 1.04 
Conexibacter sp. 0.50 0.35 1.05 0.60 
Nocardioides sp. 0.25 0.95 0.50 1.19 
Actinobacteria genus NA5 0.17 1.40 0.37 0.60 
Bacteroidetes genus NA2 0.50 1.55 0.37 1.04 
Crenarchaeota genus NA 2.24 0.85 2.42 1.42 
Firmicutes genus NA1 1.08 1.15 1.12 1.19 
Firmicutes genus NA5 0.83 1.10 1.24 1.56 
Paenibacillus sp. 0.75 0.70 1.05 0.07 
Bacillus sp. 0.58 0.85 0.93 0.67 
Gemmatimonas sp. 0.66 1.10 1.74 0.89 
Bacteria genus NA 9.02 15.43 13.08 13.56 
Archaea genus NA 4.22 2.50 5.95 4.47 
Rhizobium sp. 25.83 6.04 13.14 6.33 
Proteobacteria genus NA7 14.90 3.55 3.60 3.80 
Proteobacteria genus NA24 2.15 4.20 2.36 3.13 
Proteobacteria genus NA30 1.57 1.55 3.35 2.76 
Proteobacteria genus NA6 1.41 0.05 0.12 0.15 
Proteobacteria genus NA28 0.75 1.35 0.43 1.04 
Pseudomonas sp. 0.66 0.45 0.74 1.34 
Bradyrhizobium sp. 0.58 0.85 0.93 0.60 
Proteobacteria genus NA15 0.50 1.00 1.43 1.27 
Sphingomonas sp. 0.41 0.95 0.50 1.27 
Proteobacteria genus NA36 0.41 1.45 0.68 1.27 
Proteobacteria genus NA34 0.33 1.00 0.93 0.97 
Hyphomicrobium sp. 0.17 1.05 0.12 1.42 
Verrucomicrobia genus NA2 1.08 2.20 1.12 1.19 

 

Fig. 2. Heat map of the dominant prokary-
otic microorganisms of sod-podzolic soil (at 
the genus level) in the plots of the long-
term experiment under the crops of winter
rye depending on the cultivation technology: 
I — in crop rotation with soil liming, II —
permanent crop with soil liming, III — in 
crop rotation without soil liming, IV —
permanent crop without soil liming; white 
to dark gray color gradations — abundance 
of microorganisms (in percent), respective-
ly, 1; 1.01-5; 5.01-10 and > 10 (experi-
mental field of the Russian State Agrarian 
University – Moscow Timiryazev Agricul-
tural Academy, Moscow, 2010). 
 

According to the domi-
nance (diversity) curves of the pro-
karyotic system in the soil, the 
greatest species wealth of prokaryot-
ic microorganisms was found under 
the permanent rye crop (Fig. 3). It 
was significantly lower in the crops 
of rye grown under the conditions of 
six-field crop rotation. The low spe-
cies wealth in the latter case, appar-
ently, is due to the fact that rye 
precursors were flax and fallow 
field, where the delivery into the soil 
of fresh organic matter as a source 
of nutrition and energy-yielding ma-
terial for microorganisms is ex-
tremely limited. These observations  

lead to the conclusion about a certain effect of the precursor on the species wealth 
and diversity of the prokaryotic system of soil microorganisms in winter rye crops.. 

In all variants of the experiment, the Rhizobium genus occupied the domi-
nant position among proteobacteria. In terms of phylogenetics, the Rhizobium ge-
nus is very close to the Agrobacterium and Allorhizobium genera, which are the 
members of the Rhizobiaceae family, and which are currently united in the Rhizo-
bium — Agrobacterium phylogenetic group. Moreover, J.M. Young et al. [21], on 
the basis of phylogenetic similarity, proposed to combine these bacteria into one 
genus — Rhizobium. The results obtained on the dominant position of the Rhizobi-
um genus bacteria in the soil under the cover of winter rye should be considered, 
at least, as the dominant position of the Rhizobium – Agrobacterium group bacte-
ria, taking into account the degree of their relationship and the resolution of the 
method used. A significant number of microorganisms from this group in the soil 
and rhizosphere of plants was noted by many authors. According to M. Sadowski 
et al. [22], nodule bacteria (Rhizobium sp. and Bradyrhizobium sp.) are wide-
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spread and are up to 8.0% of the total number of bacteria in the soil. The pres-
ence of Rhizobiaceae representatives, including nodule bacteria, in the rhizo-
sphere and the roots of cereal crops has been reported in a number of papers 
[18, 23, 24]. Some researchers call nodule bacteria endophytes of cereal crops 
[25-27]. Zverev et al. [18], on the basis of phylogenetic analysis, found nodule 
bacteria of the Mezorhizobium genus belonging to this family in the rhizosphere 
of a 42-day-old winter rye crop. The pathogenesis of winter rye caused by Agro-
bacterium tumefaciens was identified in no case [28]. 
 

 
Fig. 3. Dominance (diversity) curves of the prokaryotic system in sod-podzolic soil in the plots of the 
long-term experiment under the crops of winter rye depending on the cultivation technology: 1 — in 
crop rotation with soil liming, 2 — in crop rotation without soil liming, 3 — permanent crop with 
soil liming, 4 — permanent crop without soil liming (experimental field of the Russian State Agrari-
an University —Moscow Timiryazev Agricultural Academy, Moscow, 2010). 

 

The presence of the Rhizobiaceae family in the soil under the winter rye 
crops in long-term field experiments, in the authors' opinion, is due to the fact 
that in the conditions of six-field crop rotation two fields were occupied by clo-
ver. The nodule bacteria present in the clover crops survived the period when the 
soil was occupied by the precursors of winter rye (flax, clean fallow) and found 
favorable conditions for their development under the cover of this crop. The lat-
ter, in terms of biology, is of interest for assessing the adaptation and survival of 
nodule bacteria in agrocenoses. 

As for the permanent rye crop, it should be noted that before establish-
ing the experiment, 100 years ago this field was occupied by clover for several 
years [20]. In addition, bacteria of the Rhizobium genus can exist in the soil 
without fixing atmospheric nitrogen. It is possible that nodule bacteria adapted 
and strike roots in the rhizosphere of plants as associative endosymbionts. The 
presence of such association of spiked cereals of the Bradyrhizobium sp., Agrobac-
terium sp., Rhizobium sp. nodule bacteria is noted in other papers [25, 27]. It 
should be noted that the permanent rye crop has formed its own microbial flora, 
an important component of which was bacteria of the Rhizobiaceae family. This 
raises the interest for a deep analysis of the evolution of Rhizobiaceae and cereals 
relationship, in particular, winter rye, and the practical significance of these 
studies. Thus, biopreparations on the basis of non-pathogenic Agrobacterium 
radiobacter have already been created and are successfully used in cereal crops 
planting [29]. 

Liming almost did not affect the species wealth in the permanent rye 
crops, but sharply reduced it in crop rotation (see Fig. 3). A direct dependence 
of prokaryotes biodiversity on the pH value was not found. Large taxa at the 
phyla level were present in all variants of the experiment. Changes in the phylo-
genetic structure of prokaryotes were observed at the level of the genus, species, 
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and strain of microorganisms. Thus, while liming, the abundance of some 
Acidobacteria species decreased, but the abundance of others increased, which 
indicates a rearrangement of the taxonomic composition of prokaryotes. This 
contradicts the point of view about the unconditional positive effect of liming 
acidic soils on the microbial flora [30, 31]. However, it should be noted that 
material, which gives a controversial assessment of the effect of liming on the 
soil microorganisms community, has been accumulated in recent years. If ac-
cording to some authors [32, 33], liming increased the biomass of microorganisms 
and the intensity of soil respiration, other researchers [34] showed that changes in 
the pH of the red soils, both towards acidic and alkaline, led to a decrease in the 
biomass of microorganisms. Kennedy et al. [35], along with an increase in micro-
biological activity during liming, show a change in the phylogenetic structure and 
a decrease in the diversity of the soil bacterial community. Different effects of lim-
ing on the phylogenetic diversity of prokaryotes under the cover of various plants 
were noted by Korvigo et al. [7]. In particular, liming led to a decrease in the di-
versity of prokaryotes in the link of crop rotation of potatoes and flax (precursors 
of winter rye), which corresponds to the results of this research. 

Thus, the analysis of the phylogenetic structure and diversity of prokaryot-
ic microorganisms in sod-podzolic soil under the conditions of a perennial rye 
crop showed that the plant is the main factor in the formation of the prokaryotic 
community. Regardless of the agrotechnical methods, the core system of prokary-
otes with the same structure, including a small number of Proteobacteria and Ac-
tinobacteria species, is formed under the cover of winter rye during the panicula-
tion phase. A dominant position among them is occupied by bacteria of the Rhizo-
biaceae family, in particular, the Rhizobium genus, which is a member of the Rhi-
zobium – Agrobacterium group, which to a certain extent is related to the history 
of the experimental field. Apparently, the bacteria of this family, first of all, nodule 
bacteria, find favorable conditions for development in the rye rhizosphere. The 
effect of liming on the structure of the prokaryotic community of acid soils may be 
different. Apparently, the specific type of plants, as well as the history of the field 
(crop rotation, permanent crop, fertilizing system, etc.), are essential. Further 
studies of the Rhizobiaceae viability in winter rye crops and their evolution towards 
associative endosymbiotic relationships with rye plants in the process of long-term 
coexistence are of undoubted scientific interest. 
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A b s t r a c t  
 

Local agrominerals and fertilizers, including marsh plants, which are the waste from clean-
ing lakes and reservoirs, have definite prospects in preventing soil erosion and restoring fertility 
alongside with the traditional anti-erosion technologies. Given this, we studied local fertilizers (ma-
nure, zeolite, sodium humate) and plant residues (marsh plants, straw) with the addition of (NP)60 
and suspensions of microscopic fungus Trichoderma koningii strain IB G-51 (T. koningii) when used 
at no-till (NT) and conventional tillage (CV) of the weakly eroded  Chernozem (Mollisol). The ef-
fects were estimated based on the key agrochemical properties (humus content, mobile phosphorus, 
potassium, and alkaline hydrolyzed nitrogen), assay of activity of soil hydrolases and oxidoreductases 
and the yield of agricultural crops (spring wheat, barley and sugar beet). A three-year investigation 
was conducted in the Ural steppe zone. Single application of local fertilizers was shown to promote 
increasing in soil humus content, improvement of nutrient regime, and increment of enzymatic ac-
tivity and crops yields. Thus, the increase of humus content in the 0-30 cm soil layer for 3 years is 
reliable for both types of tillage except the cases when zeolite and sodium humate were applied. 
These values increase by 3.5-5.6 % for NT, and by 1.8-4.1 % for CV as compared to the control. 
The soil phosphorus reserve increases from low to medium level due to manure and crop residues 
with mineral fertilizers added at no-till, whereas at CV a significant increase is observed due to the 
manure only. Potassium content elevated significantly, from 32 to 45 %, only at application of ma-
nure and marsh plants with the addition of (NP)60 and T. koningii. The content of alkaline hydro-
lyzed nitrogen varies in a narrow range, and the significant increase is observed only at no-till 
with manure and marsh plants. Soil enzymatic activity is higher when manure and plant residues 
are introduced, in contrast to variants with sodium humate and zeolite. Among enzymes, prote-
ase and polyphenoloxidase show the closest correlation with agrochemical properties (r = 0.53-
0.75, p < 0.05). The change of agrochemical properties and enzymatic activity of soil is more appar-
ent in 0-10 cm layer under NT and in 0-30 cm layer under CT. The profitability of fertilizers under 
NT is higher, as compared to CV, only in arid conditions. Biologization of agricultural technology 
by introduction of the microscopic fungi T. koningii IB G-51 causes the faster humification of the 
marsh plants than the straw that must be especially accounted for at NT. The effect of marsh plants 
+ T. koningii on soil properties is commensurate with that of manure. 
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Water and wind soil erosion remains one of the agronomic soil science 
problems in all natural and climatic zones of the planet. Along with traditional an-
ti-erosion farming technologies [1-3], local agronomical ores [4, 5] and fertilizers 
are used to prevent soil erosion and restore fertility. It is possible to use floating 
mat [6, 7] as a basis for organic fertilizers, which is formed in large quantities 
when overgrowing of lakes and water reservoirs and requires disposal after their 
cleaning (RF patents No. 2524376 and No. 2531167). The methods of farming 
biologization are particularly effective in combination with soil-protective treat-
ment, especially no-till [8-12]. In this case, not only the hydrophysical, 
agrochemical, but also the biological properties of the soil are improved, e.g. mi-
crobial biomass [13, 14], enzymatic activity [15, 16], as well as germination of 
seeds [17], are increased. 

As is well known, long-term use of the no-till technology results in the 
accumulation of slowly decomposing plant residues [18], the destruction of 
which under anaerobic conditions can lead to an increase in soil phytotoxicity. 
It is advisable to use various species of microscopic fungi of the Trichoderma ge-
nus to speed up the humification of residues, which allows obtaining valuable 
organic fertilizer that has the ability to limit the development of diseases [19-21]. 
The use of T. harzianum and T. viride strains in the composting of post-harvest 
residues (rice, wheat straw) reduced the C:N ratio and formed the compost with 
nutrient content favorable for plants [22]. In these studies, composting was car-
ried out under special conditions – in pits, composters, storage clamps, which 
required additional costs for transportation and specially designated areas. It 
would be much more profitable to carry out this process in the field, but only a 
few papers are related to the study of the possibility to use microorganisms of the 
Trichoderma genus in the field. It was shown that the introduction of T. reesei to 
accelerate the decomposition of straw in the field provided an increase in the ac-
tivity of soil enzymes and an increase in the humus content in the soil [23]. The 
use of T. viride for the treatment of fields with sugar cane allowed increasing the 
content of nutrients in the soil, activating microbial respiration and increasing 
the crop yield [24]. These data indicate that various strains of the Trichoderma 
genus can survive under natural conditions for a sufficient time and accelerate 
the decomposition of plant residues, which are likely to accumulate excessively 
under the climatic conditions of the Southern Pre-Ural region; however, such 
studies have not been conducted in this region.  

The effectiveness of local fertilizers and plant residues with the addition 
of Trichoderma koningii Oudem. at soil-protective treatment of slightly eroded 
agrochernozem was studied for the first time and it was shown that introduction of 
microscopic fungi Trichoderma koningii strain IB G-51 enhances humification of 
the floating mat and, to a lesser extent, of the straw, which is especially important 
under the no-till technology conditions. Combination of the floating mat with T. 
koningii in terms of the effect on the soil properties is comparable to manure.  

The objectives of this paper included a comparison of the effect of ferti-
lizers on the agrochemical properties, the enzymatic activity of the soil and the 
crops yield at no-till and traditional soil treatments, as well as the effect of mi-
croscopic fungus Trichoderma koningii on the decomposition of plant residues.  

Techniques. A 3-year study was carried out in the southern forest-steppe 
zone of the Republic of Bashkortostan on a clay-illuvial, slightly eroded 
agrochernozem. Against the background of no-till and traditional soil treatment, 
a small-plot experiment was established, which included a single introduction of 
10 kg of fertilizers according to the following variants: 1 (control, without fertiliz-
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er); 2 — floating mat + (NP)60; 3 — floating mat + T. koningii + (NP)60; 4 — lit-
ter manure of cattle; 5 — straw + (NP)60; 6 — straw + T. koningii + (NP)60; 7 — 
zeolite (Tuzbek deposit); 8 — Na humate (brown coal powder, Bashinkom, Rus-
sia). The area of the plots was 4 m2 (2½2 m), 3-fold replications. The floating 
mat was a plant mass (cattail, reed, sedge), extracted during the cleaning of a 
nearby pond. The floating mat was crushed together with the roots to 3-5 cm units 
and introduced into the soil in a wet state. Wheat straw was crushed to the same 
size. To accelerate the humification process, plant residues were treated with a 
suspension of microscopic fungus T. koningii strain IB G-51 grown in the Czapek 
medium (2% sucrose) for 14 days at 28 C (the strain was previously isolated from 
the agrochernozem and is maintained in the collection of microorganisms (Ufa 
Institute of Biology, the Ufa Federal Research Center RAS). 

In 2011, soft spring wheat (Omskaya 36 variety) was grown on experi-
mental plots, in 2012 spring barley (Chelyabinsky 99 variety) was grown, in 2013 
this was sugar beet (Masha hybrid, OOO KWS RUS; bred by KWS SAAT SE, 
Germany).  

The moisture supply in 2011 and 2013 was close to the average perennial 
values, 2012 was extremely dry, the temperature for all three years corresponded 
to the average perennial values. 

Soil samples were collected in the spring and autumn of each year from 
0-10, 10-20 and 20-30 cm layers. Agrochemical studies were carried out using 
standard methods: humus content was determined according to Orlov and Grin-
del, alkaline hydrolyzable nitrogen content by Cornfield, mobile phosphorus and 
exchangeable potassium content by Chirikov [25], invertase activity by Shcher-
bakova with ending according to Samner, peroxidases and polyphenol oxidases 
content by Karyagina and Mikhailova, proteases and dehydrogenases content by 
Galstyan, cellulases content by Kong with ending according to Sumner, urease 
content by Shcherbakov [26]. 

The MS Excel software package was used for statistical processing of the 
obtained results. The tables show mean values (M) and their standard deviations 
(±SEM). The statistical significance of differences was evaluated using the 
smallest significant difference at 5% significance level (HCP05). The effect of soil 
agrochemical indicators on its enzymatic activity was evaluated using correlation 
analysis (the r values at p < 0.05 are given). 

Results. The thickness of the humus-accumulative horizon of the experi-
mental plot soil was on average 29 cm less than that of the nearby deposit, 
which was the basis for considering that the agrochernozem is clay-illuvial slight-
ly eroded. The introduction of manure and plant residues (Table 1) led to a 
change in the agrochemical properties of the soil. The content of humus in the 
arable horizon has increased over 3 years, and not only at soil overturning but 
also under no-till conditions. Compared to control, it increased by 3.5-5.6% at 
the no-till and by 1.8-4.1 at the traditional soil treatment. At the same time, 
multidirectional tendencies were observed in the humus content dynamics: a 
slight decrease in this indicator was observed for the 3rd year of using manure 
and straw, a gradual increase was observed when using floating mat. This was 
most noticeable in the upper layer (0-10 cm) under the no-till. Similar results 
for the 0-5 cm layer were shown when using plant residues [27]. In the same 
layer, the introduction of T. koningii suspension to the floating mat contributed 
to a significant increase in the humus content compared with not only the 
control but also with the variant without its introduction. This effect was less 
pronounced at the introduction of straw.  

In general, after 3 years, the increase in the humus content in the 0-
30 cm layer was significant in all variants with fertilizer (except for the 
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introduction of zeolite and sodium humate) regardless of the type of treatment, 
and the efficiency of the floating mat straw and manure was almost the same.  

Along with the humus state, the content of nutrients has changed. Mo-
bile phosphorus availability in the experiment soil was low. When introducing 
the manure and plant residues with the addition of mineral fertilizers against the 
background of no-till, the content of mobile phosphorus for 3 years increased to 
the average category, and in the case of traditional soil treatment, a significant 
increase was observed only on the variant with manure introduction.  

1. Agrochemical properties of the soil in the 0-30 cm layer at different fertilizing 
depending on the treatment technology (M±SEM, Republic of Bashkortostan, 
2011-2013) 

Variant   Humus, % Rmobile, Mg/100 g Kexch., mg/kg Nalk., mg/kg 
N o - t i l l  

Control 7.53±0.03 4.7±0.1 95.7±0.3 197.4±1.2 
Manure 7.95±0.03 6.8±0.3 127.6±5.0 213.2±2.5 
Floating mat + Trichoderma koningii + (NP)60 7.87±0.03 6.3±0.5 126.5±15.0 212.0±3.8 
Floating mat + (NP)60 7.77±0.05 5.6±0.3 109.1±4.6 212.6±3.1 
Straw + T. koningii + (NP)60 7.82±0.03 5.5±0.3 98.8±1.0 209.4±5.3 
Straw + (NP)60 7.79±0.03 5.3±0.2 97.8±2.1 200.1±5.8 
Zeolite 7.59±0.02 4.8±4.6 103.5±0.9 197.2±3.8 
Na humate 7.66±0.02 5.0±0.2 100.6±5.7 200.6±6.0 

T i l l a g e  
Control 7.73±0.01 4.5±0.1 89.1±5.6 204.2±2.4 
Manure 8.04±0.02 6.8±0.4 129.0±2.5 213.1±3.7 
Floating mat + T. koningii + (NP)60 8.05±0.03 5.4±0.7 123.1±2.9 206.9±1.6 
Floating mat + (NP)60 7.90±0.02 4.8±0.3 105.5±8.1 203.9±3.6 
Straw + T. koningii + (NP)60 8.00±0.02 4.6±0.2 99.1±2.4 206.2±4.1 
Straw + (NP)60 7.87±0.02 4.4±0.2 92.9±4.2 205.6±2.8 
Zeolite 7.78±0.01 4.6±0.3 89.3±0.4 207.3±2.4 
Na humate 7.76±0.02 5.6±0.7 98.8±4.4 203.8±5.0 

LSD05 0.11 1.1 8.2 10.9 
 

Unlike mobile phosphorus, the content of exchangeable potassium was 
initially increased (see Table 1). Regardless of the treatment type, its signifi-
cant (LSD05) increase to a high degree of availability occurred only when ma-
nure and floating mat were introduced with the addition of (NP)60 and 
T. koningii. In the first case, the amount of exchangeable potassium gradually 
decreased during the experiment, and in the second case, it increased with the 
decomposition of the floating mat. The content of alkaline hydrolyzable nitro-
gen varied in a narrow range, and an increase in its amount by 7-8% compared 
with the control was observed only with the introduction manure and floating 
mat under no-till. This is in good agreement with shown in the paper losses of 
nitrogen compounds exposed to leaching under no-till [28]. 

2. Activity of soil enzymes in the 0-10 cm layer by years of study at different ferti-
lizing and treatment technologies (M±SEM, Republic of Bashkortostan) 

Variant  Treatment 
2011 2012 2013 

autumn  spring autumn  spring autumn 
P e r o x i d a s e, mg benzoquinone/g of soil for 30 min at 30C 

1 No-till 80.1±2.2 202.4±14.2 208.1±12.0 225.1±8.8 134.5±5.5 
Tillage 83.2±3.1 202.7±10.8 218.6±13.0 188.2±10.2 115.8±4.8 

2 No-till 85.8±3.8 214.7±11.0 236.3±9.5 233.8±14.3 173.3±10.4 
Tillage 109.8±5.1 237.5±15.2 247.4±6.1 210.9±7.2 132.6±9.8 

3 No-till 92.5±3.6 215.9±9.1 228.9±9.7 254.2±7.4 151.1±7.7 
Tillage 98.1±3.8 242.4±8.0 254.8±14.2 209.1±5.7 150.5±8.3 

4 No-till 86.9±1.9 210.4±13.8 208.5±14.5 238.7±9.6 143.7±11.2 
Tillage 88.2±1.9 230.7±14.1 243.1±15.3 204.2±6.7 125.2±10.8 

5 No-till 91.3±2.8 218.9±9.7 243.7±7.2 259.1±13.8 148.0±12.5 
Tillage 99.3±3.0 241.8±15.2 259.7±10.5 257.2±14.5 167.8±14.7 

6 No-till 82.6±1.7 214.1±14.0 240.6±8.3 235.7±9.5 136.3±9.7 
Tillage 85.1±2.0 220.7±13.7 253.5±15.1 214.7±10.0 141.8±11.3 

LSD05  6.1 25.1 23.2 19.7 12.7 
P o l y p h e n o l  o x i d a s e, mg benzoquinone/g of soil for 30 min at 30C 

1 No-till 80.0±3.1 101.2±7.8 93.2±4.4 107.6±7.9 90.8±4.2 
 Tillage 88.6±2.8 87.1±5.7 94.7±3.9 93.9±6.5 95.0±5.7 
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Continued Table 2 

2 No-till 95.9±4.5 116.0±8.1 116.1±6.7 134.4±12.5 125.2±9.7 
 Tillage 100.7±5.2 93.5±7.8 109.0±7.9 134.1±11.6 99.7±8.4 
3 No-till 103.8±6.7 117.4±6.6 105.1±4.7 128.9±8.8 114.8±7.6 
 Tillage 112.4±11.0 94.1±4.2 119.4±10.6 104.4±6.2 117.9±9.2 
4 No-till 92.5±9.8 106.5±8.8 104.2±9.9 114.8±10.6 109.9±8.6 
 Tillage 91.0±9.8 89.8±10.3 112.7±12.1 95.3±9.7 98.0±6.7 
5 No-till 91.3±7.4 107.5±7.6 104.4±10.1 109.9±12.4 100.2±3.8 
 Tillage 115.4±12.2 89.1±9.9 105.5±5.7 144.1±15.3 123.9±5.7 
6 No-till 82.6±5.6 102.4±5.9 96.5±8.2 110.2±8.9 89.8±10.4 

 Tillage 108.3±7.6 86.7±6.2 97.7±8.7 131.9±13.4 101.4±8.8 
LSD05  7.3 6.8 6.6 9.7 8.1 

I n v e r t a s e, mg glucose/g of soil for 24 h 
1 No-till 4.8±0.3 19.6±0.9 14.5±1.3 16.0±1.4 2.6±0.7 

Tillage 5.4±0.3 22.8±1.2 25.5±2.0 23.8±2.5 7.2±0.9 
2 No-till 6.9±0.5 22.5±1.2 19.8±2.3 16.7±1.9 4.5±0.4 

Tillage 5.2±0.4 26.9±1.4 29.0±2.5 23.1±2.2 8.3±0.5 
3 No-till 6.9±0.7 22.9±1.1 22.7±2.9 18.7±1.1 6.4±0.7 

Tillage 5.0±0.6 24.7±1.6 24.8±1.8 20.2±1.2 6.2±0.7 
4 No-till 5.8±0.4 21.2±1.0 20.4±1.5 18.3±2.0 2.6±0.3 

Tillage 5.1±0.7 24.9±0.8 29.4±2.9 22.6±2.5 8.1±0.8 
5 No-till 6.7±1.0 22.3±1.2 18.6±2.7 21.9±2.8 5.2±0.7 

Tillage 4.8±0.3 22.3±0.9 26.6±3.3 16.6±2.9 6.1±0.5 
6 No-till 6.5±0.7 17.9±1.3 18.2±1.5 19.1±1.7 2.5±0.3 

Tillage 4.8±0.3 19.6±0.9 14.5±1.3 16.0±1.4 2.6±0.7 
LSD05  0.7 2.1 3.3 2.8 0.5 

P r o t e a s e, mg histidine/g of soil for 24 h 
1 No-till 10.0±1.3 6.3±0.3 7.9±0.8 8.0±0.9 6.5±0.2 
 Tillage 7.6±0.9 4.7±0.8 5.9±0.7 8.5±1.1 4.6±0.3 
2 No-till 15.8±1.2 8.3±0.4 9.4±0.7 11.5±1.0 10.4±0.8 
 Tillage 15.7±1.2 7.0±0.4 7.7±0.4 11.5±1.0 5.9±0.5 
3 No-till 15.2±0.8 9.2±1.0 10.9±0.9 11.4±1.0 8.8±0.7 
 Tillage 13.3±0.7 6.2±0.7 8.4±0.8 14.0±1.2 7.1±0.3 
4 No-till 13.5±0.7 7.3±0.9 8.7±0.8 8.1±0.6 7.4±0.6 
 Tillage 11.3±0.6 5.9±0.5 4.2±0.6 11.7±0.7 5.4±0.2 
5 No-till 15.4±0.8 10.1±1.1 7.2±0.4 9.2±0.4 6.9±0.2 
 Tillage 13.9±0.7 5.7±0.2 7.5±0.4 10.4±0.6 5.3±0.4 
6 No-till 11.3±0.5 9.7±0.9 6.3±0.5 9.8±0.3 6.4±0.5 

 Tillage 11.3±0.6 5.8±0.4 5.6±0.3 13.9±0.8 5.1±0.5 
LSD05  1.1 0.6 0.7 1.0 0.7 

N o t e. 1 — control, 2 — manure, 3 — floating mat + Trichoderma koningii + (NP)60, 4 — floating mat + 
(NP)60, 5 — straw + T. koningii + (NP)60, 6 — straw + (NP)60. 

 

On year 3 of the experiment, plant residues morphologically became in-
distinguishable due to their transformation. It is known that soil enzymes [29] 
and components of plant litter [30] play an important role in the humification of 
plant residues. When introducing manure and plant residues, in contrast to the 
variants with the use of sodium humate and zeolite, the enzymatic activity of the 
soil was higher than in the control (Table 2). The dynamics of the activity of the 
studied enzymes was multidirectional, which, on the one hand, may be due to 
the transformation of organic matter, and on the other, due to the change in the 
agrophysical properties of the soil. Thus, the maximum activity of peroxidase, 
cellulase and invertase was recorded in the 2nd year of the study, the activity of 
dehydrogenase consistently increased, and the activity of protease decreased. 
Dynamics of the polyphenol oxidase and urease activity was weakly expressed 
(data not shown). The closest correlation relationship (p < 0.05) was found for 
the protease with the content of mobile phosphorus (r = 0.75±0.12), potassium 
(r = 0.69±0.12) and nitrogen (r = 0.53±0.14), for polyphenol oxidase with the 
content of humus (r = 0.62±0.13), potassium (r = 0.56±0.14) and nitrogen 
(r = 0.62±0.13). For other enzymes, the correlation coefficients, as a rule, did not 
exceed 0.4. Addition of the microscopic fungus T. koningii suspension to the float-
ing mat and straw promoted the growth of the soil enzymatic activity regardless of 
the treatment technology. 

The yield of agricultural crops grown in the crop rotation system of the 
experimental farm depended not only on the use of fertilizers but also on the 
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methods of tillage, which largely determine the moisture content. In contrast to 
manure and plant residues, zeolite and sodium humate were almost ineffective 
under the experimental conditions (Table 3). Probably, this was due to the lack 
of irrigation [31] and organic fertilizers, which increase the effect of zeolite [32], 
as well as due to the form of the introduced sodium humate (powder) [33]. In 
the 1st (wet) year, against the background of tillage, the yield of wheat was high-
er than in similar no-till variants. Obviously, this is due to the increased availa-
bility of nutrients with the addition of (NP)60 and faster mineralization of the 
manure organic matter. The highest yield was ensured by use of manure and 
straw when tilling, and at no-till by the introduction of floating mats with the 
addition of microscopic fungi suspension. During the vegetative period of the ex-
tremely dry 2012, the moisture content at no-till was higher than during tillage 
[30], which predetermined a higher yield of barley. In 2013, the yield of sugar 
beet at moldboard tillage was higher than at no-till. This time, the limiting factor 
was the increase in soil density [34], to which sugar beet is very sensitive. 

3. Yields of agricultural crops at different fertilizing and treatment technologies 
(M±SEM, Republic of Bashkortostan) 

Variant 
Wheat, g/m2 (2011) Barley, g/m2 (2012) Sugar beet, kg/m2 (2013) 
tillage no-tillage  tillage no-tillage  tillage no-tillage  

1 406.8±33.8 
2000.0±51.7 

283.5±30.5 
1950.0±70.6 

95.1±6.0 
385.3±12.8 

146,8±10,7 
393,3±13,7 

2,9±0,3 2,3±0,2 

2 723±42.1 
3500.0±52.8 

582.8±49.4 
2316.7±120.3 

231.3±10.4 
510.0±13.5 

254,1±12,3 
783,3±15,1 

3,6±0,3 2,6±0,3 

3 651±43.2 
3066.7±93.7 

621.4±39.0 
2433.3±115.7 

165.3±15.4 
471.7±19.3 

192,6±13,6 
570,0±22,3 

3,9±0,5 2,7±0,2 

4 425.0±28.6 
2900.0±88.3 

546±35.7 
2733.3±87.4 

120.9±9.4 
463.3±12.9 

150,3±12,4 
466,7±17,5 

3,7±0,3 3,0±0,3 

5 705.0±48.3 
3666.7±114.7 

566.4±60.3 
2000.0±103.0 

115.8±11.6 
483.3±16.4 

166,7±13,4 
568,3±23,5 

3,6±0,3 2,8±0,3 

6 686.6±65.0 
3566.7±106.8 

432±53.6 
2483.3±98.3 

128.6±11.0 
413.3±14.5 

167,2±12,8 
470,0±16,7 

3,5±0,2 2,7±0,1 

7 368±38.9 
2466.7±87.5 

330±37.1 
2250.0±90.3 

122.6±16.7 
343.3±20.4 

104,9±11,4 
380,2±23,1 

2,8±0,4 2,0±0,3 

8 424.1±39.7 
3300.0±106.5 

369.8±36.8 
2283.3±123.5 

125.4±14.6 
383.3±22.7 

129,6±14,7 
386,7±19,7 

3,0±0,3 2,3±0,2 

LSD05 
43.1 
450.8 

9.2 
57.8 

0.2 

N o t e. 1 — control, 2 — manure, 3 — floating mat + Trichoderma koningii + (NP)60, 4 — floating mat + 
(NP)60, 5 — straw + T. koningii + (NP)60, 6 — straw + (NP)60, 7 — zeolite, 8 — Na humate. The grain weight is 
above the line, g/m2, the mass of the sheaf is below the line. 

 

Thus, on average over 3 years of the study, the yield of crops under the 
traditional soil treatment was higher, but in the dry 2012, it was greater under 
no-till, when profitability was 257% versus 116% under tillage. The yield in-
crease was on average 40-72% (for manure 67%, for floating mat + T. koningii 
47%, for floating mat 40%, for straw + T. koningii 72%, for straw 66%) under 
tillage and 21-38% (for manure 32%, for floating mat + T. koningii 28%, for 
floating mat 36%, for straw + T. koningii 10%, for straw – 26%) under no-till. 

So, in the conditions of the Southern Pre-Ural region on the clay-illuvial, 
slightly eroded agrochernozem, introduction of manure and plant residues under 
tillage and no-till promotes the increase in the humus content, improvement in 
the supply of nutrients, increase in the enzymatic activity of the soil and crop 
yields. Under no-till, the changes in agrochemical indicators are more pronounced 
in the 0-10 cm layer, under the traditional treatment – in the 0-30 cm layer. The 
profitability of fertilizers with no-till technology is higher than with traditional 
tillage only in dry conditions. The use of microscopic fungi Trichoderma koningii 
in biologized technologies leads to an increase in the processes of plant residues 
humification, especially floating mats. In terms of affecting the soil properties, this 
fertilizer is close to the variant with the introduction of manure. 
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A b s t r a c t  
 

Nitrogen is a special macronutrient as it comes into soil only with rainfall, remains of liv-
ing organisms and fertilizers. Changes of apple (Malus domestica Borkh) nitrogen supply faster affect 
the fruit yield and quality as compared to other nutrients. Our paper it the first multivariate study of 
soil, leaf and fruit mineral status of apple trees on leached chernozem at different ways and sources 
of nitrogen supply which shows high environmental safety and efficiency of fertigation. The aim of 
the research was development of a model for optimal nitrogen provision to improve apple tree yield-
ing and fruit quality. Tests with cv. Zhigulevskoe grafted on rootstock 62-396 were carried out in 
2014-2016 in the experimental apple orchard planted in 2007 (Michurin Federal Scientific Centre, 
Tambov Region) at 4.5½1.0 m planting spacing. Each plot comprised 5 trees; all tests were arranged 
in triplicate. Obtained data were statistically processed by dispersion, correlation and regression anal-
ysis. Humus content and soil acidity, abundant of rhizosphere microorganisms, apple tree productivi-
ty, and the levels of essential elements in leaves and soil were determined, as well as vitamin C, sug-
ars and organic acids content in fruits. Experimental variants were control 1 (no fertilizers and no 
irrigation), control 2 (no fertilizers, drip irrigation); subsoil placing of N60, N90, N120, N60P20K60, 
N90P30K90, N120P60K120; fertigation of N15, N25, N35, N15P12K15, N25P20K25, N35P25K35; Azovit, 
4 l/h (cells and spores of Azotobakter chroococcum В-9029, 5½109 CFU/g), Azovit, 4 l/h + Phospha-
tovit, 4 l/h (cells and spores of Bacillus mucilaginosus В-8966, 0,129 CFU/g). In deep fertilizer place-
ment, the complex NPK but not N increases the apple tree yielding. Fertigation with N35P25K35 pro-
vides optimal level of all major nutrients in leaves and maximum fruit yield averaged 396.3 c/ha for 
three years. Single application of N fertilizers unbalances soil nutrient composition by increasing the 
content of easily hydrolyzed nitrogen, which, in turn, reduces the increase in yield. Complex fertilizing 
by fertigation and using bacterial preparations ensures the optimum N/P ratio in fruits (6.8), as well as 
K/N ratio (1.8-1.9). Fertilization by fertigation and in the tree trunk strips reduces the concentration of 
ascorbic acid in fruits at harvest maturity. N variants, despite the mode of fertilizer application, have the 
worst impact on vitamin C concentration which was 15-20 % lower compared to the complex fertiliza-
tion, and the sugar-acid ratios also decreased to 10.7-12.8. Fertigation and use of bacterial fertilizers 
increase microbiological activity of the soil. As a result, we suggest the model for apple tree yield opti-
mization based on proper use of nitrogen fertilizers. This study shows that the use of bacterial cultures 
as a temporary alternative to chemical fertilizer improves productivity in intensive apple orchards (up to 
327.5 c/ha on average over 3 year experiment). 

 

Keywords: Malus domestica Borkh, apple tree, nitrogen nutrition, fertigation, deep fertilizer 
placement, drip irrigation, yield, fruit quality 
 

Nitrogen deficiency inhibits the growth of plant roots and aerial parts, 
which reduces their photosynthetic capacity and productivity [1] while optimal 
nitrogen intake activates enzyme proteins. It is therefore important to note that 
the nitrogen status regulates the ability to generate heat-shock proteins, which 
improves the heat resistance of plants [2]. Nitrogen intake activates photosynthe-
sis and improves productivity [3]; it affects the growth of trees, their bodies, 
shoots, and leaves via protein synthesis [4, 5]. Optimal nitrogen intake has positive 
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effects on roots, growth, root morphology and branching [6, 7]. According to 
Trunov [6], increased nitrogen dosage improves the intake of nitrogen, phospho-
rus, and potassium via roots. Nitrogen increases the number and longevity of fruit-
bearing formations, causes more abundant flowering and blossoming of fruits, 
decreases the ovary reduction, and contributes to fruit growth, increase in size and 
yields [8-10]. Nitrogen surplus induces excessive shooting at the expense of 
productivity, causing larger but looser leaves to grow while also entailing protract-
ed growth, slower ripening, and inhibited resistance to cold [11, 12]. Zn, Cu, and 
Fe deficit ensues, which results in physiological diseases [13]. Fruit ripening is 
delayed, which worsens their taste, shelf life, and appearance while making fruits 
more susceptible to physiological and infectious diseases during storage [14-16]. 

Apples contain sugars, necessary acids, and nearly all the vitamins and 
micronutrients the human needs [17]; however, excess nitrogen intake reduces 
the consumer quality of fruits. Meanwhile, appropriate dosing and application of 
nitrogen fertilizers help control the productivity of plantations and the quality of 
yield while also reducing costs and negative environmental impact [10, 18].  

Vitamin C content is what largely determines the nutritional value of ap-
ple fruits, especially in winter. Besides, ascorbic acid is important for long-term 
storage. Being an antioxidant, it is involved in oxidation and reduction processes, 
in the synthesis of hormones and sundry essential compounds [19]. Ascorbic acid 
is also needed to overcome and reduce the effects of oxidative stress [20, 21]. For 
example, sufficient amounts of ascorbic acid inhibit pulp browning to a great ex-
tent [21]. The mechanisms behind these processes are yet to be explained; how-
ever, it has been shown that the acid inhibits negative oxidation processes in 
membranes and prevents peroxides from destroying fats [22]. Ascorbic acid is 
crucial for curbing salinity stress [23]. For the best fruit taste, the sugar-acid ratio 
(SAR) must be within 15 to 25. At SAR > 25, fruits become blank-tasted and 
useless for further processing [24].  

Shelf life and preservation of fruits are two important indicators that de-
pend not only on the storage conditions but also on the content and ratio of 
minerals in fruits and leaves [25], i.e. they are also related to nutrient intake. 

The authors hereof are the first to have evaluated how altering mineral and 
water intake by fertigation and drip irrigation affects the mineral status and 
productivity improvements observed in large-scale leached-chernozem apple plan-
tations. The research team was able to describe particularities of using bacterial 
fertilizers (Azovit and Phosphatovit) and to establish approximate recommended 
region-specific fertigation rates.  

The purpose of this research was to model apple yield and to optimize 
nitrogen intake for better productivity and fruit quality while using different ferti-
lizers. 

Techniques. Experiments were carried out in a test orchard of Michurin 
Federal Research Center, Michurinsk, Tambov Region, in 2014-2016 on Malus 
domestica Borkh trees, cv. Zhigulevskoye grafted on rootstock 62-396. The or-
chard was planted in 2007 with a 4.5 m½1 m planting layout and equipped with 
a fertigation and drip irrigation system; each plot comprised 5 trees in triplicates. 
The test-plot soil was leached, low-humus, medium-loam meadow chernozem on 
sands with pseudofibers. The humus content was 2.6 to 3.2 percent, the alkaline 
saturation was 70 to 90 percent, and the humus horizon depth was 40 to 50 cm 
on average. Upper-layer reaction was low-acidic at pH 5.7 to 5.9. It was a dusty, 
crumby, and grainy soil. Upper-horizon porosity reached 65%. Field moisture ca-
pacity of the arable layer was about 30%, the easily hydrolyzed nitrogen content 
was 152.8 mg/kg as found by I.V. Tyurin and M.M. Kononova’s method; mobile 
phosphorus content was 146.0 mg/kg, while exchangeable potassium content was 
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167.6 mg/kg as found by the Chirikov method.  
Fertilizers were incorporated annually in early spring at 10 to 15 cm be-

low the surface; fertigation was performed throughout the vegetation period to 
meet the nutrient-specific needs of plants. Annual fertigation rates were divided 
into 10 irrigations. Sampling was as follows: Control 1 (no fertilizers, no irriga-
tion); Control 2 (no fertilizers, drip irrigation); application of N60, N90, N120, 
N60P20K60, N90P30K90; application of bacterial fertilizers: Azovit (4 l/ha, living 
cells and spores of Azotobacter chroococcum B-9029, 5½109 CFU/g), Azovit 
(4 l/ha) plus Phosphatovit (4 l/ha, living cells and spores of Bacillus mucilaginosus 
B-8966, 0.129 CFU/g). The bacterial fertilizers were produced by Industrial Inno-
vations Limited, Russia. In case of drip irrigation, bacterial fertilizers were applied 
by irrigating the roots in spring. 

The following preparations were incorporated in the soil: ammonium 
nitrate containing at least 34.4% of ammonium- and nitrate-nitrogen; huminified 
superphosphate, a Ca(H2PO4)2∕H2O water-soluble phosphorus-based fertilizer 
with 26% P2O5, 5% N; and potassium sulfate, a concentrated chlorine-free ferti-
lizer (46-50% K2O). All the preparations were produced by OAO Buy Chemicals 
Factory, BHZ, Russia. For fertigation, the researchers used Amofoska, a complex 
NPK fertilizer (12% N, 15% P2O5, 15% K2O, 14% S, 0.5% MgO) produced by 
OOO Mettorg, Russia; potassium monophosphate, a phosphorus and potassium 
compound fertilizer (52% P2O5, 34% K2O) produced by OAO BHZ; and Master, 
a complex water-soluble fertilizer with chelated micronutrients (N13P40K13, 
0.070% Fe, 0.030% Mn, 0.010% Zn, 0.005% Cu, 0.020% B, 0.001% Mo) pro-
duced by Valagro SpA, Italy. The fertilizer composition for making a fertigation 
solution was adjusted to vegetation phase-specific needs. 

The soil was sampled in late August (in June and August to measure mi-
crobial population) at a depth of up to 40 cm. Data included humus quantifica-
tion, easily hydrolyzed nitrogen quantification by the Kjeldahl method [26]; mo-
bile phosphorus quantification by a KFK-3-01 photometer (Zagorsk Optical and 
Mechanical Plant, Russia) and exchangeable potassium quantification by a Jen-
way PFP 7 flame photometer (Bibby Scientific, UK) by the Chirikov method 
[27]; soil pH in KCl extraction; total exchangeable bases by the Kappen-
Hilkovic method; and the microbial population of the rhizosphere by the 
Krasilnikov method, using beef extract agar (BEA) [28].  

Leaves were sampled in mid-August. Total potassium, phosphorus, and 
nitrogen (by the Kjeldahl method) content were evaluated in a single batch [27].  

Monosaccharide and disaccharide content was determined by the Bertrand 
method; ascorbic acid content was measured by iodometry; total acidity was 
measured by titrometry [29]; dry content was measured after drying to constant 
weight [27]. Only picking-maturity fruits were used for these measurements. The 
yield was accounted when weighing fruits from accountable trees [30]. 

Data were processed statistically by analysis of variance, correlation and 
regression analysis [31, 32] using Microsoft Excel 2007 with the AgCStat add-in. 
Below are the mean values (M) with standard errors of means (±SEM), pairwise 
correlation coefficients (r), and least significant difference values at CI 95% (t0.05).  

Results. Nitrogen is extremely mobile in plants and soils; nitrate-nitrogen 
is easily leached into groundwater. Active drip irrigation and excessive application 
of nitrogen fertilizers may have negative effects, which is why clarifying the partic-
ularities of nitrogen intake is important for reducing environmental pollution [33]. 

In this experiment, nitrogen fertilizers applied without irrigation had no 
significant effect on the mean triennial yield (LSD05 36.4 centers/ha), except the 
sample that had the maximum rate of N120 (see Fig. 1). Application of nitrogen 
fertilizers at 120 kg/ha, as well as incorporation of complex fertilizers in the near-
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trunk areas resulted in a significant increase in yield against the controls: the mean 
triennial yield rose from 260.2 to 317.0 (N120), 321.2 (N90P30K90) and 321 
centners/ha (N120P60K120), i.e. by 56.8 to 60.0 centners/ha (or by 21.8 to 23.1%) 
due to raising the soil nitrogen, phosphorus, and potassium content to the opti-
mal levels. Fertigation enabled lowering the application rates; however, a signifi-
cant increase in productivity was only noted in the case of complex fertilizers, as 
yield peaked when using the maximum dosage. Over 2014-2016, drip irrigation 
increased this indicator from 260.2 (Control 1) to 295.4 (Control 2) centners/ha 
on average, i.e. by 35.2 centners/ha or by 13.5%.  

 

 
Fig. 1. Malus domestica Borkh, cv. Zhigulevskoye yield on rootstock 62-396: results obtained by using 
different nitrogen fertilizing methods in 2014 (a), 2015 (b), and 2016 (c): I for Control 1 (no fertiliz-
ers, no irrigation); II for Control 2 (drip irrigation); III for N60, IV for N90, V for N120, VI for 
N60P20K60, VII for N90P30K90, VIII N120P60K120 (fertilizers); IX for N15, X for N25, XI for N35, XII 
for N15P12K15; XIII for N25P20K25; XIV for N35P25K35 (fertigation); XV for Azovit, XVI for 
Azovit + Phosphatovit. The figure shows the mean yield. LSD05: 25.8 in 2014; 34.0 in 2015; 49.3 in 
2016; the triennial mean is 36.4 centners/ha (Michurinsk, Tambov Province). 

 

Azovit and Phosphatovit are preparations intended to replace or limit the 
use of mineral fertilizers while optimizing the assimilation of the essential nutri-
ents, which is expected to produce eco-friendly products of better quality and 
yield. Yield increase in bacterial-fertilized samples was evaluated against Control 
2. Azovit placement in the soil did not have a significant effect on this indicator. 
A combination of bacterial fertilizers did increase the yield, but the increase was 
commensurate with that resultant from a minimum concentration of a complex 
mineral fertilizer. Simultaneous application of Azovit and Phosphatovit increased 
the yield from 295.4 to 337.5 centners/ha, i.e. by 42.1 centners/ha or by 14.3%; 
this was due to increasing the bacterial colonization of the apple tree’s rhizo-
sphere and improving the availability of minerals. Fertigation with a mineral 
complex increased the mean triennial yield in 2014-2016 from 295.4 to 334.4 
(N15P12K15), 371.1 (N25P20K25), and 396.3 centners/ha (N35P25K35), i.e. by 39.0 
to 100.9 centners/ha or by 13.2 to 34.2 percent, which is statistically significant 
(LSD05 = 36.4 centners/ha). 

Fertilizing positively affected the soil nutrient content, see Table 1. Ni-
trogen and phosphorus fertilizing was of utmost significance in this experiment, 
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as the content of these elements was suboptimal in the controls. Exchangeable-
potassium content in the soil was higher, although, in some years, plants were 
deficient in potassium as well, perhaps due to precipitation-induced leaching and 
redistribution of root-absorbed potassium into the ripening fruits [34]. Such re-
sponse greatly depends on the experimental conditions, primarily on the soil 
type. In a study by D. Malaguti et al. [35], potassium content was increased by 
fertigation, while nitrogen content was increased by incorporation in alluvial 
soils, Italy. However, high-dose fertigation may increase the heterogeneity of 
soils in an orchard [36]. In this experiment, unifactorial application of nitrogen 
increased its content to optimal levels (177.9 to 201.6 mg/kg of soil); however, 
phosphorus and potassium content remained unchanged (121.7 to 137.3 P2O5 
and 128.9 to 150.7 K2O, values in mg/kg of soil). The multifactorial application 
only increased yield when the nitrogen application rates were at max. Complex 
fertilizing optimized the soil nutrient content in nearly all incorporated-fertilizer 
samples. Comparing fertigation at down to 40 cm below surface against incorpo-
ration at 10 to 15 cm below surface, easily hydrolyzed nitrogen content was only 
3 to 5 percent lower; meanwhile, such fertigation used 70 to 75 percent less ni-
trogen fertilizer(s).  

1. Soil and leaf nutrient content in apple trees Malus domestica Borkh (cv. Zhigul-
evskoye, rootstock 62-396) for different nitrogen fertilizing methods (M±SEM, Mi-
churinsk, Tambov Region, 2014-2016) 

Variant 

Content 
in the soil, mg/kg in leaves, % wet 

easily 
hydrolyzed N 

P2O5 K2O N P К 

N o  f e r t i l i z e r s  
Control 1 (no irrigation) 107,2 131,4 138,8 1,17 0,32 0,76 
Control 2 (irrigated) 87,4 114,5 114,6 1,37 0,21 0,98 

Mean  97,3±4,3 123,0±4,2 126,7±4,7 1,27±0,067 0,27±0,008 0,87±0,041 
I n c o r p o r a t i o n  o f  f e r t i l i z e r s  

N60 127,4 121,7 150,7 1,48 0,24 1,21 
N90 177,9 137,3 128,9 1,55 0,22 1,09 
N120 201,6 123,2 135,6 1,77 0,26 1,25 
N60P20K60 146,5 176,4 173,9 1,87 0,33 1,34 
N90P30K90 184,6 185,5 206,1 1,95 0,41 1,26 
N120P60K120 196,8 193,1 219,7 2,14 0,39 1,48 

Mean 172,5±8,1 156,2±9,4 169,2±8,8 1,79±0,094 0,31±0,011 1,27±0,57 
F e r t i g a t i o n  

N15 156,3±7,8 102,9 118,4 1,60 0,28 1,09 
N25 173,6 107,7 128,9 1,69 0,18 1,19 
N35 177,4 115,7 107,7 1,96 0,32 0,95 
N15P12K15 156,3 142,5 168,9 1,88 0,44 1,48 
N25P20K25 166,4 154,9 175,8 2,07 0,49 1,51 
N35P25K35 182,7 169,7 171,2 2,41 0,55 1,30 

Mean 168,8±7,7 132,2±7,3 145,2±8,1 1,94±0,114 0,38±0,012 1,25±0,055 
B a c t e r i a l  f e r t i l i z e r s  

Azovit, 4 l/ha 162,4 103,9 141,3 1,70 0,31 1,20 
Azovit, 4 l/ha + Phosphatovit,  
4 l/ha 175,3 172,7 182,2 2,27 0,43 1,33 

Mean 168,9±8,2 172,7±8,9 182,2±9,2 2,0±0,115 0,37±0,09 1,3±0,057 
LSD05 22,2 18,3 15,1 0,18 0,07 0,12 

O p t i m a l  c o n t e n t  (according to literature)) 
 151-200 [37] 151-200 [38] 121-180 [38] 1,8-2,5 [39] 0,3-0,5 [39] 1,2-1,8 [39] 

 

The need for nitrogen and its availability depend on the water intake as 
well as on the presence and content of other nutrients in the soil. Leaves indicate 
the availability of nutrients to plants. However, nutrient content in leaves does not 
correlate directly with that in the soil; it is only nitrogen that displays explicit cor-
relations [40]. Despite more easily hydrolyzed nitrogen being present in the soil in 
case of unifactorial nitrogen fertilizing, leaf nitrogen content was suboptimal. This 
was typical for incorporation and for fertigation alike. Only complex fertilizing  
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aimed to optimize the content of all the nutrients under analysis was able to raise 
leaf nitrogen content to optimal levels.  

Compared to leaves, the concentration of elements in fruits has a weaker 
correlation with that in the soil. However, fruit chemistry data enable quality 
analysis and shelf-life forecasts. Too high fruit nitrogen content coupled with 
relatively low calcium content may result in numerous physiological diseases 
during storage [21].  

Increasing the nitrogen fertilizer application rates resulted in accumulating 
excessive amounts of nutrients, primarily nitrogen itself, see Table 2. Unifactorial 
nitrogen fertigation raised its quantity above optimum. Meanwhile, such high ni-
trogen content was coupled with suboptimal concentrations of other elements, 
especially phosphorus. Exchangeable-potassium availability in the soil was suffi-
ciently high; however, its content in fruits largely depended on the fruit load.  

Complex fertilizing can optimize the availability of elements, the ratios 
whereof are crucial for quality. Such ratios largely depend on the variety and on 
the region of cultivation; unpublished data suggest that N/P = 6.5 to 7.0 and 
N/K = 1.2 to 2.2 is optimal for Central Chernozemye. Optimal N/P ratios were 
observed at peak fertilizing rates in both incorporation and fertigation, in Con-
trol 2 and in both bacterial-fertilized samples. When applying the maximum 
amount of complex mineral fertilizers by incorporation, when applying nitrogen 
fertilizers and maximum complex by fertigation, as well as when applying bacte-
rial fertilizer, N/K was optimal or close to optimal. Both N/K and N/P were 
only optimized by maximum-rate incorporation (N120P60K120) and fertigation 
(N35P25K35). Apparently, this was resultant from the improved microbial activity 
of the soil, which enhanced the absorption of nitrogen and sundry elements alike. 

3. Test-site soil characterization (layer 0 to 40 cm) in experiments with Malus 
domestica Borkh (cv. Zhigulevskoye, rootstock 62-396) under various fertilizing 
methods (M±SEM, Michurinsk, Tambov Province, 2014-2016) 

Variant рН 
Humus 
content, % 

Total exchangeable bases, 
mmol/100 g of soil 

N o  f e r t i l i z e r s  
Control 1 (no irrigation) 5.5 3.0 26.2 
Control 2 (irrigated) 5.5 2.9 26.0 

Mean 5.50±0.14 2.95±0.11 26.10±1.14 
I n c o r p o r a t i o n  o f  f e r t i l i z e r s  

N60 5.6 2.9 26.1 
N90 5.5 3.0 24.4 
N120 5.6 2.8 23.8 
N60P20K75 5.5 2.9 25.9 
N90P30K90 5.4 3.1 26.8 
N120P60K120 5.4 3.0 26.8 

Mean 5.50±0.23 2.95±0.14 25.63±1.46 
F e r t i g a t i o n  

N15 5.5 3.0 24.2 
N25 5.4 3.1 27.0 
N35 5.4 2.9 25.1 
N15P12K15 5.4 3.0 27.3 
N25P20K25 5.4 2.8 26.9 
N35P25K35 5.4 2.9 23.4 

Mean 5.42±0.18  2.95±0.07 25.65±1.62 
B a c t e r i a l  f e r t i l i z e r s  

Azovit, 4 l/ha 5.5 2.8 26.1 
Azovit, 4 l/ha + Phosphatovit, 4 l/ha 5.6 2.9 25.8 

Mean 5.55±0.17 2.95±0.11 25.95±1.38 
LSD05 0.14 0.19 1.19 

 

 Fertilization had negative effects on the ascorbic acid content in the pick-
ing-maturity fruits. The mean triennial peak in this indicator was noted in Control 
1 and when applying the complex bacterial fertilizers to the soil. N90P30K90, 
N120P60K120 and complex fertigation samples had slightly lesser (yet within statisti-
cal error) vitamin C content regardless of the application rate. Fertilizing the soil 
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with nitrogen had a significant negative effect on the ascorbic acid content, which 
was reduced at greater fertilizing rates.  

Introduction and fertigation with complex mineral and bacterial fertilizers 
resulted in greater sugar content compared to the controls. Meanwhile, unifactori-
al application of nitrogen fertilizers resulted in a significant decrease in this indica-
tor. The degree of the negative effect did not correlate with the application rates or 
methods; only in the case of Azovit, the effect did not occur. Organic-acid con-
tent in picking-maturity fruits was greater in case of using mineral fertilizers; how-
ever, no unambiguous correlation with the unifactorial application of nitrogen was 
identified. Since the unifactorial application of nitrogen fertilizers had negative 
effects on fruit sugars content, the increased organic-acid content in these samples 
entailed a considerable drop in the sugar-acid ratio (SAR).  

Soil humus content and acidity varied insignificantly from sample to 
sample. No unambiguous correlation was identified in such variations. Total ab-
sorbed bases in the 0 to 40 cm layer did not depend on the fertilizer type or on 
whether irrigation was used.  

Complete NPK fertigation and application of bacterial preparations led 
to a significant increase in the microbial population of the rhizosphere, as com-
pared to the controls, see Figure 2; NPK fertigation increased the microbial 
population in June, while bacterial fertilizers did so in August. Microbial popula-
tion was comparable to the controls in case of top-dressing application and incor-
poration of complete NPK or N-only fertilizers. Nitrogen fertigation resulted in a 
significant increase in the microbial activity of soils, but only in June. Unifactorial 
application of mineral nitrogen fertilizers by incorporation (N120) did not have a 
significant effect on the microbial population; however, unifactorial application 
of Azovit did increase the microbial activity. 

 

 
Fig. 2. Microbial population of Malus domestica Borkh (cv. Zhigulevskoye, rootstock 62-396) rhizo-
sphere as affected by nitrogen fertilizers in June (a) and August (b), 2014; in June (c) and August (d), 
2015; and in June (e) and August (f), 2016: I for Control 1 (no fertilizers, no irrigation), II for N120, 
III for N120P60K120, IV for N35, V for N35P25K35; VI for Azovit, 4 l/ha, VII for Azovit, 4 l/ha + 
Phosphatovit, 4 l/ha; 1 and 2 for the mean microbial population in June and August, respectively. 
LSD05: 1.06½106 in June 2014; 7.65½105 in August 2014; 5.53½105 in June 2015; 3.40½105 in Au-
gust 2015; 3.51½105 in June 2016; 6.93½105 in August 2016; the triennial means were 3.58½105 for 
June and 8.38½105 for August, respectively. The figures are given in CFU/g (Michurinsk, Tambov 
Province, 2014-2016). 
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The authors hereof had previously indicated that the microbial popula-
tion of the apple rhizosphere had a direct positive correlation with the plant 
productivity [42]. Applying a mineral-organic complex fertilizer in combination 
with Extrasol (Basillus subtilus Ch 13 strain, liquid form) improved the apple 
yield and the microbial activity of soils in the Moscow Region [43]. Using a 
bioorganic fertilizer in China (Linfen, Shaanxi) brought about a significant im-
provement in yield and productivity, as well as in the physicochemical and en-
zymatic activity of soils [44].  

Data processing reveals that the leaf nitrogen content positively corre-
lates with the easily hydrolyzed nitrogen in the soil (r = 0.73) as well as with 
yield (r = 0.72). The easily hydrolyzed nitrogen content in the soil correlates 
with that in fruits, albeit such correlation is weaker at r = 0.61.  

Based on these results, the authors hereof have developed an apple yield 
model to optimize nitrogen fertilizing in the context of other factors: Y = 1.37 + 
+ 0.0922x1  0.0521x2 + 9.01x3 + 108.95x4 + 1.91x5  1.98x6 + 0.61x7 + 0.63x8 + 
+ 0.21x9, where Y is yield, centners/ha; x1 is the nitrogen fertilizer application 
rate, pn kg/ha; x2 is the easily hydrolyzed nitrogen content in the soil; x3 is the 
leaf nitrogen content, dry matter %; x4 is the fruit nitrogen content, dry matter, 
%; x5 is the soil humidity, %; x6 is the phosphorus fertilizer application rate, pn 
kg/ha; x7 is the potassium fertilizer application rate, pn kg/ha; x8 is the available 
phosphorus content in the soil, mg/kg of soil; x9 is the exchangeable-potassium 
content in the soil, mg/kg of soil; pn stands for primary nutrient. 

Therefore, unifactorial application of nitrogen to soils helps optimize 
its accumulation in leaves at very high fertilizing rates; however, this causes a 
nutritional imbalance while exposing the environment to a greater chemical 
load. Fertigation has the greatest effect on apple yield and fruit quality while 
being eco-friendlier, as it requires 70 to 75 percent less fertilizer than incorpo-
ration. It does improve the microbial activity of soils, which in its turn im-
proves the absorption of nutrients by plants, thus enhancing the physiological 
status of trees. 
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A b s t r a c t  
 

Selenium, a micronutrient significantly involved in plant metabolism control, is also es-
sential for human. Se regulates plant growth and protects plants from many adverse factors. The 
relevance of the issue is particularly high in biogeochemical provinces with selenium deficiency. 
Improvement of cultivation of greenhouse crops is also largely associated with optimization of the 
light regime. In this paper, we first reported on how selenite and selenate ions, in combination 
with intensity of UV-A + PAR, impact on growth and age-associated accumulation of primary 
and secondary metabolites in Laсtuca sativa L. plants. These results will contribute to a better 
understanding of signaling elements involved in metabolic regulation. Prior to sowing, the seeds 
were treated with 4 % sodium selenite or sodium selenate in test and with water in control. Light 
intensity and spectral characteristics were changed by covering a greenhouse with polyethylene 
films F1 and F2 (for F2, the UV-A transmission was 40-50 % higher and PAR was 30-35 % 
higher as compared to F1). More insolation under F2 led to elevated content of leaf chloro-
phyll a (Chla), chlorophyll b (Chlb), and sugars in 60-day-old plants, thus promoting shoot 
development due to formation of more internodes (by 15 %) and higher stem weight compared 
to F1 (p < 0.05). Se + F1 intensified accumulation of carbohydrates and proteins, increased leaf 
area and caused the decline in ascorbic acid content, while F2 stimulated accumulation of ascor-
bic acid and flavonoids. Higher accumulation of leaf pigments (carotenoids, flavonoids and antho-
cyanins), lower carbohydrates in juvenile leaves under F2, and a greater number of leaf layers on a 
stem, due to synergic effect of light and Se, were peculiar of selenate action. Selenite + F1 led to 
higher content of carotenoids in juvenile leaves, whereas under selenite + F2 the level of ascor-
bic acid and flavonoids was higher in aging leaves. The highest content of reducing sugars (RS) 
and soluble proteins was in the mature leaves (layers 8 to 16) of control plants (F1). When solar 
radiation going up, a rise of RS level by 30 %, 45 % and 2.3 times occurred in aging leaves (lay-
ers 4-7), in adult leaves, and in young leaves (layers 17-21), respectively, while the protein con-
tent decreased in aging leaves (p < 0.05). Both SeO3

2 and SeO4
2 resulted in a higher level of 

RS and proteins in young leaves and kept this high in aging ones. The young and aging leaves of 
the control F1 plants differed in the content of flavonoids (Fla) 6-fold. Both selenium ions re-
duced the Fla level in mature and aging leaves by 20-30 % (p < 0.05), and SeO4

2 led to a 4-fold 
increase in Fla of young leaves (F1). Increasing solar radiation (F2) resulted in the decline of 
Fla content. SeO3

2 provided a higher Fla level in aging and mature leaves, whereas SeO4
2 en-

hanced Fla accumulation in young leaves. At a higher light intensity, SeO4
2 + F2 increased the 

carotenoids content by 76 %, while SeO3
2 + F1 ensured only a 60 % increase (p < 0.05). In 

increasing insolation, both selenium ions elevated the shoot dry weight and the content of low 
molecular antioxidants (ascorbic acid and Fla) in plants. Thus, our findings showed the depend-
ence of plant growth and metabolism on specific forms of selenium under varying intensity of 
solar radiation. These biomarkers should be accounted while growing plants using selenium in 
different lighting conditions. 

 

Keywords: Lactuca sativa L., sodium selenite, sodium selenate, solar radiation, carotenoids, 
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reducing sugars, proteins, ascorbic acid, flavonoids, anthocyanins, primary and secondary metabolites  
 

Selenium (Se) is an essential element for animals and humans, as well as 
a regulator of biochemical processes in plants. In some countries, such as China, 
Egypt, and Thailand, its concentration is reduced [1]. In Russia, the most sele-
nium-deficient soils are located in Buryatia, the Chita Region, and the Khaba-
rovsk Territory [2], where the minimal content of selenium in wheat grains is 
recorded. Selenium deficiency in the human diet leads to endemic osteopathy, 
myxomatous endemic cretinism, development of cardiological and oncological 
diseases, pathologies of the reproduction system, malfunctioning of the thyroid 
and pancreatic glands, which is related to abnormalities in synthesis and func-
tioning of 25 selenium-dependent proteins [3, 4]. Agricultural plants are bioforti-
fied through foliar or soil application of Se compounds [5]. Se regulates plant 
growth, modifies the carbohydrate composition and increases resistance to abiot-
ic stresses induced by cold, drought, UV-B rays, water shortage, salinity, and 
heavy metals [1, 6-8]. The positive effects of Se depend on its dose and the plant 
genotype and are accompanied by the activation of antioxidant protection in the 
cells [5, 8, 9]. The existence of several inorganic forms of Se including selenites 
(SeO3

2) and selenates (SeO4
2) raises the question about their functions and 

availability to plants, the impact on the productivity and sustainability of crops 
to the effects of light. 

Light plays an important role in the regulation of plant life. It activates 
signaling pathways, which are controlled by selective sensory pigments and are 
involved in the implementation of growth and metabolic processes. Selective 
light alters plant growth and the amount of absorbed Se [10]. The total efficiency 
of the mixed stream of solar radiation on the productivity of crops in greenhous-
es is less studied [11]. It is known that removing UV(A + B) (= 280-400 nm) 
from a stream of solar radiation enhances the growth of terrestrial and subterra-
nean plant organs, increases the concentration of photosynthetic pigments, pho-
tosynthetic enzyme activity and efficiency of the photosynthetic systems PSII 
[12]. At the same time, it is suggested that the role of photosynthetically active radi-
ation (PAR  = 400-700 nm) is to modify the sensitivity and photo-morphogenetic 
responses of plants to UV-B radiation ( = 280-320 nm). Increasing the ratios 
PAR/UV-B and UV-A/UV-B is important for reducing the damage from UV-B to 
terrestrial and aquatic plants [13]. However, there are few studies on the interaction 
of UV-A (A = 320-400 nm) and PAR.  

The authors have demonstrated for the first time significant differences 
in the manifestation of responses to the combined action of selenium and light 
between lettuce leaves of different ages characterized by the varying intensity of 
growth processes. 

The aim of this work was to examine the effects of different forms of sele-
nium (SeO3

2 and SeO4
2) on plant growth and the content of primary and sec-

ondary metabolites in lettuce leaves (Lactuca sativa L.) of different age under dif-
ferent lighting (varying percentage of PAR and UV-A in the light stream).  

Techniques. The anthocyanin-containing lettuce variety Gurman (Lactu-
ca sativa L.) has been selected as a research object. Plants were grown in a 
greenhouse (Tomsk Region, 2011 and 2014) during the period from May to June 
with varying proportions of PAR and UV-A in the light stream. Greenhouses were 
covered with double (F1) or single (F2) polyethylene film. The emission spec-
trum and relative intensity were measured using a spectrometer AvaSpec-
102/256/1024/2048 version 6.2 (Avantes BV, Netherlands). 

Seeds were preliminarily treated with 4% solution of sodium selenite or 
selenate (Sigma, USA) (experiment) or water (control). At the end of the vegeta-
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tive stage of 60-day plants, the following parameters were determined: morpholog-
ical parameters (dry weight and dimensions of sprout structural elements), bio-
chemical parameters, i.e. the content of reducing sugars [14], proteins [15], photo-
synthetic pigments [16], ascorbic acid [17], anthocyanins and the amount of fla-
vonoids [18]. The content of substances was measured using a spectrophotometer 
UV-1650 (Shimadzu Corp., Japan), a cell with 10 mm optical path length. 

The content of reducing sugars (RS) in plants was evaluated spectropho-
tometrically [14]. The sample weight of leaves was extracted three times with 
distilled water at a temperature of 70-80 C. An aliquot of supernatant was taken 
from the combined extract and heated in the presence of an alkaline solution of 
potassium ferricyanide (15 min at 100 C). A solution of ferrous sulfate mixed 
with gelatin was added to the cooled mixture. The optical density (OD) of blue-
colored solution was measured at  = 690 nm. The control solution was a sam-
ple that went through all analysis stages, but without RS extracts. In order to 
express the relative solution density in mass units, a calibration curve was plot-
ted for glucose (initial solution concentration 1000 µg/ml). 

The quantification of protein was made according to M.M. Bradford [15]. 
This method is based on the direct binding of Coomassie G-250 with amino acid 
residues (arginine, tryptophan, tyrosine, phenylalanine and histidine) in protein. 
Extracts of leaves were mixed with the Bradford reagent at the room temperature, 
allowed for at least 2-3 min, and OD was measured at  = 595 nm. The control 
solution was a mixture of the same reagents without the extract. The protein 
content was determined by a calibration graph for 0.01 to 0.10 mg of the 
standard protein samples (bovine serum albumin). 

Leaves of the 20th layer were analyzed in order to determine the content 
of chlorophylls a and b (Chla and Chlb) and the amount of carotenoids (Car). 
Pigments were extracted with 96% ethanol three times. The extract was centri-
fuged at 10,000 g for 10 min. The optical density of the supernatant was meas-
ured using a spectrophotometer at 470, 648.6, 664.2 and 720 nm (values of the 
last measurement were subtracted from the previous ones to account for possible 
diffusion). The following formulas by Lichtenthaler were used for calculation of 
the concentrations of pigments (Ca, Cb, Ccar.) in 96% ethanol (mg/l):  

Ca = 13.36ŁOD664.2  5.19ŁOD648.6; Cb = 27.43ŁOD648.6  8.12ŁOD664.2; 
Ccar. = (1,000ŁOD470  2.13ŁCa  97.64ŁCb)/209. 

The pigment content per unit leaf area (mg/dm2) was calculated basing 
on the data of spectrophotometric analysis given the surface area of cut-outs 
taken for study. 

The content of ascorbic acid (AsA) was determined spectrophotometri-
cally [17]. Fresh leaves were extracted with 50 mM solution of oxalic acid (OA). 
The extract in equal volumes was mixed with the phosphotungstic reagent (PTR, 
pH = 1.0), aged for 30 min at 20-25 C, and centrifuged (7,000 g, 10 min). The 
optical density of the supernatant (ODx) was measured at  = 700 nm relative to 
the control solution PTR:OA = 1:1 (v/v). The AsA content (Cx, µM) was calcu-
lated according to the formula: Cx = (ODx/ODs) Cs, where Cs is the concentra-
tion of the standard solution (56.8 μM L-Ascorbic acid), ODs – optical density 
of the standard solution. 

The quantity of anthocyanins (Ant) in plant raw material was evaluated as 
described in [18]. The sample weight was extracted three times with 1% HCl at a 
temperature 40-45 C; the combined extract was centrifuged at 10,000 g for 10 
min. The optical density of the supernatant was measured spectrophotometrically 
at  = 510 nm (control solution 1% HCl). The amount of anthocyanin (%) in 
terms of cyanidin-3,5-diglycoside in absolutely dry raw materials (Xant.) was calcu-
lated according to the formula: Xant. = ODŁ250Ł100Ł4531Łm1Ł(100  W)1, 
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where OD is the optical density of the experimental solution; 453 is specific ab-
sorbtion of cyanidin-3,5-diglycoside in 1% HCl; m is raw weight; W is loss in 
weight after drying, %. 

Flavonoids (Fl) were determined spectrophotometrically [18]. The sam-
ple of plant raw material was extracted three times with 70% ethyl alcohol on a 
boiling water bath for 60 min, the extracts were combined. An aliquot of the 
extract was aged in the presence of aluminium chloride and acetic acid, and af-
ter 40 min, optical density was determined at  = 415 nm. The control solution 
did not contain aluminum chloride and was prepared for each sample separately. 
Scheme for OD measurement of control rutin solution was the same. The total 
content (%) was re-calculated per rutin and absolutely dry weight (Xflav.):  

Xflav. = ODxŁKxŁmx
1ŁmpŁODp

1Ł Kp
1Ł100Ł(100  W)1Ł100,  

where ODx is the optical density of the experimental solution; ODp is optical 
density of the rutin solution; mx raw weight of biomaterial, g; mp is weight of ru-
tin, g; Kx is dilution factor of the experimental solution (1250); Kp is dilution fac-
tor of the rutin solution (2500); W is loss in weight after drying, %. 

The physiological condition of leaves in different layers was assessed ac-
cording to changes in growth processes. The leaf length and width on plants with 
the same number of layers as in test plants were measured 5 days prior to esti-
mation of the main indicators with subsequent plotting of growth curves. The 
leaf area was measured using photographs (Moticam 3.0 software, Motic, Neth-
erlands).  

The results were statistically processed using the Student and Fisher cri-
teria (Microsoft Excel 2007standard software). The figures represent the arith-
metical average (M) for the growth (n = 50) and biochemical (n = 5) parameters 
with double-sided confidence intervals (M±1.96 SEM). The growth parameters 
were analyzed independently in the same organ or layer of leaves, the contents 
of pigments in a mixed group. Differences between values marked by different 
letters are statistically significant at p < 0.05. Changes of the studied morpholog-
ical and physiological indicators of plants have similar dynamics, so the article 
contains data for one year 2014. 

Results. Plants are characterized by long-lasting growth throughout the 
whole life. The growth of sprouts is ensured by the formation of new metamers, 
between which donor-acceptor relations remain. The sprout has actively growing 
(young) leaves, already grown leaves, actively functioning (adult) leaves and ag-
ing leaves with elements of chlorosis. Regulation of the size and shape of the 
sprout is one of the adaptation mechanisms of plants to environmental condi-
tions. The response of the whole plant to an external factor seems to be more 
complex than the response of a separate organ. Therefore, the authors have con-
ducted studies of a multilayered sprout, rather than a single metamer (layer) of 
the plant.  

Changes of PAR and UV-A during the experiment are illustrated (Fig. 1, 
A). The optical properties of F2 were characterized by a greater light-permitting 
ability than F1: in the range  = 360-390 nm (UV-A), the differences account-
ed for 40-50%,  = 400-500 nm (blue light) for 29-35%,  = 500-600 nm 
(green light) and  = 600-700 nm (red light) for 30%. At the initial stages of 
ontogenesis (on day 27), donor-acceptor relations between the consistently 
forming structural elements of the sprout, leaves of different layers, were trans-
forming, which was reflected in a change of their dry weight (see Fig. 1, B). 
Control plants cultivated without selenium have demonstrated earlier comple-
tion of growth of the 1st layer leaves under F1, which has caused longer 
growth of subsequent leaves of the 2nd and 3rd layers (by 4.2 and 3.8 times, 
p < 0.05). Growth inhibition of these layers under F2 has led to the accumula-
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tion of dry mass in the 4th and 5th layers (by 4.6 and 3.8 times relative to the 
1st layer). This kind of redistribution of the growth processes in plants under 
F2 resulted in a greater increase in the sprout size, which was accompanied by 
the development of new metamers while maintaining the total surface area of 
leaves in control plants compared with those under F1 (see Fig. 1, B). As a 
result, 60-day plants had 21 layers under F1 and 24 layers under F2.  

Pre-seeding treatment of seeds with SeO3
2 has slowed down the accumu-

lation of dry matter by leaves of the 1st-2nd layers (20% to the control), which 
contributed to the growth of the leaves of the following layers, while SeO4

2 has 
led to a 3.4 times more longer growth of the first leaf and inhibited growth of 
subsequent leaves (see Fig. 1B, F1). An increase in the percentage of PAR and 
UV-A in the light stream has changed the sprout response to Se. SeO3

2 hindered 
the growth of leaves of the 1st and 4th-5th layers (by 36, 40 and 17%, respec-
tively, p < 0.05), whereas SeO4

2 accelerated the growth of leaves of the 1st-2nd 
layers by 39 and 88%, respectively, compared to the control under F2 
(p < 0.05).  
 

 

Fig. 1. Light spectra in greenhouses under films F1 and F2 (A) and the growth parameters of leaves of 
the 1st-5th layers (B) and organs (C, D) in 27-day (B) and 60-day (C, D) lettuce (Lactuca sativa L.) 
plants cv. Gurman depending on light intensity and pre-seeding treatment with Se: 1-5 — leaves of the 
1st-5th layers, 6 — leaves of all layers, 7 — stem, 8 — root (Tomsk Province, average for the year 
2014). Vertical bars indicate ±1.96 SEM (n = 50). Growth parameters were analyzed independently for 
the same layer of leaves (B) or organ (C, D). For each parameter, differences in values marked with 
different letters are statistically significant at p < 0.05. 

 

With the completion of the vegetative development stage, SeO4
2 in-

creased the dry mass of leaves, stems, and roots in experimental 60-day lettuce 
plants relative to the control (see Fig. 1, D). Ions of SeO4

2 had an advantage in 
the regulation of sprout development compared to SeO3

2. Leaves form more lay-
ers under the influence of SeO4

2 rather than SeO3
2, 24 and 21 for F1, 24 and 28 

for F2, respectively. Treatment with SeO4
2 provided a stimulating effect (+15%) 

similar to light under F1 and an additive effect (+33%) after an increase in the 
percentage of PAR and UV-A under F2. Other authors have shown greater effi-
ciency of SeO4

2 (2-4 µM) compared to SeO3
2 (6-10 μM) in the regulation of the 

leaf area in Cucumis sativus L. [19]. The age dependence of growth processes on 
the concentration of SeO4

2 has been demonstrated: addition of low concentra-
tions did not affect the raw or dry weight of younger plants L. sativa, but signifi-
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cantly stimulated growth in aging plants [20]. 

Differences in growth processes in plants in response to light of different 
quality could be due to metabolic changes. Sugars as primary exchange products 
are necessary for growth and differentiation. The sugar content in leaves has 
been changing depending on their functional status (age) and the intensity of 
photosynthesis. For control plants L. sativa under F1, the authors have identified 
a higher content of reducing sugars (RS) in grown leaves, where an active syn-
thesis of these compounds took place. Low accumulation of RS has been noted 
in the actively growing (17th-21th layers) and aging (4th-7th layers) leaves (Fig. 
2, A) since the former acted only as acceptors of sugars, and the latter were dy-
ing. An increase in the proportion of PAR and UV-A in the light stream (F2) 
resulted in an increase in RS production by 30%, 45% and by 2.3 times in aging, 
adult (8th-16th layer) and young leaves in control plants compared with those 
under F1, which could indicate their different physiological status associated 
with the activation of photosynthesis or increased transport of sugars. A change 
in hormonal balance is also possible since light-dependent integration of signal-
ing pathways for sugar and hormones through PIF (phytochrome interacting fac-
tor) and DELLA (transcriptional repressors of gibberellin signaling) proteins has 
been demonstrated [21]. 

 

 

Fig. 2. Reducing sugars (RS, A) and water-soluble proteins (B) in leaves of different layers in 60-day 
lettuce (Lactuca sativa L.) plants cv. Gurman depending on light intensity in greenhouses under films 
F1 and F2 and pre-seeding treatment with Se: 1 — control, 2 — sodium selenite, 3 — sodium sele-
nate (Tomsk Province, average for the year 2014). Vertical bars indicate ±1.96 SEM (n = 5). 

 

According to the research results, the amount of RS increased in young 
lettuce leaves and remained high in aging leaves under F1 under the influence of 
SeO3

2 and SeO4
2 ions. The increase in the RS content in old lettuce leaves (4th-

7th layers) could indicate a withdrawal of their aging effects and activation of 
photosynthetic reactions. Such effect of Se could be connected to the restoration 
or maintenance of the structure of cell membranes and integrity of cells by re-
ducing the amount of O2 and H2O2 after adding of this element [1]. The role of 
SeO4

2 in the acceleration of photosynthesis is confirmed by the results by 
M. Djanaguiraman et al. [22] obtained for sorghum plants. The increased content 
of soluble sugars and starch has been also described for potato leaves after treat-
ment with Se [4]. Under F2, the effectiveness of SeO3

2 increased only in young 
lettuce leaves, and the effectiveness of SeO4

2 decreased in adult and young leaves. 
The observed reactions of lettuce plants showed the influence of light on the ac-
cumulation of Se and the influence of the element on the duration of synthetic 
processes in leaves of different layers. It is known that the travel rate of SeO3

2 in 
plants is lower than that of SeO4

2, and the impact of red and blue light in addition 
to white light increases the amount of endogenous Se [20, 10].  

The authors hereof have shown that in plants L. sativa under F1, the 
highest content of soluble proteins (see Fig. 2, B) was in grown leaves (8th-16th 
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layers). With an increasing proportion of PAR and UV-A in light (F2), the 
amount of proteins decreased in aging leaves of control plants, which was ac-
companied, however, by an increase in carbohydrate metabolism (see Fig. 2, A). 
Se increased the protein content in young (17th-28th layers) and aging (4th-7th 
layers) leaves regardless of light spectral composition. SeO3

2 supported the con-
tent of proteins in aging leaves better than SeO4

2, since it is known that selenite 
is more effective than selenate as an inductor of the activity of antioxidant en-
zyme selenium-dependent glutathione peroxidase (GSH-Px) [23].  

 

 

Fig. 3. Photosynthetic pigments in leaves of the 20th layer (A), distribution of ascorbic acid (B), fla-
vonoids (C) and anthocyanins (D) in leaves of different layers in 60-day lettuce (Lactuca sativa L.) 
plants cv. Gurman depending on the light intensity in greenhouses under films F1 and F2 and pre-
seeding treatment with Se: 1 — control, 2 — sodium selenite, 3 — sodium selenate, Chla and Chlb — 
chlorophylls a and b, Car — carotenoids (Tomsk Provice, average for the year 2014). Vertical bars 
indicate ±1.96 SEM (n = 5). The pigment content was analyzed in a mixed group. For pigments, 
differences in values marked with different letters are statistically significant at p < 0.05. 

 

Accumulation of photosynthetic pigments in leaves of the 20th layer 
(Fig. 3, A) varied depending on the light intensity and spectral composition. The 
growing proportion of PAR and UV-A in the light (F2) caused an increase in 
Chla and Chlb compared to control plants under F1. The total content of all 
photosynthetic pigments in different variants under F1 and F2 was higher than 
the control for F1. However, the total number of chlorophylls influenced by 
SeO3

2 for F2 stayed within the F1 control and below the F2 control. The indi-
vidual pigment composition of leaves also depended on the form of selenium. 
SeO3

2 under F1 increased the content of carotenoids by 60% (p < 0.05) that act 
as antioxidants and protect Chla from photochemical oxidation [24]. This con-
tributed to the accumulation of Chla under F1, whereas SeO4

2 decreased the 
carotenoid content and increased the amount of the oxidized Chlb form. The 
expression of the antioxidant effect of SeO4

2 similar to SeO3
2 under F1 occurred 

with an increasing proportion of PAR and UV-A radiation in the light stream 
(F2). Perhaps the latter conditions increased the absorption of selenium or its 
restoration. 

Ascorbic acid is an important antioxidant in plant tissues [25]. Most of 
its content is located in grown leaves of the 12th-16th layers (F1) and grown 
leaves of the 8th-11th layers (F2). Both forms of selenium hindered the synthesis 
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of AsA under F1, whereas with an increasing proportion of PAR and UV-A in 
the light stream (F2), SeO3

2 increased the content of AsA in aging and adult 
leaves, and SeO4

2 in adult and young leaves (see Fig. 3, B). These results are 
consistent with the data on the increase in AsA in leaves and chloroplasts during 
acclimatization to high-intensity light [26]. AsA deficit in vtc mutants of Ara-
bidopsis reduces the zeaxanthin-dependent non-photochemical quenching sup-
ported by violaxanthin de-epoxidase and determines sensitivity to photooxida-
tion. Processing with exogenous AsA reduces the phytotoxic effect of high con-
centrations of Se that is manifested in relation to the membrane, chlorophyll and 
PSII functions in plants Oryza sativa L. through an increase in the activity of 
antioxidant and metal-tolerant mechanisms [27]. In the first mechanism, the 
effect is due to the action of enzymes superoxide dismutase (SOD), catalase 
(CAT), ascorbate peroxidase (APX) and glutathione reductase (GR), as well as 
non-enzyme antioxidants, i.e. AsA, glutathione, and proline. The second mech-
anism is implemented through metallothioneins, thiols, and glutathione-S-
transferase (GST). An increase in the content of these molecules reduces the 
toxic effect of Se through its conjugating and/or removal of reactive oxygen spe-
cies generated due to selenium stress. Low Se concentrations (1 mg/kg) increase 
the activity of SOD, CAT, APX, and GR [27]. 

Flavonoids are essential among the secondary metabolites. The authors 
have established the age dependency of Fl accumulation in leaves of L. sativa 
plants (see Fig. 3). In adult and aging leaves, flavonoid accumulation was 4 and 
6 times higher than in young leaves (17th-21th layers). This meant the 
strengthening of the synthesis of secondary metabolites with the completion of 
the active leaf growth. The obtained data are consistent with reports on photoin-
hibition of flavonoid biosynthesis at an early stage of development of the Gossy-
pium hirsutum fiber in vitro, but stimulating at later stages [28].  

Pre-seeding treatment with SeO4
2 increased 4-fold the total amount of 

flavonoids in leaves compared to control leaves and plants treated with SeO3
2 in 

variants with F1. With an increasing proportion of PAR and UV-A (F2), the 
stimulating effect of both Se forms on the accumulation of flavonoids in plants 
was observed. Other authors also describe Se as a photoprotector from harmful 
UV-B radiation [27], which manifests itself in Triticum aestivum L. primarily as 
increasing amounts of antioxidants and a decrease in the membrane peroxidation 
of lipids (MPL) in aboveground parts of plants. Se provides an ambiguous effect 
on MPL in roots: it inhibited peroxidation at low concentrations and intensified 
it at high concentrations [19, 29]. 

Anthocyanins (Ant) as flavonoids have been accumulated in grown leaves 
of the 4th-11th layers of control plants under F1 (see Fig. 3). A simultaneous in-
crease in the proportion of the visible spectrum and UV-A (F1) has reduced the 
amount of Ant in the control. Under F1, the treatment with SeO4

2 has increased 
its content in young leaves of the 17th-24th layers and reduced in adult leaves 
compared with the controls. Treatment with SeO4

2 under F2 has increased the 
content of Ant in leaves of the most layers (see Fig. 3). At the same time, a de-
crease in the accumulation of RS has been observed (see Fig. 2, A). The latter fact 
can be explained by the role of substrate sugars in the synthesis of Ant. However, 
partial coherence in changes of the content of RS (see Fig. 2, A), Fl (see Fig. 3A) 
and Ant (see Fig. 3, B) in other circumstances was probably caused by a signal 
function of sugars regulating the expression of genes that control the biosynthesis of 
flavonoids and Ant. Other authors have shown that sugars activate the gene PAP1 
(Production of Anthocyanin Pigmentation 1) through a sugar-specific signaling path-
way [30]. At that, not RS, but sucrose increased the synthesis of PAP1 mRNA and 
the expression of genes encoding enzymes of Ant biosynthesis, the DFR, LDOX, 
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and UF3GT (Dihydroflavonol-4-Reductase, Leucoanthocyanidin Dioxygenase, UDP-
Glucose: Flavonoid 3-O-Glucosyltransferase) determining Ant accumulation.  

Based on the obtained results, the authors have suggested that differences 
in the metabolism of L. sativa plants depending on lighting are caused by the 
specific functioning of regulatory photoreceptors. An increase in the proportion 
of PAR and UV-A in light (F2) has increased the contents of photosynthetic 
pigments and carbohydrate in the leaves of control plants, which accelerated the 
development of sprouts. This is consistent with the data on elimination of UV-
A-induced negative effects on photosynthesis, PSII activity and the contents of 
photosynthetic pigments, with preliminary exposure to the red light that is asso-
ciated with the phytochrome control of these reactions [31]. Specific light-
dependent response of plants to Se can be associated with the unequal accumu-
lation of different forms of its ions, because additional exposure to the red and 
blue light in addition to white increases the amount of endogenous Se in plants 
[10]. It is known that the growth-enhancing effect of SeO3

2 exists in a more nar-
row range of concentrations than in the case of SeO4

2 (respectively 6, and 6-
20 μm) [19]. Another explanation for the different direction and rate of growth 
processes can be the fact that Se as a pro- or antioxidant changed the accumula-
tion of Fl of various nature. Flavonoids with o-hydroxyls in the nucleus acted as 
auxin synergists stimulating the growth of plants as a result of inhibition of IAA-
oxidase, while Fl with p-hydroxyls acted as cofactors of IAA-oxidase demon-
strating the properties of IAA antagonists and, consequently, being growth inhib-
itors [32]. Se could affect the content of other phytohormones [33], and hor-
mones, in turn, could alter the Se-dependent growth of plants [34]. 

The differential response of lettuce leaves in different layers depended on 
age (primarily on the oxidative status, which was determined by the content of 
metabolic or stress ROS). Other authors [20] have demonstrated the ability of 
SeO4

2 to counteract the aging-induced oxidative stress in L. sativa. In young and 
aging plants, the antioxidant effect of Se is associated with the increased activity 
of glutathione peroxidase (GSH-Px). In aging plants, an increase in the amount 
of Se enhances the antioxidant ability, preventing a decrease in the concentra-
tion of -tocopherol and increasing SOD activity.  

Thus, it has been established that the pre-seeding treatment of Lactuca 
sativa seeds with Se in two ionic forms regulates the intensity of growth and 
metabolic processes in plants, changing the content of primary and secondary 
metabolites. The pre-seeding treatment of seeds with Se provided a stimulating 
effect on the formation of new metamers of L. sativa sprouts and seed germina-
tion (SeO4

2). At the same time, the regulation of the light stream spectrum has 
changed the efficiency of Se. An increased proportion of PAR and UV-A has 
stimulated growth processes (stretching and thickening of the sprout, formation 
of new metamers) through the activation of carbohydrate metabolism. The age 
dependence of the morphological and physiological parameters of leaves in 
L. sativa plants on the forms of selenium and light spectrum has been demonstrat-
ed. Under F1, at a lower intensity of UV-A and PAR, after the treatment with Se, 
the content of reduced sugars and proteins increased in actively growing leaves 
and remained the same in old ones. SeO4

2 increases the amount of flavonoids 
regardless of the light spectrum, whereas SeO3

2 has the same upon an increase in 
the proportion of PAR and UV-A. A higher proportion of PAR and UV-A can 
probably result in Se metabolism acceleration of. Maybe there was also a protec-
tive effect of high PAR with increasing UV-A, which resulted in the enhance-
ment of carbohydrate metabolism and an increase in the content of ascorbic ac-
id. Our findings extend the understanding of plant adaptive response to light of 
varying quality by providing better understanding of Se-dependent mechanisms 
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defining resistance to increased proportions of PAR and UV-A in light. The ob-
tained data can also be used for diagnosis of the physiological condition of leaves 
in different layers with and without selenium. Pre-seeding treatment with Se 
combined with a changing light spectrum increases the nutritional value of let-
tuce due to the accumulation of primary and secondary metabolites. 
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A b s t r a c t  
 

Symbiotic nitrogen fixers of Rhizobiaceae family serve as biologicals for agriculture. This is 
due to the fact that free-living inoculants which are not crop-specific possess much less nitrogen-
fixing ability than the legume—rhizobial symbiosis of a plant and its species-specific symbiont. De-
spite this, the seedbed inoculation and a wider use of biopreparations of nodule bacteria in legumes 
are hampered by a number of objective deficiencies of such preparations, for example, the relatively 
low resistance of rhizobia to adverse environmental factors. These factors include direct contact of 
bacteria with aggressive substances, i.e. chemical fungicides used for seed treatment. This paper is the 
first to report that the rhizobia survival rate depends on the temperature of tank solutions and may 
differ under the effect of disinfectants based on the same active ingredient. That is, methods of disin-
fectant manufacture significantly affect its toxicity towards nodule bacteria. Our goal was to deter-
mine the effect of treaters, its concentration in the solution, the time the solution was kept and the 
temperature mode on the number of nodule bacteria of soybean, lupine, pea and lentils that survived 
in the solution. Bacterial suspensions studied were root nodule bacteria of soybean (Bradyrhizobium 
japonicum 634b), lupine (Bradyrhizobium lupini 367a), pea (Rhizobium leguminosarum 261b), lentil 
(Rhizobium leguminosarum 712), and chemical fungicides were Maxim (fludioxonil, 25 g/l; «Syngenta 
International AG», Switzerland), Protekt, (fludioksonil, 25 g/l; Agro Expert Group LLC, Russia, 
Agro Expert Group Kft., Hungary), Protekt Forte (fludioxonil, 40 g/l + flutriafol, 30 g/l; Agro Ex-
pert Group LLC, Russia, Agro Expert Group Kft., Hungary). Compatibility was determined by pre-
paring tank solutions of biologicals and disinfectants, followed by determining the percentage of rhi-
zobia that survived, depending on the type of disinfectant, its concentration (10 and 20 %), solution 
holding time (2, 4, 8 hours) and temperature (2-5, 16-18, 27 °C). Our results show that the re-
sistance of nodule bacteria of various leguminous plants to these pesticides differs and decreases 
among the nodule bacteria of soybean, lupine, pea, lentils. The pesticide toxicity increases in the 
order Maxim, Protect, and Protect Forte. The presence of rhizobia in the same solution with disin-
fectants negatively affects the bacteria survival. The longer the mixture is kept, the less rhizobia re-
main alive. With increasing temperature of the mixture and the concentration of disinfectants in the 
solution, their toxicity increases. Low temperatures (2-5 °C) significantly increase the survival rate of 
rhizobia. The disinfectants Maxim and Protect, prepared on the basis of the same active ingredient 
with the same concentration, differed sharply in toxicity. 

 

Keywords: symbiotic nitrogen fixers, Bradyrhizobium, Rhizobium, biologicals, seed dressing 
agents, treaters, compatibility and toxicity 

 

Leguminous plants are the main source of vegetable protein [1]. The av-
erage yield of legumes in Russia is much lower (sometimes by several times) 
than in Europe and the USA [2, 3]. One of the significant reasons is the low 
efficiency of the technologies used in the majority of cases. The paradox of the 
situation is that in the harsh climatic conditions that are characteristic of most of 
the Russian agricultural land (Ural, Siberia), the need for the most modern 
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farming practices increases by multiple times [4, 5]. These include, in particular, 
the use of preparations of symbiotic nodule bacteria, which, populating the 
plant's root system, provide it with the ability to fix atmospheric nitrogen [6-8]. 
In the Russian market, they are presented but have not yet been widely distrib-
uted. Among other reasons, there is a lack of substantiated regulations for the 
use of microbiological preparations in conjunction with chemical plant protec-
tion products. In practice, this inevitably reduces the efficiency and profitability 
of biopreparations, leads to direct economic losses and unjustifiably discredits 
the method, which is recognized as an important element of biologization, 
ecologization and increasing the sustainability of modern agricultural production. 

The composition of disinfectants includes the substances that are toxic to 
microorganisms; therefore, the bacteria, on the basis of which microbiological 
preparations are made, face unfavorable conditions. Unfortunately, the study of 
the compatibility of biopreparations and disinfectants clearly lags behind the 
emergence of new strains that are potentially suitable for practice, forms of bio-
preparations [9, 10], and changes in the production technology of disinfectants 
under the same brand [11, 12]. The disinfectants (herbicides, fungicides, insecti-
cides, etc.) have long been proved to be effective, the technologies for their ap-
plication were tested [13, 14] and entrenched in domestic agriculture. Therefore, 
if there are doubts regarding the effectiveness of the joint use of biological and 
chemical preparations, in practice, the latter is preferred [15, 16]. In other 
words, the lack of scientific works on the assessment of the compatibility of mi-
crobiological and chemical methods for the treatment of seeds of leguminous 
plants [17, 18] may lead to the rejection of biopreparations, despite their envi-
ronmental friendliness [19, 20], economic efficiency [21] and effect [22, 23] with 
an increase in the yield of leguminous plants. It should be noted that there are 
quite a few domestic publications on this issue [24, 25]. 

This study presents the first results confirming that the compatibility of 
inoculants and disinfectants based on the same active substance is significantly 
influenced by the method of manufacturing the disinfectant, that is, the qualita-
tive and quantitative composition (formulation) of additional components (film-
forming polymers, adjuvants, surfactants, etc., which, in the opinion of the 
manufacturers, improve the manufacturability of a disinfectant), as well as the 
temperature regime of the tank solution. These data supplement the limited 
amount of information concerning the compatibility of preparations of nodule 
bacteria and chemical products of protection of legumes. 

The authors' goal was to determine the effect of treaters, their concentra-
tion in the solution, the time the solution was kept and the temperature mode 
on the number of nodule bacteria of soybean, lupine, pea, and lentils that sur-
vived in the solution. 

Techniques. Strains of root nodule bacteria of soybean (Bradyrhizobium 
japonicum 634b), lupine (Bradyrhizobium lupini 367a), pea (Rhizobium 
leguminosarum 261b), and lentil (Rhizobium leguminosarum 712) were obtained 
from the departmental collection of useful microorganisms of agricultural pur-
pose of the All-Russia Research Institute for Agricultural Microbiology (ARRI-
AM, St. Petersburg). The preparations were made on a semi-synthetic medium 
(0.5 g/l K2HPO4, 0.2 g/l MgSO4Ł7H2O, 0.1 g/l NaCl, 1.0 g/l of yeast extract, 
10.0 g/l of mannitol) with subsequent cultivation (28 C, 170 rpm, orbital shaker 
incubator ES-20/60, "BioSan", Latvia). 

The following chemical fungicides were used: Maxim, SC (fludioxonil, 
25 g/l; Syngenta International AG, Switzerland), Protekt, SC (fludioxonil, 25 g/l; 
Agro Expert Group LLC, Russia, Agro Expert Group Kft., Hungary), Protekt 
Forte, WSC (fludioxonil, 40 g/l + flutriafol, 30 g/l; Agro Expert Group LLC, 



 

1039 

Russia, Agro Expert Group Kft., Hungary).  
Fungicides and nodule bacteria were mixed (20% solution of a bacterial 

suspension with 10% and 20% solutions of the disinfectant of each examined 
brand). After certain intervals (0, 1, 2, 4, and 8 hours), the titers of bacteria 
were determined by seeding on Petri dishes with semi-synthetic medium (the 
composition is shown above) with the addition of 20 g/l of agar-agar. The mix-
tures of cultures and fungicides were kept in a refrigerating chamber (2-5 C), at 
room temperature under the laboratory conditions (16-18 C) and in a thermo-
stat (27.5 C). After 10 days (time of growth of nodule bacteria on Petri dishes), 
the formed colonies (CFU) were counted.  

Data were processed 
using the Microsoft Excel 10 
software. To confirm the reli-
ability of differences between 
the variants in the figures and 
in the table, mean values (M) 
and standard errors of the 
mean (±SEM) are presented. 
The differences were assessed 
by Student's t-test and consid-
ered statistically significant at 
p < 0.05. The repetition of 
the experiment is threefold. 

Results. The selec-
tion of the strains of micro-
organisms was determined 

by the greatest practical importance of crops (soybean, lupine, pea, and lentils) 
in modern Russia and the CIS countries. In Russia, based on these strains, 
biopreparations are produced for legumes under the commercial name Rizot-
orfin® (manufactured by ARRIAM). 

Mixing chemical disinfectants with rhizobia preparations negatively in-
fluenced the survival rate of the latter. The resistance of nodule bacteria of 
various leguminous plants to pesticides was different and decreased in the fol-
lowing order: nodule bacteria of soybean, lupine, pea, lentils. The toxicity of 
the pesticides increased in the following order: Maxim, Protekt, Protekt Forte 
(Fig. 1). 

The survival rate of rhizobia in a mixture with disinfectants also signifi-
cantly depended on the temperature at which the mixture was kept. The more 
toxic for rhizobia was the disinfectant (Fig. 2), the more clearly the positive 
effect of low temperatures on the survival of nodule bacteria was manifested. 
The role of the temperature factor grew with increasing concentration of the 
disinfectant. Thus, the proportion of surviving nodule bacteria of soybean in a 
mixture with a 10% Maxim fungicide solution 8 hours after the mixing at 2-
5 C and 16-18 C was 72.02 and 68.88%, respectively. At the same time, the 
values of 65.73 and 31.12% were obtained for a 20% solution of the fungicide. 
The revealed pattern turned out to be valid for each examined biopreparation—
disinfectant pair. 

In some cases, the active ingredient of the fungicide was not the main 
factor determining the dynamics of reducing the number of rhizobia. For ex-
ample, the Maxim disinfectant, which is very low-toxic for all studied rhizobia 
species, contains the same active ingredient and is in the same concentration 
as the much more toxic preparation Protekt (Table). At the same time, the tox-
icity of the Protekt fungicide for soybean and lupine rhizobia was comparable to  

 

 
Fig. 1. The proportion of survived rhizobia Bradyrhizobium 
japonicum 634b (I), Bradyrhizobium lupini 367a (II), Rhizobi-
um leguminosarum 261b (III) and Rhizobium leguminosarum 
712 (IV) mixed with 10% (a) and 20% (b) solutions of fungi-
cides Maxim (1), Protekt (2) and Protekt Forte (3) (the mix-
ture of cultures and fungicides was kept for 8 h at 16-18 C ). 
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Fig. 2. The number of colonies of Brad-
yrhizobium japonicum 634b in solution 
with 20% Maxim (A) and Protekt Forte 
(B) fungicides, depending on the expo-
sure time and temperature of the mix-
ture: 1 — room temperature (control), 
2 — 2-5 C, 3 — 16-18 C, 4 — 27.5 C. 

 
Protekt Forte, despite the fact 
that the latter has almost 2 times 
the concentration of fludioxonil 
and the second active ingredient, 
flutriafol (see Table). The con-
trol was a 20% working solution 
of bacterial suspensions in tap 
water; all the differences between 
the experimental and correspond-
ing control variants are statistical-
ly significant at p < 0.05. 

The analysis of domestic 
and foreign literature on the fac-
tors of toxicity of disinfectants for 
bacteria showed that the active 
substances of most disinfectants 
(in a pure form) were identified 
by researchers as toxic to rhizo-
sphere microorganisms to some 
extent [26, 27], including nod-
ule bacteria [28, 29]. It is repor- 

ted [30] that contact of soybean rhizobia on inoculated seeds with such com-
mon fungicidal substances as captan and thiram (contact fungicides), as well as 
benomyl, carbendazim, difenoconazole and tebuconazole (systemic fungicides), 
causes a significant reduction in the numbers of viable bacteria. 

 

The proportion of rhizobia surviving in a mixture with 10 and 20% solutions of fun-
gicides, depending on the time from the moment of mixing (the mixture was kept at 
a temperature of 16-18 °C) (M±SEM) 

Hours 

Rhizobia and fungicide concentration 
Bradyrhizobium Rhizobium  

japonicum 634 lupini 367а leguminosarum 261б leguminosarum 712 
10 % 20 % 10 % 20 % 10 % 20 % 10 % 20 % 

M a x i m  SC 
2 79.02±4.95 67.31±3.56 82.56±5.64 73.76±4.26 83.43±5.23 81.6±5.26 81.67±5.27 63.33±3.21 
4 75.52±4.20 65.91±3.24 75.36±4.58 69.92±3.98 74.11±4.13 67.2±3.89 71.67±7.13 60.00±3.14 
8 68.88±3.98 31.12±1.72 64.48±3.67 47.36±2.58 70.19±3.98 34.7±1.94 41.67±2.10 23.33±0.79 

P r o t e k t  SC 
2 75.20±4.45 50.30±3.12 60.69±3.33 33.49±1.49 62.58±3.09 31.11±1.21 81.67±5.28 13.41±0.26 
4 58.57±2.89 32.47±1.32 48.43±2.98 25.63±0.71 52.02±2.27 22.14±0.76 71.67±7.16 3.66±0.19 
8 36.25±1.97 18.23±0.45 35.06±1.73 9.43±0.14 32.52±1.67 13.98±1.05 41.67±2.13 0.00 

P r o t e k t  F o r t e  WSC 
2 69.73±3.64 52.93±3.16 55.03±3.57 38.76±2.03 39.00±1.99 17.00±0.54 2.62±0.16 0.00 
4 46.12±2.31 27.73±0.86 46.64±2.75 18.12±0.41 36.00±1.75 14.00±0.34 1.07±0.12 0.00 
8 28.68±0.95 22.03±0.69 22.65±0.74 3.69±0.10 22.00±0.68 1.00±0.12 0.12±0.10 0.00 
N o t e. All differences between the experimental and corresponding control variants are statistically significant at 
p  < 0.05. 

 

Not all active ingredients of disinfectants are unequivocally toxic in rela-
tion to all species and strains of rhizobia. Thus, in the work by Tariq et al. [31], 
pea rhizobia are defined as benzimidazole-resistant. According to another study 
[32], fludioxonil has a significant toxic effect on soybean rhizobia. The authors 
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state [32] that the contact of soya rhizobia with fludioxonil on inoculated seeds 
significantly reduces the number of surviving bacteria as compared with the con-
trol 24 and 48 hours after the inoculation. The addition of alginate polymer to 
the inoculant significantly increased the survival rate of rhizobia in contact with 
fludioxonil [32]. It allows suggesting that, in the authors' experiment, the best 
survival rate of rhizobia mixed with the Maxim disinfectant compared to the 
Protekt disinfectant is not associated with the greater toxicity of the additional 
components in the composition of the latter, but with the protective effect on 
the polymer rhizobia in the Maxim preparation. This assumption is supported by 
the fact that some water-soluble polymers actually increase the overall resistance 
of rhizobia to adverse environmental conditions; in particular, the addition of 
sodium alginate and carboxymethylcellulose to the bacterial suspension signifi-
cantly increases the shelf life of the bacterial preparation [33]. Apparently, not 
only the composition and concentrations of the active ingredients of the disin-
fectant are important but also the composition and concentrations of the addi-
tional components (film-forming polymers, surfactants, emulsifiers, antiseptics, 
etc.), that is, the so-called formulation of the preparative form of the disinfect-
ant. A number of studies have confirmed the strongest influence of film-forming 
polymers, adjuvants, and surfactants on the survival of bacteria in biological 
preparations [34]. 

There are the reports that different brands of disinfectants [35] and dif-
ferent temperature regimes during storage of tank solutions significantly affect 
the survival of bacteria in such solutions. A number of studies have shown the 
ability of rhizobia to decompose pesticides [36], which, however, is quite com-
mon among rhizosphere microorganisms [37]. According to the available data 
[38, 39], the slow-growing rhizobia of soybean Bradyrhizobium japonicum and the 
fast-growing rhizobia of soybean Sinorhizobium fredii can grow on a mineral and 
plant agar medium with the addition of the production concentration of the fun-
gicide Maxim. At the same time, the intensity of their growth is either not infe-
rior to that in the control [38] or slightly decreases [39]. 

It should be noted that the absence of a clear toxic effect of a disinfect-
ant with respect to rhizobia in a joint tank solution does not at all guarantee the 
prevention of negative consequences for nodulation [40, 41]. A number of works 
describe the inhibitory effect of the Maxim fungicide on the intensity of nodule 
formation in inoculated soybean plants [24], while seed disinfecting and inocula-
tion were separated in time. At the same time, some authors highlight [39] that 
inoculation of soybean seeds with the treatment with Maxim fungicide provides 
more intensive nodulation, increase in the aerial mass and reliable yield increase, 
compared with inoculation "in its pure form". 

Thus, it can be stated that among the studied rhizobia, the nodule soy-
bean bacteria (Bradyrhizobium japonicum 634b) were the most resistant to the 
disinfectants, and the nodule lentil bacteria (Rhizobium leguminosarum 712) were 
the least resistant. In turn, among the used disinfectants, the least toxic for rhi-
zobia was the fungicide Maxim, and the most toxic – Protekt Forte. The disin-
fectants Maxim and Protekt, prepared on the basis of the same active ingredient 
with the same concentration, differed sharply in toxicity. Probably, the toxicity 
of these fungicides for nodule bacteria is associated not only and not so much 
with the active substances in their composition but also with those additional 
components (film-forming polymers, surfactants, emulsifiers, antiseptics, etc.) 
that the manufacturers add to a disinfectant of this or that brand to improve its 
technological properties (formulation of the preparative form of the disinfectant). 
The presence of rhizobia in the same solution with disinfectants negatively af-
fects the survival of bacteria: the longer the mixture was kept, the less amount of 
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viable rhizobia remained. With increasing temperature of the mixture and the 
concentration of disinfectants in the solution, their toxicity increases. Low tem-
peratures (2-5 C) significantly increase the survival rate of rhizobia. 
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A b s t r a c t  
 

Currently, chemical method is deemed the most effective for plant protection against two-
spotted spider mite Tetranychus urticae Koch. However, pest resistance when using chemicals for a 
long time remains among the main challenges. Rather short list of insectoacaricides approved for 
greenhouse farming in Russia aggravates the problem, since effectiveness of pest resistance control 
via rotation of pesticides decreases. One more thing is imported propagating material of ornamental 
crops infested by spider mites resistant to commonly used pesticides. Bifenazate is being successfully 
applied in different countries for phytophagous mite control. This work is the first rationale for the 
use of a novel acaricide Floramite® (bifenazate, 240 g/l) against spider mites in Russia. Our objec-
tive was to estimate the rate of Floramite®-resistance formation and cross-resistance to most used 
insectoacaricides in laboratory spider mite lines which are highly resistant to commonly used insec-
toacaricides. These lines were S-vniif (no contact to pesticides), S-floramite (derived from S-vniif to 
study resistance to Floramite® in the course of selection), R-vertimec (resistant to abamectin, R-
fitoverm (resistant to aversectin C), R-talstar (resistabt to bifentrin), R-actellik (resistant to pirimi-
phos methyl), and R-BTB (resistant to bitoxibacilline biologicals based on Bacillus thuringiensis var. 
thuringiensis). The resistance ratios (RR50 and RR95) were calculated from the ratio of average lethal 
concentrations of LC50/LC50 and LC95/LC95 for the selected line and susceptible parental line. The 
ratio of 10-fold (RR50 = 10½) and higher values stand for true resistance, those less than 10-fold 
value stand for tolerant. We studied formation of Floramite® resistance for 3.5 years. As per our 
findings, the mites show more than 5000-fold resistance to Floramite® after 53 treatments with this 
acaricide during 120 generations (for the majority of the most known insectoacaricides maximum re-
sistance appears during 17-25 generations). No cross-resistance to floramite is detected in the lab lines 
of mites resistant to bitoxybacillin (B. thuringiensis) and Vertimec® (abamectin), with 1.2-1.8-fold 
RR50, respectively. The mite lines resistant to fitoverm, Vertimec® and Actellic® show tolerance to 
Floramite® at RR50 of 2.8½, 2.9½ and 3.6½, respectively. Thus, due to slow growth of T. urticae re-
sistance to Floramite® and its potential in eradication of mite populations resistant to different pesti-
cides, Floramite® should be approved in domestic protocols for greenhouse farming.  

 

Keywords: two-spotted spider mite, Tetranychus urticae, Floramite®, bifenazat, resistance, 
cross-resistance, insectoacaricides, greenhouses 

 

The two-spotted spider mite Tetranychus urticae Koch (Acariformes: 
Tetranychidae) is one of the most dangerous pests of crops in fields and green-
housees. For many decades, it has been controlled by pesticides. However, the 
ability of phytophages to develop resistance to them quite rapidly often creates 
unconquerable difficulties in the plant protection practice. This challenge con-
cerns not only the agricultural industry but also other human activities. The is-
sues of the resistance of the spider mites have been widely reported. It has been 
established that they may develop resistance to almost all groups of pesticides, ir-
respective of their origin [1-6]. The Insecticide Resistance Action Committee 
(IRAC) has included the two-spotted spider mite into the list of 20 arthropod 
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species that have reached critical resistance to pesticides in the pest areas [7]. In 
Russia, the resistance of Tetranychus mites is of particular danger in the protect-
ed ground, where beneficiary conditions for massive pest irruptions are provided. 
The situation is additionally worsened by an insufficiently wide arsenal of 
insectoacaricides approved for use in the Russian territory. 

Over the recent years, a significant problem has been the almost coun-
try-wide resistance of the two-spotted spider mite to avermectin agents, which 
have been continuously used for over 20 years in floral and vegetable facilities. 
Monitoring of the abamectin resistance carried out by the authors in 2011-2013 
has shown that in the vegetable crops the resistance ratio (RR50) of the two-
spotted spider mite varied from 48- to 1300-fold; in greenhouse roses, it was 
from 3.7- to extremely high 3300-fold. Together with this, in the greenhouses 
the transportation of the avermectin-resistant spider mite populations (on the 
rose planting material) from abroad was frequently registered [8, 9]. During exten-
sive chemical treatments, the resistant pest populations rapidly restore and signifi-
cantly increase their numbers, which adversely affects the phytosanitary state of 
the greenhouses and leads to additional economic costs. 

Practice demonstrates that the measures for successful prevention and 
overcoming of the pest resistance should be based on continuous improvement of 
the pesticide arsenal, taking into the account the modern physiological, biochemi-
cal and genetic impressions about its formation [10]. An important role belongs to 
the investigation of the population biology of developing resistance to novel pesti-
cides. This provides a possibility to predict the emergence of resistance and take 
operative measures on selection and rational application of pesticides. 

The bifenazate-based acaricides were registered at the end of the last 
century in the USA and United Kingdom. Currently, these are positioned in 
many countries as effective agents for controlling the herbivore mites of different 
crops [11-14]. It is important to note that bifenazate, having a selective activity, 
is more toxic to herbivore mites than to carnivorous Phytoseiidae. Therefore, it 
may be used in combination with biological means for controlling the pests [15]. 
In China, monitoring of field populations of the two-spotted spider mite re-
sistant to abamectin has shown that the pests have retained sensitivity to 
bifenazate [16]. The similar results were obtained at studying various crops in 
greenhouses and in open ground in Cyprus, where the tested mite populations 
exhibited sensitivity to bifenazate [17].  

The literature data about the emergence of bifenazate-resistant popula-
tions of spider mites are rare. Development of resistance to bifenazate at the ear-
ly stage has been found in two-spotted spider mite in cucumber plants in Jordan 
[18]. In Korea under laboratory conditions, the acaricides sensitivity was deter-
mined in eight populations of two-spotted spider mite collected on roses in 
greenhouses; two of these were resistant to bifenazate [19]. Further laboratory se-
lection of one of such populations for 4 years has led to the formation of 248.8-
fold bifenazate resistance. Cross-resistance of female mites to acenoquinocyl and 
fenpyroximate, and that of eggs to amitraz, emamectin benzoate, fenpyroximate, 
milbemectin, pyridaben and spirodiclofen was found. At the same time, the ab-
sence of cross-resistance to emamectin benzoate and milbemectin in females and 
that to abamectin in pest eggs was found [20]. 

In the studies by T. van Leeuwen et al. [21], the artificial selection of 36 
generations of two-spotted spider mite has led to more than 164-fold resistance 
to bifenazate. The bifenazate-resistant line had no cross-resistance to other acari-
cides [22]. In other studies, there was no cross-resistance to bifenazate in the la-
boratory lines of two-spotted spider mite with 580-fold resistance to chlorfenapyr 
[23]. A possibility of inhibiting bifenazate activity by insectoacaricides from the 
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organophosphate and carbamate classes has been found at using them against 
spider mites [24].  

In the present papre, the authors have substantiated a possibility of using 
for the first time the Floramite® 240 SC acaricide, novel in Russia, against pop-
ulations of two-spotted spider mite, resistant to insectoacaricides from various 
groups used in the protected ground. It was shown that the resistance to this acari-
cide develops in mites very slowly, and the resistance to other recommended aca-
ricides does not cause cross-resistance to Floramite.  

The aim of the study was to identify the features of forming resistance to 
Floramite® agent in two-spotted spider mite.  

Techniques. The following insectoacaricides allowed for application in 
Russia were used in this study: Vertimec® EC, 18 g/l (abamectin) (Vertimec® 
018 EC, abamectin, Syngenta AG, Switzerland); Phytoverm® EC, 2 g/l, active 
ingredient aversectin C (Farmbiomed LLC, Russia); Talstar® EC, 100 g/l, active 
ingredient bifenthrin (Talstar 10 WP, bifenthrin, FMC Chemicals, Belgium); 
Actellic® CE, 500 g/l, active ingredient pirimiphos-methyl (Actellic® 50 EC, pi-
rimiphos-methyl, Syngenta AG, Switzerland); Bitoxibacillin® P, BA 1500 EA/mg, 
Bacillus. thuringiensis var. thuringiensis (Sibbiofarm LLC, Russia). 

The experiments were carried out using the standard (sensitive) line of 
the two-spotted spider mite (Tetranychus urticae Koch) cultured in laboratory and 
never exposed to pesticides (S-vniif); a subline isolated therefrom for studying the 
rate of forming the Floramite resistance (S-floramite); mite lines selected in the 
laboratory by resistance to Vertimec® (R-vertimec), Fitoverm® (R-fitoverm), 
Talstar (R-talstar), Actellic® (R-actellic) and Bitoxibacillin® (R-BTB). The 
lines were maintained by stabilizing treatments with the said pesticides and were 
further used for studying cross-resistance. The mites were maintained in isolated 
glass boxes on the young plants of Sax bush bean at the temperature of 22±3 C, 
relative air humidity of 55-70% and 18 h light period.  

In the experiments on the study of the development of resistance to Flo-
ramite® 240 SC (Floramite, 240 g/l, active substance bifenazate, Floramite® 
240 SC, bifenazate, Chemtura AgroSolutions, USA), the starting mite subline 
(S-floramite) was subjected to sequential selective treatment with the pesticide. 
The bean plants populated by spider mites (about 2000 mobile mites on 100 
leaves) were cut and immersed into an aqueous solution of the pesticide for 3 s; 
the survived mites were allowed to move to the untreated plants. For the starting 
treatment, the acaricide concentration of 0.0001% AI (or 1.0 μg AI/ml) was se-
lected in such a way so as to cause the death of at least 85% of mites. At the 
restoration of numbers of the mite to the conditionally starting one, the treat-
ment was repeated. As the mortality of mites decreased, the norm of the pesti-
cide was increased at the next treatment to a value sufficient to maintain its high 
efficiency. Mites at all stages of development were simultaneously subjected to 
acaricide, and the results were taken into account with respect to females only. 
The mortality was assessed after each treatment; the resistance of females to Flo-
ramite® was assessed after every 8-10 generations. The criterion of resistance 
development was the resistance ratios (RR50 and RR95), established from the ratio 
of lethal concentrations LC50/LC50 and LC95/LC95 in the selected and parental 
(sensitive) lines. The true resistance was the ten-fold (RR = 10½) and higher, the 
tolerance was the parameter of less than 10-fold. 

In order to determine the lethal concentrations of the pesticides CL50 
and CL95 at determining the rate of resistance development and investigation of 
cross-resistance, the bean plants populated with female mites (at least 100 mites 
each) at the phase of 2 true leaves were immersed into aqueous acaricide solu-
tions of 5-7 increased concentrations (from minimal, causing death of 5-10% 
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sensitive specimens, to maximal, leading to death of 90% specimens and more). 
Death of females was taken into the account after 24 h (Actellic®), 72 h (Ver-
timec®, Fitoverm®, Talstar, Floramite®) and 5 days (Bitoxibacillin®) after 
treatment.  

All experiments were carried out in accordance with methodical recom-
mendations for entomological and toxicological studies [25, 26] in 4-fold frequen-
cy. The experimental data were processed by the statistical method of probit 
analysis.  

Results. The Floramite® 240 SC (bifenazate) is not yet registered in 
Russia, but is of interest as a prospective acaricide. It belongs to a new group of 
chemical compounds with a different mechanism of action and may be used in 
the pesticide alternation system in order to overcome resistance to avermectins, 
and it is of low hazard to predatory mites and beneficial insects.  

Formation of resist-
ance to Floramite® in two-
spotted spider mite was quite 
prolonged. In 20 generations, 
the female mortality was al-
most constant (81-89%), alt-
hough the pesticide concen-
tration was twice increased 5- 
and 10-fold compared to the 
starting one for this period 
(Fig.). By the time of devel-
opment of the 40th genera-
tion, the 2.5-fold concentra-

tion increase has led to a drastic decrease in female mortality (65%). Further in 
the selection, the same trend was observed in the mite reaction to the pesticide. 
In the 60th generation, in response to another 2-fold concentration, an increase 
(81%) and then a rapid decrease in mortality followed (up to 51%). Alteration of 
mortality decrease rates indicates a beginning of a new stage of resistant geno-
type accumulation. However, from the 97th generation, the female mortality 
began to decrease at a continuous increase in the Floramite® concentration (the 
pesticide norm was adjusted to 0.1% AI, or 1000 μg AI/ml). This period may be 
regarded as the beginning of pest resistance stabilization.  

The first notable, 5.1-fold, alteration of the average lethal concentration 
of Floramite® was detected at the 13th generation (Table 1). By the 31st gen-
eration, the resistance of the treated line exceeded the control 76.4-fold, by the 
45th generation 180.6-fold. Such resistance held for quite a long time, up to the 
70th generation; the mites were characterized by an almost identical reaction to 
the wide range of the Floramite® concentrations. A continuation of selection 
has led to a rapid increase in resistance (5125-fold to the 113th generation), an 
extremely high value for the studied pesticide. The experiment took 3.5 years: 
before the line achieved stable resistance, 53 Floramite® treatments were carried 
out. The selection was carried out up to the 120th generation. At the final phase 
of selection, the stabilization of the resistance development process occurred and 
no reliable alterations in the resistance ratio were observed (RR50 5160). As a 
rule, at the artificial selection, resistance to most of the known insectoacaricides 
(organophosphorus, sulfurous and others) emerges in mites quite rapidly, in 17-
25 generations on the average [2]. The resistance to Floramite® formed more 
slowly; however, it should be taken into account that, as is seen from the ob-
tained data (see Table 1), at laboratory selection the use of Floramite® was ef-

 
Mortality of female two-spotted spider mites (Tetranychus 
urticae Koch) treated with Floramite® 240 SC (240 g/l, 
bifenazate) at various concentrations (laboratory experiment). 
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fective only up to the 45th generation of the pest (at about one and half years). 
The subsequent treatments (up to the 70th generation) have led to the develop-
ment and maintaining of almost 200-fold resistance. It is obvious that at the 
formation of such resistance in the population, further use of the pesticide is not 
effective. At approximation under commercial greenhouse conditions, the devel-
opment of analogous resistance at continuous use of Floramite® may occur ap-
proximately in at least 2 to 2.5 years. The similar processes were noted by the 
authors for the avermectin pesticides in 2-3 years and in 10-15 years in industrial 
greenhouses [8, 28, 29].  

1. Ratios of resistance to the Floramite® 240 SC (240 g/l, bifenazate) pesticide in 
female two-spotted spider mites (Tetranychus urticae Koch) during the selection 
process (laboratory experiment) 

Generation Number of 
treatments LC50, μg AI/ml LC95, μg AI/ml Resistance ratio 

RR50 RR95 
P 0 0.07 

(0.07¼0.13) 
0.57 

(0.25¼1.34) 1 1 
13 5 0.37 

(0.31¼0.76) 
2.70 

(1.99¼3.33) 
5.1 4.7 

31 15 5.5 
(3.41¼6.00) 

32.00 
(29.00¼36.00) 

76.4 56.1 

45 20 13.00 
(12.00¼15.30) 

440.00 
(320.00¼600.00) 

180.6 771.9 

65 28 12.50 
(11.00¼13.10) 

260.00 
(110.00¼420.00) 

173.6 456.1 

70 31 13.90 
(12.20¼14.40) 

490.00 
(476.00¼503.00) 

193.1 859.6 

100 48 130.00 
(110.00¼150.90) 

2700.00 
(1300.00¼5600.00) 

1806 4737 

113 51 369.00 
(300.00¼452.00) 

2460.00 
(1100.00¼5940.00) 

5125 4316 

120 53 372.00 
(331.00¼491.00) 

2808.00 
(1900.00¼6900.00) 

5167 4926 

N o t e. P — parental (sensitive) line, LC50 and LC95 — lethal concentrations of pesticide causing death of 50% 
and 95% females, RR50 and RR95 — the resistance ratios determined from the ratios of LC50/LC50 and 
LC95/LC95 in the selected and parental lines. The confidence limits at p = 0.05 are recited in parentheses 

 

2. Resistance to Floramite® 240 SC (240 g/l, bifenazate) pesticide in female two-
spotted spider mites (Tetranychus urticae Koch) from the lines resistant to other 
insectoacaricides (laboratory experiment) 

Line LC50, μg AI/ml LC95, μg AI/ml Resistance ratio 
RR50 RR95 

S-vniif 0.07 
(0.07¼0.13) 

0.57 
(0.25¼1.34) 

1 1 

R-vertimec 0.13 
(0.12¼0.15) 

3.30 
(1.80¼60.0) 

1.8 5.8 

R-fitoverm 0.21 
(0.17¼0.26) 

3.16 
(1.30¼7.70) 

2.9 5.5 

R-talstar 0.26 
(0.22¼0.31) 

6.10 
(3.27¼10.11) 

3.6 10.7 

R-actellik 0.20 
(0.17¼0.24) 

3.62 
(1.71¼7.69) 

2.8 6.4 

R-BTB 0.08 
(0.07¼0.09) 

0.84 
(0.42¼1.68) 

1.2 1.5 

N o t e. See the description of lines in the Techniques section. LC50 and LC95 — lethal concentrations of pesticide 
causing the death of 50% and 95% females, RR50 and RR95 — resistance ratios determined from the ratios of 
LC50/LC50 and LC95/LC95 in the selected and parental lines. The confidence limits at p = 0.05 are recited in 
parentheses. 

 

In commercial farming, an extension of the useful life of the pesticide is 
probable. In the protected ground, at low diversity of pesticides allowed for use 
against spider mites, it is possible to overcome the resistance at a combination of 
non-related pesticides. However, the manifestation of cross-resistance signifi-
cantly decreases the effect of protective measures and sometimes it makes im-
possible the use of even those pesticides the phytophages never interacted with 
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[2, 3, 30, 31]. 
At the present time, the problem of effective control of spider mites re-

sistant to insectoacaricides, firstly, to avermectin pesticides, is of utmost im-
portance. For example, Vertimec® (active ingredient – abamectin) was widely 
used and exhibited high efficiency for a long time [32, 33], but further, it did not 
provide the required protective activity [9]. This determines the interest in the 
assessment of resistance to Floramite® in laboratory lines of two-spotted spider 
mites resistant to other pesticides. In particular, in the current experiment, the 
authors used the lines which were highly resistant to Vertimec® (1660-fold), 
Phytoverm® (1020-fold), Actellic® (2200-fold), Talstar (283-fold) and Bitoxiba-
cillin® (the mortality of resistant females did not exceed 5-7% at treatment with 
sub-lethal concentration) (Table 2).  

The authors hereof have established the absence of cross-resistance to 
Floramite® in the two-spotted spider mite lines resistant to Bitoxibacillin and 
Vertimec® (the resistance ratios are correspondingly 1.2½ and 1.8½). In the 
lines resistant to Fitoverm®, Talstar and Actellic®, the 2.8 to 3.6-fold tolerance 
to Floramite was found. The results concerning Vertimec® and Actellic® ob-
tained in the studies correspond to the literature data. For example, in the studies 
by Lee et al. [19] the populations of two-spotted spider mite resistant to abamectin 
(3822-fold) and to pirimiphos-methyl (increase to 77-fold) exhibited resistance 
to bifenazate. There are reports about the absence of cross-resistance to bifenazate 
in the abamectin-resistant (1294-fold increase) T. urticae line [27].  

Therefore, at laboratory selection of the sensitive sub-line of two-
spotted spider mite (S-floramite) for resistance to the Floramite® 240 SC pes-
ticide, resistance develops quite slowly (RR50 over 5,000 for the time of devel-
opment of 120 generations). In the mite lines that are resistant to Bitoxibacil-
lin® and Vertimec®, no cross-resistance to Floramite® is found. The mites 
from the lines resistant to Fitoverm®, Talstar 10 WP and Actellic® exhibite 
tolerance to Floramite®. These results indicate that Floramite® 240 SC 
(Floramite EC, 240 g/l, bifenazate), if registered in the Russian territory, may 
be effectively employed against two-spotted spider mite, including its popula-
tions resistant to insectoacaricides. 
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A b s t r a c t  
 

The bioherbicides should exhibit stable effectiveness in the field, be specific and quick in 
action, compatible with other preparations and meet market demand. In many ways, the cost and 
quality of product is determined by the technology of obtaining infectious material. An infectious 
material is used as a mycelium and its modifications and as conidia as well. The extreme sensitive of 
the mycelium to drying is often referred as main disadvantage of using it as the basis of a formula-
tion. At the same time, the technological process of obtaining conidia is often more complicated, 
and the efficiency in the field is less than the mycelium has. The phytopathogenic fungus Stagonospo-
ra cirsii J.J. Davis, which is causative agent of a leaf spot disease of creeping perennial weeds in the 
family Asteraceae, is considered a potential mycoherbicide of Canadian thistle Cirsium arvense (L.) 
Scop. However, the yield of C. cirsii C-163 mycelium on standard nutrient media is significantly 
lower than that used in biotechnology (3 g/l). Our paper is the first to report that manipulation with 
liquid nutrient medium allows a significant increase in S. cirsii mycelium pathogenicity and tolerance 
to exsiccation. The study is devoted to the optimization of liquid-phase deep fermentation parame-
ters, as well as the duration of cultivation and composition of a nutrient medium, in order to obtain 
the C. cirsii C-163 mycelium with improved mycoherbicidal properties. This infection material is a 
good basis for development formulations that can be used both individually and jointly with other 
protective agents for perennial weed control. The advantage of the approach used in the work is that 
the resistance to drying, an important technological parameter which largely determines the success 
of the herbicides, was additionally considered, along with virulence and mycelial yield, during the 
optimization of fermentation parameters. The strain C. cirsii C-163 was used. The 10-day inoculum was 
obtained in Petri plates on potato dextrose agar medium. The mycelium was incubated in 250-ml Er-
lenmeyer flasks containing 50 ml of the medium at 130 rpm and 24±2 C for 2-7 days. The base 
liquid nutrient media contained carbon source (20 g/l), organic (10 g/l) or inorganic (3.5 g/l) nitro-
gen source, yeast auto lysate (1 g/l), KH2PO4 (1 g/l), MgSO4 (0.5 g/l). Dulcite, rhamnose, L-
inositol, L-arabinose, D-sorbitol, glucose, trehalose, and sucrose were a source of carbon. Casein, 
soy peptone, enzyme peptone, soy flour, gelatin, lecithin, ammonium dihydrogen phosphate, ammo-
nium chloride, ammonium sulfate, and sodium nitrate were a source of nitrogen was. The pH of all 
liquid nutrient media was adjusted to 6.0. To establish the optimum concentrations of sucrose and 
soy flour in a nutrient medium with yeast auto lysate (1 g/l), KH2PO4 (1 g/l), MgSO4 (0.5 g/l), the 
amount of sucrose was changed from 10 to 70 g/l with a step of 10 g/l and the concentration of soy 
flour was changed from 5 to 20 g/l with a step of 2.5 g/l. The degree of leaf damage caused by dis-
ease was estimated by the necrosis area of leave disks or whole plants (5-6 true leaves). Drying of har-
vest mycelium, humidity 85-87 %, was carried out in a thin layer (1-2 mm) with flowing air at 30 C 
without protectors for 3 hours. The highest yield of mycelium is when the carbon source in the nu-
trient medium is L-inositol. When inositol is substituted with sucrose or D-sorbitol, the biomass 
yield reduces by 25 %. At the same time, these nutrient media gave the most aggressive mycelium. 
Among nitrogen sources, the maximum yield of mycelium is in the case of casein, soy flour and 
enzymatic peptone. In the process of drying mycelium, loss of viability of propagules turned out to 
be significant. The mycelium obtained on sucrose-soy nutrient medium is the most resistant to dry-
ing. The most viable and aggressive mycelium was formed in the middle of the exponential growth 
phase which occurred on day 3 when cultivated in flasks on a soya-sucrose nutrient medium. Opti-
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mization of the concentration of soybean flour (15 g/l) and sucrose (60 g/l) makes it possible to 
increase the yield and aggressiveness of mycelium 12 and 4 times, respectively, as compared to  
Czapek medium. Thus, the present study provides a method for the preparation of a mycelium hav-
ing a high aggressiveness to the host-plant and a capability to remain viable during drying. The pro-
spects of such a method of obtaining an infectious material are proved. 

 

Keywords: phytopathogenic fungi, Stagonospora cirsii J.J. Davis, Cirsium arvense (L.) Scop., 
Canada thistle, submerged liquid cultivation, carbon source, nitrogen source, mycelium, mycoherbicide 

 

Among more than 200 species of fungi and bacteria that were considered 
as potential bioherbicides of diverse action spectrum, by 2011 only 8.1% had 
become the basis for production of commercial formulations, 19.4% had been 
registered but not commercialized, and 72.5% had not confirmed their effective-
ness [1]. The reason is that the commercial success of the bioherbicide is 
determined not only by the virulence for the target object, but also by its 
effectiveness in the field, the specificity and speed of action (aggressiveness), 
processability, the cost of the nutrient media used in the manufacturing cycle, 
the compatibility with other biological and chemical preparations, as well as the 
market demand [2, 3].  

The technology of obtaining biological preparations is determined by the 
nature of the original infectious material. Most of the registered mycopesticides 
are developed on the basis of conidia, in some cases mycelium and its modifica-
tions are used for this purpose. The sensitivity of the mycelium to drying is often 
referred to as its main disadvantage. At the same time, the technological process 
of obtaining conidia is often more complicated, and the efficiency in the field is 
less stable than the mycelium has [3, 4].  

The phytopathogenic fungus Stagonospora cirsii J.J. Davis is considered a 
potential mycoherbicide of Canadian thistle Cirsium arvense (L.) Scop. [5]. A 
leaf spot disease of creeping perennial weeds in the family Asteraceae can be 
caused by conidia as well as S. cirsii C-163 mycelium fragments. Strains of this 
species form conidia only under the influence of ultraviolet [5]. S. cirsii C-163 
mycelium can cause disease of weeds under more severe temperature and hu-
midity conditions than conidia [6]. The advantages of the use of preparations 
based on mycelium in the field are also shown for other potential mycoherbi-
cides [6-9]. It is partly explained by the autoinhibition of the conidia develop-
ment at their high number [10, 11]. The cases are known when phomoid mi-
cromycetes conidia obtained in vitro were avirulent [12]. In addition, the 
emergence of a synergistic effect in the co-use of mycelium and chemical 
herbicides in low doses provides more stable effectiveness of preparations based 
on mycelium in the field [13-15]. Therefore, S. cirsii mycelium is considered 
primarily as the infectious material for the development of a bioherbicide 
against Canadian thistle. 

Compared to solid-phase cultivation, liquid-phase deep fermentation is a 
simpler and faster way to obtain infectious material [16-18]. The development of 
this technology includes the optimization of the nutrient medium for the viabil-
ity and aggressiveness of the material [16]. For phytopathogenic micromycetes, it 
is shown that the aggressiveness of infectious material is determined by the na-
ture of carbon and nitrogen sources, their ratio and absolute concentration [19-
21], as well as the physiological state of propagules [6]. It is necessary to note 
that for phomoid micromycetes, which include S. cirsii, the comprehensive study 
to assess the impact of the cultivation duration, the nature, and concentration of 
carbon and nitrogen sources on the quality of the mycelium, obtained in the 
result of deep fermentation, has not been carried out.  

This paper is the first to report that manipulation with liquid nutrient 
medium allows a significant increase in S. cirsii mycelium pathogenicity and tol-
erance to exsiccation. 
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The work objective was to optimize the composition of the nutrient me-
dium (according to C, N sources) and the duration of deep liquid-phase cultiva-
tion to increase the yield of virulent mycelium of Stagonospora cirsii C-163.  

Techniques. The strain S. cirsii C-163, which was stored at 5 C in test 
tubes on potato-dextrose agar and at 80 C in 10% glycerin, was used in the 
work. The inoculum was obtained on potato-dextrose agar. 

The mycelium was incubated in 250-ml Erlenmeyer flasks containing 50 
ml of the nutrient medium in the orbital shake-flask propagator (at 180 rpm). The 
carbon (dulcite, rhamnose, L-inositol, L-arabinose, D-sorbitol, glucose, trehalose, 
and sucrose) and nitrogen (casein, soy peptone, enzyme peptone, soy flour, gela-
tin, lecithin, ammonium dihydrogen phosphate, ammonium chloride, ammonium 
sulfate, and sodium nitrate) sources varied in liquid nutrient media. The following 
media composition was used: carbon source (20 g/l), organic (10 g/l) or inorganic 
(3.5 g/l) nitrogen source, yeast autolysate (1 g/l), KH2PO4 (1 g/l), MgSO4 
(0.5 g/l). The pH of liquid nutrient media was adjusted to 6.0 before autoclaving 
(taking into account the optimal pH 5-6 for the development of the S. cirsii myce-
lium) [8]. 

To establish the optimum concentrations of sucrose and soy flour in a 
nutrient medium with yeast autolysate (1 g/l), KH2PO4 (1 g/l), MgSO4 (0.5 g/l), 
the amount of sucrose was changed from 10 to 70 g/l with a step of 10 g/l and 
the concentration of soy flour was changed from 5 to 20 g/l with a step of 2.5 
g/l. The optimal cultivation time was determined in the range from 2 to 7 days 
at 25±2 C on a nutrient medium (pH 6.0) of the following composition: soy 
flour (14 g/l), sucrose (60 g/l), yeast autolysate (1 g/l), KH2PO4 (1 g/l), MgSO4 
(0.5 g/l). The CFU, mycelium yield by dry weight, pH of culture liquid were 
determined by standard methods [22]. 

The aggressiveness of the mycelium against Canadian thistle was assessed 
with the area of damage of leaf disks or entire plants in the rosette phase. Disks 
with a diameter of 0.8 cm were cut with a Forstner bit from the leaves of the 
middle layer. They were placed in rows of 12 pcs with the adaxial side up in the 
leak-proof clear plastic containers on filter paper moistened with sterile water. 
Leaf disks were inoculated with fragments of S. cirsii C-163 mycelium 
(50 mg/ml) by applying an aqueous suspension (5 μl) to the center of the disc. 
In experiments on entire plants, they were sprayed with an aqueous suspension 
of the same concentration at a flow rate of 1.5 ml/plant. The aggressiveness of S. 
cirsii on the leaf disks was assessed 2 days after inoculation on the relative area 
of necrosis formed at a temperature of 25 C and intermittent (12 h dark/12 h 
light) artificial light. The aggressiveness of S. cirsii on entire plants was deter-
mined by the relative area of leaf necrosis 7 days after inoculation. 

Drying of mycelium (humidity 85-87%) was carried out in a thin layer 
(1-2 mm) with flowing air at 30 °C without protectors for 3 hours. 

The experiments were 
carried out in 4 replications. 
The results were subjected to 
dispersion analysis. Homoge-
neity of variances of the sam-
ples was checked with the 
help of Cochran's Q test. 
Standard deviations (±SEM) 
are given for the means (M). 
The significance of differences 
of mean values is determined 

with the criterion of least significant difference (LSD0.05). Calculations were 

1. Yield and aggressiveness of 4-day Stagonospora 
cirsii C-163 mycelium at different C sources in 
the culture medium (M±SEM) 

Carbon source Biomass yield, g/l Necrosis area, % 
L-inositol 5.60±0.10 20±4 
Sucrose 4.20±0.08 55±4 
D-sorbitol 4.13±0.19 50±4 
Rhamnose 3.79±0.13 23±2 
L-arabinose 3.24±0.23 10±4 
Trehalose 3.11±0.22 35±7 
Glucose 3.08±0.08 25±4 
Dulcite 2.37±0.13 5±2 

LSD05 0.29 9 
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performed in Microsoft Excel 2007. 
Results. The first step in the cultivation conditions optimization for 

S. cirsii C-163 was to select a carbon source for the liquid culture medium. The 
variant with L-inosite as a carbon source provided the greatest yield. Substitution 
of L-inosite with sucrose and D-sorbitol resulted in the reduction of biomass 
yield by 25%. At the same time, the media with sorbitol and sucrose formed my-
celium the most aggressive against thistle (Table 1). Due to this reason, and tak-
ing into account the commercial availability and stabilizing properties of sucrose 
[9], it was used as a carbon source when selecting a nitrogen source at the next 
optimization stage. 

 By varying N sources on 
the medium with sucrose, it was 
found that the yield of dry bio-
mass on nutrient media with or-
ganic nitrogen (with the exception 
of soy peptone) was 12-55 g/l, 
more than by 3 times higher than 
in the standard Czapek medium 
with yeast extract (sodium nitrate as 
nitrogen source) (Table 2). Aque-
ous suspension based on myceli-
um fragments, obtained on nutri-
ent media with casein, peptone, 

soy flour or gelatin, caused the death of disks from the leaves of thistle. The 
maximum yield of mycelium was found for casein, soy flour, and enzyme pep-
tone (Table 2). Nutrient media of such composition were basic at the third stage 
of optimization. 

The possibility of success-
ful stabilization of infectious ma-
terial is formed at the very stage 
of cultivation [23, 24]. Therefore, 
the main selection criterion at the 
third stage of optimization of the 
nutrient medium composition was 
the stability of the mycelium ob-
tained in different nutrient media 

to drying. When drying, the loss of propagules viability was substantial. The 
greatest stability to drying was shown by the mycelium obtained on the sucrose-
soy nutrient medium, which was chosen for further optimization (Table 3). The 
obtained data on the low stability of the S. cirsii C-163 mycelium to drying are 
consistent with those published [3, 8]. In cases when the potential mycoherbi-
cide forms sclerotia, they, taking into account greater thermal tolerance of this 
life-form, are used as the infectious material [25-27]. Phomoid micromycetes do 
not have such ability. Softer drying conditions are provided when receiving pes-
to- and alginate granules. Their use is considered promising in the mycoherbi-
cides development on the basis of the mycelium of phomoid pathogens, since 
this allows reducing losses during drying, and the composition of such formula-
tions may include additional active ingredients that improve effectiveness in the 
field [28-30]. 

At the fourth stage of nutrient medium optimization, the influence of the 
duration of fungus cultivation on the pathogenic properties of the mycelium and 
its yield was evaluated (Fig. 1). The maximum yield of mycelium (about 36 g/l) 

2. Yield and aggressiveness of 4-day Stagono-
spora cirsii C-163 mycelium at different N 
sources in the culture medium (M±SEM) 

Nitrogen source 
Biomass  
yield, g/l 

Necrosis 
area, %  

Casein 55.80±0.11 100±0 
Soy flour 25.29±0.09 100±0 
Enzyme peptone  21.24±0.13 96±5 
Gelatin 18.12±0.14 100±0 
Lecithin 12.01±0.08 75±12 
Soy peptone 6.11±0.17 100±0 
Ammonium dihydrogen phosphate 6.70±0.13 50±4 
Ammonium sulfate  5.12±0.08 58±4 
Sodium nitrate 4.50±0.08 45±7 
Ammonium chloride  4.21±1.30 50±4 

LSD05 0.3 9 

3. Vability of 4-day Stagonospora cirsii C-163 
mycelium at different N sources in the cul-
ture medium (M±SEM) 

Nitrogen source 
CFU, ½106/g 

before drying after drying 
Casein 0.4±0.1 0.05±0 
Enzyme peptone 1.1±0.1 0.10±0.01 
Soy flour 1.2±0.1 0.30±0.01 

LSD05 0.20 0.01 
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corresponded to the beginning of the stationary phase of fungus growth and fell 
on days 4-5 of cultivation. At the same time, the 3-day mycelium showed the 
greatest activity against the thistle, which corresponds to the middle of the expo-
nential phase of the fungus growth, characterized by the most active metabolic 
processes. 

The second peak of bio-
logical activity (day 6) was in 
the stationary phase of growth 
when the formation and accu-
mulation of secondary metabo-
lites occur usually. It is known 
that S. cirsii at stationary culti-
vation on the liquid nutrient 
Czapek medium produces stag-
onolide-similar toxins exhibiting 
phytotoxicity [31]. Substrate nec-
rotization may accelerate the de-
velopment of the disease, so the 
second peak of biological activity 
is associated with the beginning 
of toxin production [32]. 

Since the reduction of fermentation time becomes an important techno-
logical advantage in the deep liquid-phase cultivation, the concentrations of soy 
flour and sucrose for a 3-day mycelium were optimized in further work. The 
analysis of variance of the experimental data showed in all cases a statistically 
significant (p < 0.001) joint and individual influence of the concentrations of 
carbon and nitrogen sources in the liquid nutrient medium on the pathogenicity 
and mycelium yield. This result is fully consistent with the literature data on the 
influence of concentration and ratio of these components of the nutrient medi-
um on the yield and pathogenicity of different types of infectious material, such 
as conidia of Colletotrichum coccoides [21], conidia, microsclerotia, and myceli-
um of C. truncatum [24, 27]. 

The highest yield of dry biomass (36 g/l) was at a concentration of su-
crose 60 g/l and soy flour 15 g/l. A further increase in the soy flour amount re-
duced the yield of mycelium. Evidently, it was due to a decrease in the aeration 
of the nutrient medium due to an increase in its density. When treating the leaf 
disks with an aqueous suspension of S. cirsii C-163 mycelium (25 mg/ml), the 
maximum area of the necrosis was observed at sucrose concentration of 30 g/l 
and above and at a concentration of soy flour 12.5-17.5 g/l. The decrease in 
pathogenicity at high concentrations of soy flour was also associated with a de-
crease in aeration, leading to premature aging and degradation of the mycelium. 
As it can be seen from the graphs (Fig. 2), the range of the maximum values of 
the mycelium yield of the fungus lies within the range of the maximum values of 
the necrosis area. Therefore, the optimal concentrations of carbon and nitrogen 
were chosen according to the maximum yield of the S. cirsii biomass. The opti-
mized sucrose-soy medium (pH 6.0) had the following composition: soy flour 
(15 g/l), sucrose (60 g/l), yeast autolysate (1 g/l), KH2PO4 (1 g/l), MgSO4 (0.5 
g/l). It is necessary to note that with an increase in the degree of aeration, the 
concentrations of sucrose and soy flour optimal for the greatest yield of aggres-
sive mycelium may change and require correction [16]. The yield of dry myceli-
um highly aggressive against Canadian thistle on the optimized sucrose-soy me-
dium for 3 days was 36 g/l. The yield of mycelium did not exceed 3 g/l on the 
initial Czapek medium with yeast extract. 

 

Fig. 1. Aggressiveness (a; LSD05 = 8.0) and the yield of 
mycelium (b; LSD05 = 0.9) of Stagonospora cirsii C-163 
depending on the time of cultivation on the sucrose-soy me-
dium. 
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Fig. 2. Yield (A) and aggressiveness (B) of Stagonospora cirsii mycelium depending on the concentra-
tion of sucrose and soy flour in the medium: a — 0-10, b — 10-20, c — 20-30, d — 30-40 g/l, 
LSD0.05 = 1.5 (A); a — 20-40, b — 40-60, c — 60-80, d — 80-100 g/l, LSD0.05 = 7.0 (B). 

 

Thus, optimization of parameters of liquid-phase deep fermentation pro-
vides more than 10-fold increase in the yield of virulent mycelium Stagonospora 
cirsii C-163 (to levels comparable with the accepted in the biotechnological 
practice). The duration of cultivation and the organic nature of nitrogen in the 
medium significantly affect S. cirsii mycelium properties. The proposed high-
tech method for obtaining an infectious mycelium that retains viability during 
drying can be used in the manufacture of a biological preparation against Cana-
dian thistle.  
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A b s t r a c t  
 

Intensification of agriculture determined the use of biopesticides for plant protection 
against harmful insects and phytopathogens. Currently, the biological preparations derived from the 
entomopathogenic bacterium Bacillus thuringiensis are of considerable interest since they have high 
specificity of action, safety for humans, warm-blooded animals, beneficial insects and the environ-
ment. High adaptive capacity of B. thuringiensis underlies its widespread distribution in nature. This 
paper represents the results of the screening for novel B. thuringiensis isolates from the natural sub-
strates in the Leningrad region. There were 30 samples of substrates collected including soil, potato 
leaves, sick and dead insects. These samples were colony-purified on the fish agar medium. Based on 
morphology, 86 candidate colonies were selected from 3 500 colonies analyzed. Aniline Black 
staining coupled with optical microscopy demonstrated that 12 out of 86 isolates formed crystal-
line endotoxins of different shapes along with the spores. The isolated microorganisms were select-
ed by their entomocidal activity and identified. As a result of this analysis, isolated bacteria were 
identified as B. thuringiensis and divided onto the two serovars: H1 (var. thuringiensis, isolates 5, 
17, 28, 46, 82) and H10 (var. darmstadiensis, isolates 12, 15, 32, 35, 39, 48, 56). According to 
their biological characteristics (the formation of acetylmethylcarbinol, lecithinase, pigment, beta-
exotoxin, film formation on meat-peptone broth, the utilization of sucrose, mannose, cellobiose, 
salicin, starch digestion as well as proteolytic activity), the analyzed isolates were similar to the 
reference strains. The titers of the isolates of the BtH1 and BtH10 serovars varied within limits of 
1.3½109-2.5½109 and 1.5½109-2.4½109 CFU/ml, respectively. Isolates 17 BtH1 and 56 BtH10 were 
close to the reference strains by the titer and slightly decreased in the exotoxin content. After 
selection, the titer and the exotoxin content of the 17 BtH1 and 56 BtH10 isolates increased 1.32- 
and 1.50-fold, as well as 1.52- and 1.70-fold, respectively. In addition, the isolates referred to the 
BtHl0 serovars exhibited polyfunctional activity. 
 

Кeywords: Bacillus thuringiensis, identification, phytophagous insects, phytopathogens, 
plant protection, polyfunctional biologicals 
 

In environmentally friendly farming systems, a special role is given to 
phytoprotective products based on microorganisms. Biopesticides are about 1% 
of the world market of plant protection products. Russia accounts for 0.25% of 
the global volume of biotechnological products for plant protection [1].  

A special place among the microorganisms that serve as the basis of bio-
preparations is occupied by entomopathogenic bacteria Bacillus thuringiensis (Bt) 
[2, 3] (the market share of biopesticides is about 90-95%). In practice, Bt is used 
as an entomocidal [4, 5], antifungal [6-8] and growth-stimulating agent [9, 10]. 
Bt is characterized by workability, a wide and selective action spectrum, safety 
for non-target insects, warm-blooded animals, and humans [11, 12]. Bacteria 



 

1063 

form spores, parasporal crystalline endotoxin, and, some of them, thermostable 
exotoxin. Such properties were the reason to use B. thuringiensis as a basis for 
environmentally friendly entomopathogenic preparations and alternative to syn-
thetic chemical pesticides.  

B. thuringiensis representatives are widespread in nature due to the ability 
to effectively adapt to various extreme conditions. These bacteria are isolated from 
soil samples, sick and dead insects. More than 70 species, effective against 
phytophagans from the orders of Lepidoptera, Coleoptera, Diptera and Hymenop-
tera, were identified. After the treatment of plants, Bt bacteria remain viable for a 
long time [13, 14].  

High biological effectiveness of Bt is associated with antifeedant, terato-
genic, and dereproductive properties. Pathovar A is active mainly against lepi-
dopterans (Lepidoptera), B against nymphs of bloodsucking mosquitoes and 
midges, as well as herbivorous mosquitoes (Diptera), and C against coleopterans 
(Coleoptera) [15]. 

Bacteria of the Bacillus genus exhibit poly-enzymatic properties (due to 
the presence of hydrolases, they are active simultaneously against harmful in-
sects and phytopathogenic fungi), as well as form antibiotics and toxins [16], 
among which the protein -endotoxin is the most important. In the intestine 
with alkaline pH, -endotoxin becomes protoxin, which is hydrolyzed by serine 
proteases with the formation of a true toxin (according to modern nomencla-
ture Cry-toxin). 

Thermostable -exotoxin of nucleotide nature produced by the bacterium 
into the external environment and acting through the insect covers also plays an 
important role in the suppression of insect population, which expands the scope 
of Bt application. Exotoxin-containing preparations are recommended against 
the Colorado beetle (Leptinotarsa decemlineata Say) and red spider (Tetranychus 
urticae Koch) [5]. 

Due to the presence of crystals of endotoxin, exotoxin A, phospholipase 
C, and the endospores, Bt exhibits its entomotoxic, entomopathogenic and 
metatoxic effects. Bacteria, penetrating into the body of insects, cause diseases 
that are accompanied by septicemia. The parasite is transferred in large amounts 
in hemolymph, enters the epithelium of the intestine, where reproduces inten-
sively and causes the death of insects [2]. 

The antifungal activity of Bt is associated with the production and release of 
protease and chitinase, which lyse the cell walls of phytopathogenic fungi [17], and 
the content of the fungus hyphae becomes a source of nutrition and energy for B. 
thuringiensis. Lipopeptide cyclic antibiotics, which have received a lot of attention in 
recent years, are also responsible for the antagonistic effect. In addition, B. 
thuringiensis can produce antibiotics of polypeptide and aminoglycoside families, 
capable of suppressing the growth and development of harmful organisms [18].  

A combined action of bacteria of the Bacillus genus (their strains are able 
to produce from 50 to 200 biologically active substances) creates the basis for the 
effective reduction of the number of harmful organisms. However, the range of 
biological pesticides is much smaller than that of the chemical ones. 

For the development and production of biological products, active initial 
strains are required, which are searched in natural sources according to the crite-
ria of workability, activity, and action spectrum. An important role here belongs 
to specialized banks of biological agents (collections of microorganisms). 

In this investigation, the isolates BtH1 No. 17 and ByH10 No. 56, which 
can be used in the creation of multifunctional biological pesticides, were ob-
tained for the first time. 

The work objective was to isolate from natural substrates, identify, and 
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select bacteria of Bacillus thuringiensis – promising producers of biopreparations 
against pests and plant diseases. 

Techniques. Collection of 30 samples from various substrates (soil, potato 
vine, nymphs and imagoes of Colorado beetle) was carried out in the Leningrad 
Region in potato fields.  

To isolate microorganisms, 1 g of soil, leaf blade, or insects (sick and dead 
ones), flamed over an alcoholic lamp flame and mashed in a mortar with a sterile 
pestle, were placed in a tube with 5 ml of sterile physiological solution and shaken 
for 1 min. One drop of the received suspension was added in Petri dishes on fish 
agar (FA) by the dwindling smear method. The dishes were incubated in the 
thermostat at 28 C. After 7 days, the morphological type of colonies was investi-
gated, and the formation of -endotoxin crystals and endospores was registered 
under the microscope (Laboval 4 microscope, "Carl Zeiss Jena", Germany, mag-
nification ½900). Colonies selected by morphological features typical for Bt were 
reinoculated in lines on FA in Petri dishes, divided into 8 sectors for convenience. 

At the same stage, the smears stained according to Smirnov [19] with the 
use of black aniline dye were prepared and examined. 

Preliminary screening of isolates was carried out on the basis of 
entomocidal properties, identification – according to schemes for B. thuringiensis 
by De Barjac and Bonnefoi [20] and Lysenko [21]. 

During the study of the biochemical properties of microorganisms, in-
stead of liquid differential diagnostic media, the systems of indicating paper 
(RSI) disks (SPA Microgen MHRF, Russia) were used with a certain amount of 
substrate in combination with the corresponding indicator, stabilized with the 
film-forming coating (polyvinyl alcohol). When determining the ability to use 
carbohydrates in 0.3 ml of sterile 0.85% NaCl solution (pH 7.3±0.1), the con-
tent of one microbiological loop of the daily agar culture grown at the tempera-
ture of 29±1 C were suspended and a disk with the corresponding carbohydrate 
was immersed in it (control – disks immersed in a sterile 0.85% NaCl solution). 
The accounting was carried out in 5-18 hours. In the same way, with the use of 
RSI, the indole formation and urease activity, the absorption of hydrogen sul-
fide, the formation of acetylaminophenol (AMC) were evaluated. 

The productivity of isolates was determined on yeast-polysaccharide me-
dia when grown in depth in Erlenmeyer flasks in the shake-flask propagator with 
aeration (220 rpm) for 72 h at 29 C up to the formation of endospores and 
crystalline endotoxin. The titer of cells was taken into account by the conven-
tional method of serial dilutions with inoculation on FA. 

Entomocidal activity expressed as LC50 for nymphs of the Colorado bee-
tle (Leptinotarsa decemlineata Say) of the natural population, as well as the con-
tent of the exotoxin as LC50 for nymphs of the housefly (Musca domestica Lin-
naeus), was determined according to the description [22]. 

Antifungal activity was assessed by the agar block method [23]. To do 
this, the testing cultures of fungi (Botrytis cinerea, Fusarium oxysporum) were 
grown on potato agar in Petri dishes with entire lawn for 7 days. The culture of Bt 
isolates with the appropriate titer in an amount of 10% of the volume of the me-
dium was introduced in the melted and cooled up to 40 C potato agar, stirred 
and poured into Petri dishes. The blocks (1 cm diameter) cut from a 7-day lawn 
test culture of the fungus were placed on the surface of the solidified agar with Bt. 
The control was in the medium without Bt. The dishes were placed in a thermo-
stat at 28 C. After 7 days, the diameter of the fungus colonies was measured. The 
percentage of growth inhibition of the fungus colonies was calculated with the 
formula by Abbot [24] as (Dc  De)∕Dc

1∕100, where Dc and De are the diame-
ters of the fungus colonies in the control and experiment, respectively, cm. 
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Bt selection was carried out in several stages: inoculation of culture on FA 
by the dwindling smear method, selection of typical Bt colonies (grayish-white 
color, rounded or odd-shaped, with a little rough surface), microscopic analysis of 
culture according to -endotoxin formation and endospores in the ratio 1:1, as-
sessment of workability in the cultivation with the in-depth method and on the 
content of exotoxin in LC50, μl/g of feed for nymphs of Musca domestica. 

The obtained data were processed with the use of the conventional meth-
od of variance analysis [25]. The mean values (M) and standard errors of means 
(±SEM) were calculated. The statistical significance of differences was assessed 
according to the Student t-criterion at 95% confidence interval (p < 0.05). 

Results. Thirty samples were obtained from different substrates and ex-
amined for microflora. Inoculations were carried out on fish agar (FA). Among 
more than 3,500 colonies analyzed according to their morphology, color, shape, 
and texture, 86 isolates of the Bacillus genus were selected. After 7 days of cul-
tures inoculation at 26-28 C, the sporangia lysis and release of endospores and 
endotoxin crystals occurs. When inoculating, grey or cream flat matte colonies 
with irregular contours were formed, soft, fine-grained in consistency. According 
to morphological and cultural characters (Table 1), 12 isolates related to BtH1 
and BtH10 were selected. 

1. Morphological and cultural characters of the Bacillus thuringiensis ssp. isolates, 
separated from natural substrates in the Leningrad Province 

Character  BtH1 BtH10 

Gram stainong Gram-positive Gram-positive 
Shape and size of vegetative cells Straight or slightly tortuous rods of 

2.5-3.0½0.8-0.9 μm Rod cells of 1.2-1.5½2.5-4.5 μm 
Mobility Peritrichous flagellation Peritrichous flagellation 
Cell connection Short chains Single or short chains 
Endospores formation Subterminal Subterminal 
Shape and size of endospores Oval 0.8-0.9½1.1-1.3 μm Oval 0.8-1.4 μm 
Shape and size of crystalline 
 protein endotoxin 

Regular rhombic with clear lines of 
1.2-4.5½0.5-2.3 μm 

Tetragonal bipyramid or ovoid of 
0.2-0.6½0.3-0.8 μm 

Diameter 0.8-1.5 cm 0.4-0.8 cm 
Surface Little rough Rough 
Profile Flat Flat 
Optical properties Mat Opalescent, mat 
Colonies color Gray-white Off-white 
Substrate color Not change Not change 
Line Irregular Irregular 
Structure Fine-grained Fine-grained 
Consistency Soft  Soft 

 

  

Colonies of isolates B. thuringiensis 
H1 (on the left) and B. thuringiensis 
H10 (on the right) on fish agar. 

 
Colonies appearance 

on fish agar in isolates differed 
slightly (Fig.). Microscopy 
showed that they form endo-
toxin crystals of different 
shapes along with endospores. 
In the study of the main 
physiological and biochemical 

features, it was found (Table 2) that among the 12 selected isolates 5 belong to 
Bacillus thuringiensis var. thuringiensis (BtH1) and 7 were Bacillus thuringiensis 
var. darmstadiensis (BtH10). As nitrogen sources pepton, meat and fish broth, 
protein feed yeast, cleaved glucose, mannose, levulose, maltose, cellobiose were 
used; galactose, arabinose, xylose, rhamnose, lactose, raffinose, mannitol, dulcite, 
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sorbitol, inulin, inosite were not used as nitrogen sources. These isolates liquefied 
gelatin, peptonized milk, hydrolyzed starch, used citrates, formed acetylmethyl-
carbinol. Pigment and urease formation has not been observed. They did not use 
indole and hydrogen sulfide, reduced the nitrate to nitrite. BtH1 isolates, unlike 
isolates BtH10, formed lecithinase, cleaned sucrose, salicin, glycerol. In other as-
pects, they were similar in biochemical features (see Table 2). 

2. The main physiological and biochemical features of the BtH1 and BtH10 isolates, 
separated from natural substrates in the Leningrad Province 

Isolate No. 1 2 3 4 5 6 7 8 9 10 11 
5 + +  + + + + + + + + 
17 + +  + + + + + + + + 
28 + +  + + + + + + + + 
46 + +  + + + + + + + + 
82 + +  + + + + + + + + 

BtH1 (standard) + +  + + + + + + + + 
12 +   + +  +   + + 
15 +   + +  +   + + 
32 +   + +  +   + + 
35 +   + +  +   + + 
39 +   + +  +   + + 
48 +   + +  +   + + 
56 +   + +  + +  + + 

BtH10  (standard) +   + +  + +  + + 
N o t e. "+" and "" — manifestation or absence of a trait; 1, 2, 3, 4, 5 — formation of acetylmethylcarbinol, le-
cithinase, pigment, exotoxin, film on meat-peptone broth (MPB), respectively; 6, 7, 8, 9 — use of sucrose, man-
nose, glycerin, salicin, respectively; 10 — starch cleavage; 11 — meat-peptone gelatin proteolysis, respectively. 

 

The selected isolates were compared by workability, exotoxin formation, 
and antifungal activity (Table 3). 

3. Biological characteristic of the BtH1 and BtH10 isolates, separated from natural 
substrates in the Leningrad Province (M±SEM) 

Isolate No. 
The titer of endo-
spores in culture 
fluid, ½109/ml  

The content of the exotox-
in, LC50, μl/g of feed for 
Musca domestica 

Colony growth inhibition, % 

Botrytis cinerea Fusarium oxysporum 

5 2,0±0,3 6,7±0,2 13,9±1,2 11,2±0,9 
17 2,5±0,2 5,0±0,2 18,2±1,9 13,4±1,1 
28 1,7±0,2 7.6±0,3 15,3±1,8 12,4±1,2 
46 1,3±0,4 8,4±0,2 11,8±0,9 9,7±1,5 
82 1,7±0,3 8,1±0,1 12,7±1,1 8,2±0,8 
BtH1 (standard) 2,5±0,2 4,1±0,2 18,8±1,4 12,1±1,2 
12 1.4±0,1 6,9±0,2 50,5±1,9 37,4±1,4 
15 2,3±0,3 6,1±0,1 61,9±1,8 57,4±1,7 
32 1,7±0,2 7,5±0,3 52,1±2,0 40,9±1,6 
35 1,9±0,1 7,8±0,2 48,4±1,6 38,1±1,3 
39 1,5±0,1 8,1±0,2 58,4±1,8 42,3±0,9 
48 1,9±0,2 6,3±0,1 60,3±2,1 52,1±1,6 
56 2,4±0,2 4,9±0,2 72,3±1,7 65,3±1,2 
BtH10 (standard) 2,6±0,1 3,9±0,2 73.3±1,9 66,1±2,0 
N o t e. The data were processed by the method of variance analysis at 95% confidence interval. 

 

Isolated strains of BT in addition to insecticidal activity had antifungal ac-
tion, but in the strains of BtH1, it was significantly lower than in BtH10. According 
to the authors' data [15, 17], the mechanism of antifungal action of Bt is associat-
ed with several factors. Bacteria produce and release lytic enzymes into the envi-
ronment, in particular, protease and chitinase, which lyse the cell walls of phyto-
pathogenic fungi. When lysing, the content of the fungus hyphae becomes a 
source of nutrition and energy for bacilli [26].  

The analysis of the parameters important for production made it possible 
to select strains BtH1 No. 17 and BtH10 No. 56 that demonstrated the best re-
sults. For example, according to workability and the content of exotoxin, the 
strain BtH1 No. 17 was superior to the other by 1.25-1.90 and 1.34-1.68 times, 
respectively, the strain BtH10 No. 56 – by 1.23-1.70 and 1.28-1.65 times. To im-
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prove these characteristics, the selection of isolates BtH1 No. 17 and BtH10 No. 
56 was held. After 7 days of growth and inoculation with the dwindling smear 
method, from 50 colonies of each isolate, 25 variants with the formation of crys-
talline endotoxin and endospores in a ratio of 1:1 were selected by microscopy. 
Then, during in-depth cultivation, 10 variants with a titer of not less than 3½109 
CFU/ml have been selected and evaluated on the exotoxin content and insecti-
cidal activity [22]. The isolate BtH1 No. 17 titer of endospores (½109/ml of culture 
liquid) as a result was 3.3±0.2 against the initial 2.5±0.2 (by 32.0% more worka-
ble), the content of exotoxin (LC50, μl/g of feed for Musca domestica) was 3.8±0.2 
against 5.0±0.2 (by 24.0% more); for BtH10 No. 56, these indicators were 3.8±0.2 
against 2.4±0.2 (by 58.3% more workable) and 2.9±0.2 against 4.9±0.2 (by 40.8% 
more) respectively (differences are statistically significant at p < 0.05). 

The entomocidal activity of isolates BtH1 No. 17 and BtH10 No. 56, ex-
pressed in LC50 for nymphs of Colorado beetle of the second age, was high – 0.26 
and 0.24%, respectively (in determining the culture Bt liquid in concentrations 5; 
1; 0.25% was used; control – water). 

In conclusion, it is necessary to note that the study of the potential use 
and mechanisms of action of Bt strains, the search and description of the prop-
erties of newly separated isolates as possible agents in the biocontrol of pests and 
plant diseases remain extremely relevant [27-29]. The obtained results indicate 
the prospects of strains BtH1 No. 17 and BtH10 No. 56 as producers of bioprepa-
rations, and BtH10 No. 56 has both entomocidal and antifungal activity, that is, 
it is polyfunctional (the claim for an invention of this strain has been applied). 
These data are consistent with the results of previously performed studies of the 
polyfunctional activity of the bacteria B. thuringiensis, which, along with bioin-
secticide properties, has antifungal and growth stimulating effects [26]. 

Thus, the investigation confirms once again that entomopathogenic crys-
tal-forming bacilli of Bacillus thuringiensis can be found in soil, leaves, infected 
and dead insects, and in insect habitats. Identification and biotesting showed 
that the separated isolates related to the serovars Bacillus thuringiensis var. 
thuringiensis and B. thuringiensis var. darmstadiensis by their biological properties 
and practical significance are close to typical strains. It is obvious that with the 
help of analytical selection, selection of nutrient media and cultivation regimes, 
it is possible to enhance the valuable properties of these isolates practically and 
successfully use them as producers of biopreparations with entomocidal and anti-
fungal properties to control the number of harmful insects and phytopathogens. 
Isolates with multiple activity related to serovar BtHl0 are of special interest. Mi-
crobial preparations of multifunctional action can compete with chemical pesti-
cides not only in terms of environmental safety but also in economic terms, tak-
ing into account the protective effect against pests and diseases. 
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A b s t r a c t  
 

Recently, plant protection methods based on pest regulation by entomophages, naturally 
inhabiting the crops or attracted thereto, become more preferable. This relevant approach to agro 
landscape construction necessitates seeking for ways to activate natural cenotic mechanisms, e.g. via 
optimized crop rotation, created micro reservoirs of desirable species, botanical diversity of protective 
forest belts, roadsides and other natural plant communities etc. Telenomines (Hymenoptera: Platygas-
troidae: Scelionida, Telenominae subfamily), the egg parasites of E. integriceps, are a powerful regulator 
of sunn pest Eurygaster integriceps Put. abundance. These entomophages are of particular interest 
worldwide as they are the most numerous not only on bread wheats but also on tilled crops. For a 
long time, researchers from Russia and other wheat producing countries, where E. integriceps pests 
pose a threat to crops, were concentrated on the laboratory reproduction of telenomines for field use. 
However, exploitation of naturally reproduced telenomines has not yet been studied. This paper is 
the first to report on use of entomophilic fennel strip plots with arranged kairomone-based feeding 
places as baits for Graphosoma lineatum L., the alternative hosts of telenomines, to further attract and 
massively reproduce these egg parasites of E. integriceps in field conditions. This technology is based 
on a long time study (2006-2018) of factors affecting reproduction of telenomines in cereal cenoses. 
Our data indicate the key role of winter generation of these egg parasites, which reproduce successfully 
during the second half of the season last year, in the harmful bug control. Additional hosts, the bugs of 
Pentatomidae family among which the Italian striped bug G. lineatum is the most frequent (7.20±1.20 
insects per square meter), provide a significant increase in count of wintering telenomines. Sunflower 
and soybean agrocenoses with bait strip plots of entomophilic fennel (coriander) are optimal to provide 
reproduction of telenomines. In the kairomone-based feeding places, telenomines laid their eggs into 
52.1±2.2 to 84.9±3.2 % eggs of G. lineatum. Due to use of this technology during 2008-2010, farther 
use of kairomone-based feeding places for accumulation of telenomines was not needed. Currently, the 
entomophages actively reproduce due to crop rotations with up to 40 % cultivated plants favorable for 
Scelionidae species. In experimental wheat crops of All-Russian Research Institute of Biological Plant 
Protection, in 2011-2017 from 53.1±2.7 до 88.2±2.0 % eggs of E. integriceps contained eggs of 
telenomines. This allowed for cancellation of other protective measures against the bug's larvae. 

 

Keywords: phytophagous insects, Eurygaster integriceps Put., sunn pest, Graphosoma linea-
tum L., shield bugs, entomophages, egg parasites, telenomines, reproduction, natural habitats, spatial 
patterns, grain crops, tilled crops, kairomone-based feeding places, biocenotic regulation, efficiency 

 

Ecologically oriented agriculture involves optimization of phytosanitary 
measures based on the predominant substitution of synthetic plant protection 
products [1]. Avoiding chemical pesticides provides the maximum use of self-
regulation mechanisms in cenoses to reduce the number of pests [2-4]. Natural 
aboriginal entomophages are one of the biotic factors determining the stability of 
biocenotic regulation of phytophage populations in the biological protection sys-
tem [5-9]. 

Wheat is the leading cereal in many countries, including Russia. Winter 
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wheat crops occupy more than 30% of arable land (up to 1.6 million hectares) 
annually in the south-west of the North Caucasus in the conditions of the Kras-
nodar Territory. There are up to 30-40 species of phytophages in the agrocenosis 
of the wheat field in the Kuban region, including 18 specialized ones, to 7-8 
species of which chemical treatments are applied annually [3, 7-9]. The most 
dangerous threat is the corn bug (Eurygaster integriceps Put.) that reduces the 
grain quality; the greatest amount of pesticides accounts for the treatments 
against this pest [10-13]. The corn bug has a wide geographical range: it is com-
mon in the steppe zone in the south of the forest-steppe of Russia and Ukraine, in 
the Caucasus, in Albania, Greece, Bulgaria, Romania, Turkey, Syria, Lebanon, 
Iran, Iraq, Afghanistan, and Pakistan [14]. 

The most effective entomophages of E. integriceps Put. include egg-
eating parasites from the Scelionidae family [3, 4, 7, 8, 15]. In the general geo-
graphical range of the bug, including the areas close to the Russian Caucasus in 
the south, e.g. in Turkey, Iran, Iraq [16-20], as well as in the region of wheat 
cultivation located to the north, in the Volga Region [21], about 20 species of 
telenomines are described, mainly from the Trissolcus and Telenomus genera. In 
some years, they are able to infect up to 80% of the pest egg-laying, but the 
mechanisms regulating the increase in activity and the natural reproduction of 
this group of parasites are not well studied [7, 8, 22]. In Russia and other coun-
tries, technologies for mass cultivation of telenomines under laboratory conditions 
have been developed for many decades, both using host insects, mainly on the 
striped bug Graphosoma lineatum L., and using artificial nutrient media (ANM) 
[23-25]. However, this method is labor-consuming and expensive, since ento-
mophages develop on ANM for 3-5 days longer than on the insect host [23].  

In the USSR, as early as 1940-1975, on the basis of a long-term analysis 
of seasonal colonization of local and introduced species of the egg-eaters of the 
Trissolcus genus (Tr. grandis Thoms., Tr. simoni Mayr and others), attempts were 
undertaken to introduce large-scale practical use of these entomophages for con-
trolling phytophages, which, however, did not give a positive result [25]. The 
authors' long-term studies [7, 26] showed that the cause was the death of labora-
tory populations of Trissolcus in early spring due to their inherent increased 
xero-and thermophilicity. 

An essential role in maintaining the potential of the telenomines of the 
Scelionidae family is played by their additional hosts, the stink bugs of the Penta-
tomidae family, which ensure the survival of telenomines in natural conditions 
before and after the eggs are laid by the corn bug [6, 7, 19]. According to differ-
ent sources, these are mainly representatives of Hemiptera family, the Pentatomi-
dae (20-30 species). The known domestic and foreign publications indicate only 
the species composition of these Hemiptera groups whereas their role in ensuring 
the maximum effectiveness of telenomines remains insufficiently studied [26-29]. 

This study for the first time determines that the key role in ensuring the 
reproduction of overwintering stock of egg-eating telenomines, which are the 
main regulators of the corn bug abundance in the North Caucasus, is played by 
their additional hosts, bugs of the Pentatomidae family, which are constantly pre-
sent in the agrocenosis of agricultural crops. 

The purpose of the paper was to identify the factors that determine the 
increase in the activity and reproduction of egg-eating telenomines in the cenosis 
of grain crops, taking into account the features of the stationary distribution and 
the reproduction rate of their additional hosts, the Pentatomidae bugs. 

Techniques. Observations (2006-2018) were carried out with respect to 
the most common species of stink bugs, the sloe bug (Dolycoris baccarum L.), 
the striped bug (G. lineatum L.), the pointed head bug Aelia acuminata L., Car-
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pocoris fuscispinus Boh. and rape bug (Eurydema oleracea L.), which ensure the 
preservation and accumulation of the aboriginal populations of the corn bug (E. 
integriceps Put.) egg parasites, as well as the dominant species of the corn bug 
egg-eating telenomines, the Telenomus chloropus Thoms., Tr. grandis and 
Tr. simoni regulating the number of pests. Surveyed plots were located in the 
Central zone of the Krasnodar Territory (experimental crop rotation of the All-
Russian Research Institute of Biological Plant Protection, RIBPP, a total area of 
247 hectares, 2006-2017); OAO Chistaya yeda (Krymsky District, Krasnodar Ter-
ritory, 200 hectares, 2011-2013); farms of the south of the Rostov Province (300 
hectares, 2014-2015). The soil type of the Central zone of the Krasnodar Territory 
is southern leached chernozem, the weather conditions during the years of obser-
vation were mostly typical for the region: the average monthly temperature was 
21.7 С, the air humidity was 66.9% with the warm humid weather in July (the 
hydrothermal coefficient (HTC) was 0.9-2.2), dry hot weather in August (HTC 
0.01-0.10) with severe drought in July-August (HTC 0.04-0.20) in 2007 and 2010. 
The zone is characterized by the presence of a network of field-protective belts. 
The southern part of the Rostov region belongs to the steppe zone, the soil is or-
dinary black chernozem, weather conditions typical for the region: the average 
monthly temperature is 19.6 С, the air humidity is 69.9%.  

In field experiments, cages-insulators (aluminum frame 20-25 cm in di-
ameter and 13-15 cm in height with stretched mesh material, which allows free 
access of telenomines) were used as kairomone feeding pads (KFP). Insulators 
were secured at the top with rubber rings for limiting the movement of the bugs. 
One drinking trough with a moistened cotton swab and feeders with dill seeds or 
wheat germ were placed at the bottom of each KFP. The number, species compo-
sition and reservation sites of the corn bug egg parasites were determined using 
KFP. Males and females of G. lineatum striped bug and E. integriceps corn bug 
from natural populations were used as a live source of kairomone and ovipositors. 
G. lineatum specimens were selected on special small (up to 50 m2) plots of dill 
(Anethum graveolens L.) or coriander (Coriandrum sativum L.), and the corn bug 
was selected on wheat crops. 

To account the field number of adults and bugs larvae, their species 
composition and reservation sites, mowing was carried out using a standard en-
tomological net with a diameter of 30 cm [30]. The infestation of bug eggs with 
telenomines and the species composition of the latter were studied during indi-
vidual and mass laboratory breeding of parasites using phytophage ovipositors 
collected in the field [30]. The concentration sites, the species composition and 
the number of egg parasites of the corn bug were determined using KFP, which 
ensured the attraction of telenomines. 

The taxonomic identity of telenomines was identified by the determinant 
of the Zoological Institute of the Russian Academy of Sciences (St. Petersburg) 
[31] by viewing under an MBS-10 binocular microscope (magnification ½8, OAO 
LZOS, Russia). The insects were kept in MLR 35 OH artificial climate chambers 
(Panasonic, Japan). 

The number of stink bugs of the Pentatomidae family was counted 
monthly. The obtained results were processed according to generally accepted 
methods of statistical analysis using the Statistica v.12.6 software (StatSoft, Inc., 
USA) [32]. The tables show the mean (M) and standard error of the mean 
(±SEM).  

Results. To attract entomophages of the corn bug, kairomones were used, 
which are considered as effective agents against this pest [33]. In field experiments 
to assess the natural distribution, as well as for attraction and reproduction of 
telenomines, specially designed kairomone feeding pads (KFP) were used.  
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Long-term landscape biotopical 
monitoring of the stink bugs on winter 
wheat crops (2006-2017) showed that 
bioecologies of the Pentatomidae family rep-
resentatives are generally similar. Insects 
overwinter in the imago stage under the 
canopy of trees and shrubs, mainly oak 
(Quercus robur L.), as well as on the fields 
and roadsides under the remains of grassy 
plants. At an average daily temperature 
above 11 С, the bugs came out of the 
overwintering areas almost simultaneously 
with the telenomines (1 month before egg-
laying by the corn bug). An exception was 
the striped shield bug (G. lineatum) which 
left the overwintering at an average daily 
temperature above 20 С simultaneously 
with E. integriceps. Development cycles of 
the corn bug and the striped shield bug co-
incide, but shield bugs do not live on wheat. 
After completing feeding on young leaves 

of oak, acacia (Caragana arborescens L.), ash (Fraxinus excelsior L.), and black-
thorn (Prunus spinosa L.), shield bugs mated. 

1. Number (ind/m2) of Pentatomidae family shield bugs in the studied agrobiocenoses 
(M±SEM, RIBPP, Krasnodar, 2006-2017) 

Month 
Carpoсoris  
fuscispinus Boh. 

Dolycoris baccarum L. Aelia acuminata L. 
Graphosoma 
lineatum L. 

Eurydema 
oleracea L 

          F l o w e r i n g  h e r b s  
April  1.60±0.30 4.04±1.10 0.09±0.09 0.20±0.08 0.70±0.09 
May  1.10±0.50 1.50±0.80 0.90±0.10 0.40±0.03 0.20±0.07 
June  0.70±0.40 3.03±1.10 0.40±0.25 0.50±0.07 0.02±0.10 
July  – – – 0.70±0.16 0.70±0.09 

W i n t e r  r a p e  
April 0.02±0.10 0.70±0.15 0.20±0.09 – 1.07±0.70 
May 0.10±0.07 0.20±0.10 0.10±0.09 – 1.03±0.65 

W i n t e r  w h e a t  
April 0.10±0.08 0.20±0.10 0.30±0.10 – 0.10±0.07 
May 0.30±0.11 1.00±0.15 1.20±0.20 – 0.10±0.07 
June 0.20±0.09 0.90±0.17 1.50±0.20 – – 

C o r n  
July 0.10±0.06 0.80±0.10 – – – 

S u n f l o w e r  
July 0.10±0.08 0.50±0.09 – – – 
August  – 0.10±0.08 – – – 

S o y  
July 0.10±0.07 0.06±0.23 – – – 
Август  0.01±0.08 0.30±0.11 – – – 

E n t o m o p h i l o u s  c u l t u r e s  (d i l l ,  c o r i a n d e r) 
May – – – 0.60±0.11 – 
June – 0.30±0.11 – 3.30±0.75 – 
July 0.10±0.06 0.30±0.12 – 7.20±1.20 – 
N o t e. A dash means that no shield bugs were found on the plants. 

 

During the formation of reproductive products (usually the 2nd decade 
of April), the bugs in the forest shelter belts were inhabiting wild plants from 
different botanical families (Asteraceae, Lamiaceae, Caryophyllaceae, Brassicaceae 
and Poaceae) eating their generative organs. In these areas, the number of shield 
bugs was many times greater than that of the cultural station, i.e. in crops of 
early flowering winter rape (Table 1). Under favorable weather conditions, at the 
end of April, most of the shield bugs began egg-laying, which passed into the 

Kairomone feeding pad used in the experiment 
for recording, attracting and reproducing egg-
eating telenomines of the corn bug: 1 — cage-
insulator, 2 — drinking trough with a moistened 
cotton swab, 3 — feeder with dill seeds. 
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mass egg-laying in the winter wheat cenosis. Striped shield bugs developed on 
flowering umbrella plants, rape bug developed on winter rape (the number of 
E. oleracea during all the years of observation was small, therefore infestation of 
its egg-laying was not determined). 

Due to the earlier egg-laying of the shield bugs, which begins 7-10 days 
earlier than that of the corn bug, there was an increase in the number of egg 
parasites (5 times or more) and in occupation by their first generation of the 
wheat crops adjacent to the field-protective plantations, which allowed overwin-
tering telenomines populations to wait for the E. integriceps eggs. Thus, asyn-
chrony in the development of parasites and their host was overcome to some 
extent, which increased the efficiency of Scelionidae [7, 26]. 

Colonization of the winter wheat by the shield bugs began during the 
stem elongation phase (Z 31-35 by Zadoks scale). Biocenosis of wheat in the 
Krasnodar Territory is characterized by the 6 species of pentatomids, among 
which the most common are the pointed head bug (A. acuminata), the sloe bug 
(D. baccarum) and C. fuscispinus, while the pointed head bug occupied the wheat 
before the other shield bugs (7 days earlier) and finished the egg-laying later (14 
days later) [26]. The development cycles and the nature of harmfulness of the 
D. baccarum and C. fuscispinus almost coincide. Shield bugs cause white-spikes 
and underdeveloped ears, and later the change in physiological properties of the 
grain [34, 35].  

2. Infestation of corn bug (Eurydema integriceps Put.) eggs and shield bugs of the 
Pentatomidae family with telenomines of the Trissolcus genus on winter wheat 
crops (M±SEM, RIBPP, Krasnodar, 2007-2013) 

Wheat development phase  
(according to Zadoks) 

Analyzed eggs, pcs 
Infested by parasites 

total % 
C o r n  b u g  

Z 31-35 140.0±6.7 99.0±2.5 70.7±4.4 
Z 50-59 610.0±5.5 521.0±7.5 85.4±3.2 
Z 70-75 590.0±4.8 557.0±3.3 94.4±3.6 
Z 75-80 260.0±3.2 244.0±5.0 93.8±5.1 

Shield bugs (during egg laying by corn bug) 
Z 31-35 70.0±2.6 25.0±1.7 35.7±4.4 
Z 50-59 70.0±4.1 28.0±2.2 40.2±2.4 
Z 70-75 90.0±3.9 41.0±1.5 45.6±3.7 
Z 75-80 250.0±3.1 201.0±7.2 80.4±3.6 

S h i e l d  b u g s  (after completing egg laying by corn bug) 
Z 75-80 510.0±6.7 470.0±5.9 92.1±4.8 
Z 80-90 710.0±7.8 610.0±6.3 85.9±4.1 
N o t e. Infestation rate is an indicator of EEL (entomophage efficiency level). 

 

The number of Pentatomidae bugs in the cenosis of winter wheat during 
observations did not reach the economic threshold of harmfulness (3.0-3.5 
ind/m2) due to the activity of their natural enemies, the egg-eating Scelionidae 
wasps. Parasites infested up to 80.4±3.6% of shield bugs eggs and 93.8±5.1% of 
E. Integriceps eggs (Table 2). The first egg-laying of both the shield bugs and the 
corn bug were 80-100% affected by hygrophilic species T. chloropus Thorns. Af-
ter completing of the egg-laying by the corn bug, development of the third gen-
eration of egg-eaters (phases of wax and full ripeness of grain, Z 75-90) contin-
ued on the eggs of additional hosts, the shield bugs of Dolycoris, Aelia, Carpoco-
ris genera. The infestation rate of their eggs by telenomines in the absence of 
egg-laying of the main host reached 92.1±4.8%. Such values were recorded dur-
ing almost the entire observation period (see Table 2). 

An important condition for the development of telenomines is the pres-
ence of eggs of their additional hosts in other stations [24, 28, 29]. When noting 
this fact, the authors, however, did not determine which conditions contributed 
to the preservation of entomophages, in essence, limiting themselves to analyzing 
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the taxonomic structure of the described groups of insects. Only a few papers 
report on the infestation of up to 30% of eggs in Dolycoris genus [18, 28]. The 
authors of this paper showed that at the end of the grain crops harvesting, the 
shield bugs migrated to row crops and plantings with a variety of flowering grassy 
vegetation in search of food. Sunflower and soybeans during budding—flowering 
were the most attractive for pentatomids in the indicated timeframes, crops of en-
tomophilous dill (coriander) and, to a lesser extent, melliferous umbrella plants for 
the shield bugs. The formation of the telenomines overwintering stock is most in-
tense in the biocenoses of these cultures. On average, the number of striped shield 
bug eggs per KFP ranged from 1170.0±6.5 to 2460.0±8.3, among them 
610.0±4.4 to 2090±7.3 were attacked by egg parasites. Greater infestation of 
egg-laying by telenomines was noted near the crops of entomophilous dill, 
2090±7.3 of 2460±8.3 individuals (84.9±3.2%). 

3. Infestation of shield bug eggs (Graphosoma lineatum L.) by telenomines of the Tris-
solcus genus on the kairomone feeding pads, providing optimal conditions for at-
tracting and reproducing the telenomines (М±SEM, RIBPP, Krasnodar, 2006-
2010) 

Crop Laid eggs  
Infected by telenomines 
total % 

Sunflower 2440.0±7.2 140.0±3.0 57.4±3.0 
Corn 1170.0±6.5 610.0±4.4 52.1±2.2 
Soy 1790.0±7.9 1080.0±6.9 60.3±4.2 
Dill, coriander 2460.0±8.3 2090.0±7.3 85.0±3.2 
N o t e. Infestation rate is an indicator of EEL (entomophage efficiency level). 

 

Reactivation of egg-eaters and their spread to the fields in early spring 
occurred at a lower temperature (11-12 С) than the beginning of the egg-laying 
of the corn bug (20 С), which led to the death of a significant part of overwin-
tered egg parasites [6, 26]. According to this study, telenomines survival is facili-
tated by the presence of flowering plants in their habitats during this period (in-
sects eat their nectar), so the highest infection rate of the shield bugs eggs by 
telenomines on KFP was noted in wheat crops near the flowering wild-growing 
grass [3, 7, 26]. Therefore, it is very important to keep intact the borders of the 
forest belts with grassy vegetation as places for wintering, feeding and breeding 
entomophages and those phytophages that may be used as additional hosts of 
entomophages [3, 6, 7, 36].  

According to the authors' data, the number of Scelionidae on cereal 
crops can be increased by creating their additional reserves when grown in crop 
rotations of entomophilous dill for the accumulation of the striped shield bugs. 
To this end, in 2008-2010 the method of mass reproduction of the egg-parasites 
of the corn bug at the entomophilous dill sites in the field was tested. The origi-
nality of the approach used is that synchronous reproduction of egg-eaters and 
their additional host, G. lineatum, occurred on dill. The proposed technology 
was as follows. The strips of planted entomophilous dill, on which, during the 
development of the striped shield bug summer generation (July—August) the 
KFP was installed in a row with 10 m spacing (a KFP per 4 hectares of protect-
ed wheat crops), were placed near areas of overwintering and constant reproduc-
tion of telenomines and their additional host, namely, near the trees and shrubs, 
orchards, row-crops plantings (corn, soybean, sunflower). Mass accumulation of 
telenomines in natural cenoses included i) the production of the insect host, a 
polyvoltine striped shield bug, by growing entomophilic dill (or coriander), 
which ensures attraction and accumulation of the bug; ii) mass reproduction of 
entomophage parasites in KFPs located in the agrocenoses of tilled crops 
(maize, soybean, sunflower) and in bait plots of dill (coriander) (to preserve and 
increase the overwintering stock of entomophages); iii) cultivation of nectarifer-
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ous crops (phacelia, coriander, fennel) for additional feeding of egg-eaters; iv) 
testing the ability of breeding parasites to control the pest (the corn bug). It 
should be noted that that the previous studies [5, 8, 22, 27, 28] do not show the 
possibility of breeding Scelionidae by providing field conditions conducive to re-
production and preservation of their additional hosts. A number of papers pro-
pose mass production of entomophages grown in the laboratory, but their effi-
ciency often did not exceed 50% [6, 24]. 

The intensive use of the developed technology during 2008-2010 al-
lowed abandoning the KFPs for additional accumulation of telenomines. The 
reproduction of entomophages is carried out by maintaining 7-40% of tilled, 
entomophilous and nectar-bearing crops in the structure of crop rotation, due 
to which the populations of aboriginal species of the Scelionidae family are 
activated. During the last 9 years, telenomines infested from 53.1±2.7 to 
88.2±2.0% of the corn bug eggs in the experimental crop rotation (All-
Russian Research Institute of Biological Plant Protection), which allows ex-
cluding all treatments with preparations against the bug larvae in the grain 
milky phase (such treatments are recommended in case of egg-laying infection 
below 40-50%) (Table 4). The number of bug larvae born of uninfected eggs did 
not exceed 2.1 ind/m2 on average. 

4. Prolonged effect of crop biodiversity in crop rotation while maintaining the natu-
ral reproduction of Scelionidae family telenomines populations on winter wheat 
crops (М±SEM, kairomone feeding pads, RIBPP, Krasnodar, 2010-2018)  

Year 
Ovipositor of corn bug (Eurygaster integriceps Put.) 

eggs laid in KFP eggs infested by telenomines 
total % 

2010 280.0±4.1 210.0±3.2 75.0±1.8 
2011 380.0±4.2 240.0±2.6 63.1±3.3 
2012 340.0±5.1 210.0±3.8 61.7±4.0 
2013 360.0±5.0 290.0±6.1 80.5±2.2 
2014 510.0±3.1 450.0±4.4 88.2±2.0 
2015 490.0±4.6 260.0±5.1 53.1±2.7 
2016 560.0±4.1 360.0±4.3 64.2±1.9 
2017 550.0±2.9 420.0±3.8 76.3±3.1 
2018 520.0+4.5 405.0+1.9 77.8+2.6 
N o t e. Infestation rate is an indicator of EEL (entomophage efficiency level). 

 

Elements of the technology (crop rotations with sunflower and soybean, 
strip crops of entomophilous dill) in 2011-2013 passed production testing in the 
Krasnodar Territory (OAO Chistaya yeda, Krymsky District) and in 2014-2015 
in the Rostov region (KFH Biokhutor, Taganrogsky District, SPK AF Novo-
batayskaya, Kagalnitsky District). After 2-3 years of using the proposed tech-
niques, the infection rate of E. integriceps egg-laying with telenomines was 45.5-
69.0% regardless of weather conditions. In each farm, the area of chemical 
treatments against the pest was reduced by 500 hectares on average. At the same 
time, the number of its imago and larvae remained below the economic thresh-
old of harmfulness (no more than 1.8 ind/m2).  

Thus, this paper has shown that the preservation and reproduction of the 
main egg-eating telenomines with the participation of their additional hosts, the 
shield bugs, under natural conditions is provided by the inclusion of tilled and 
entomophilous crops in the crop rotation. This for the first time made it possible 
to form, and subsequently, by constantly sowing tilled, entomophilous and nec-
tariferous crops in crop rotation, to maintain the “natural biolaboratory” in 
agroecosystems for restoring the natural biocentric regulation of phytophage 
numbers by entomophages in wheat crops. In such natural biolaboratory, the 
wintering stock of telenomines is activated and reproduced during the second 
half of the summer season. The proposed technology for 9 years provides 88.2% 
infestation of the corn bug laid eggs by egg-eaters of Scelionidae family, which 
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made it possible to completely abandon chemical treatments against the pest.  
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A b s t r a c t  
 

Climate change over the last decades and rising global temperatures, especially in the 
Northern latitudes, affect ecosystems, including agricultural sector. The crops naturally grown in 
southern and central Russia are now expanding to northern areas along with dangerous pests that are 
not characteristic of these areas. Plum moth Grapholitha funebrana Tr. causes over 80 % yield losses. 
At least 3-4 treatments are required during the growing season to ensure the profitability. Chemical 
and environmentally friendly methods (pheromone traps) are of practical use. Anyway, successful 
protection requires detailed biological and ecological characterization of the pest in a specific area. 
In the Central Non Chernozem Zone of Russia such studies have not yet been conducted. This pa-
per is the first evidence of G. funebrana wide spread in the Central Non Chernozem Zone where the 
pest can produce two generations. The study was carried out in the fruit-bearing plum plantations 
(All-Russian Horticultural Institute for Breeding, Agrotechnology and Nursery, Moscow Region, 
Leninskii district) in 2015-2017. Summer dynamics of G. funebrana population was monitored using 
pheromone traps with Denazil-P («Schelkovo Agrokhim», Russia) to attract moth males. Two days 
after the first plum moth butterflies flied, 400 leaves and the same number of ovaries (after their 
formation) were collected from 10 trees standing evenly along diagonals of the plantation to deter-
mine the start date of egg laying. From each tree the leaves and ovaries were collected daily from 
four sides (10 samples per side). The beginning of caterpillar hatching was determined by daily view-
ing 400 ovaries, starting from day 4 after the detection of the first eggs laid. Our survey shows that 
northern populations of G. funebrana are presently widely spread and successfully adapted outside 
52 north latitude previously deemed the northern border of plum moth area. In Central Non-
Chernozem Zone, particularly in the Moscow region (55 north latitude), the pest is capable to pro-
duce not one but two generations if sum of effective temperatures (SET) above 10 C is 854-
1124 C. This is much lower than the value for the forest-steppe zone in Ukraine (1231-1353 C). In 
some years the second G. funebrana generation exceeds the first generation in abundance. The start 
date of the overwintered generation flight varies greatly depending on the weather conditions during 
spring. The favorable sum of effective temperatures is from 59.4 to 159.8 C which coincides with 
flowering and ovary formation in plum trees. So SET values and phenophases of plant development 
are not reliable reference points to forecast the beginning of the butterfly flight. Unlike geograph-
ical populations of G. funebrana from the southern and central zones of horticulture, butterflies of 
northern G. funebrana population remain active at daily air average temperature of 11-14 C. This 
study indicates that in the northern gardening protective measures should be planned against both 
the first and second generation of plum fruit moth to prevent mass damage to fruits and to reduce 
the number of overwintering G. funebrana population 

 

Keywords: Grapholitha funebrana Tr., northern populations, pheromone traps, the sum of 
effective temperatures, the dynamics of the flight 

 

Climate changes over the last decades, as well as the lengthening of the 
vegetation period, lead to an imbalance in the habitat of living organisms, dis-
rupting the order of the relationship between them [1-4]. Weather anomalies, 
temperature rise, shifts in precipitation, causing fluctuations in other environ-
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mental factors, to which living organisms react depending on their inherent eco-
logical plasticity and adaptive capabilities, cause qualitatively new transfor-
mations in ecosystems [(5-8]. Similar dynamics can be observed in agro-
ecosystems, including horticultural plantations. The impact of climate changes 
on these systems has been evident since the early 1980s [9-11]. 

Climate warming, on the one hand, promotes a number of crops grown in 
the southern and middle zone of horticulture, in the Northern regions, on the 
other hand – leads to the penetration of harmful organisms to new territories. In 
particular, in the Central Non-Chernozem Zone, noticeable changes occur in the 
bio-ecology of phytophages and pathogens, the period of their harmfulness is 
lengthened, new, unusual to the region, pests and pathogens occur, those pests 
which previously had secondary importance are activated. The emergence of new 
varieties and modifications of cultivation technologies favor this process [11-13]. 

The species composition of plum pests, the degree of their danger and 
economic significance is exposed to significant metamorphoses. Thus, the dam-
age of the fruit by plum moth (Grapholitha funebrana Tr.) and crop losses from 
this phytophage in different regions [14, 15] are up to 80% or more, and to en-
sure the profitability of crop production, it is necessary to apply at least 3-4 
chemical treatments for the growing season [16-19]. To control numbers and 
prevent crop losses from moth, the environmentally friendly methods of struggle, 
including breaking chemical communications, pheromone confusion and mass 
trapping of males [20-22], the use of oophages [23] based on monitoring of pest 
population are offered [24]. However, the features of bioecology and related 
harmfulness of the phytophage in the Central Non-Chernozem Zone are still not 
investigated. 

In this paper, it was first established that the plum moth is widely distrib-
uted in the Central Non-Chernozem Zone and develops here in two generations. 
The limits of the sum of effective temperatures for the beginning of flying of but-
terflies of the overwintered generation, the formation of two generations, the be-
ginning of egg laying, and the pest caterpillar hatching are determined. The mini-
mum air temperature for the active swarming of the Northern population butter-
flies and the dynamics of swarming during the vegetation period, which differ sig-
nificantly from the indicators for the southern zone, were established.  

The work objective was to study the bioecology of plum moth in the 
Central Non-Chernozem Zone and assess the dynamics of this phytophage dur-
ing the growing season. 

Techniques. The study was carried out in the fruit-bearing plum planta-
tions (the laboratory lot and the demonstration garden) of All-Russian Horticul-
tural Institute for Breeding, Agrotechnology and Nursery (ARHIBAN, Moscow 
Region, Leninsky District) in 2015-2017. The swarming dynamics of G. funebrana 
population was monitored using the pheromone Atrakon-A traps of the triangular 
form (AO Shchelkovo Agrokhim, Russia) with the size of the adhesive liner 10½17 
cm. To attract males, the pheromone Denazil-P (AO Shchelkovo Agrokhim, Rus-
sia) was used with a dispenser, the rubber capsule impregnated with the active 
substance (sex pheromone) Z8 (dodecyl acetate, 1 mg/dispenser). Pheromone 
traps were hung at a height of 2 m directly in front of flowering plum varieties of 
early maturing (Utro, Opal, Skoroplodnaya). Dispensers were placed in the cen-
ter of the adhesive liner with a tweezer, changed every 6 weeks (adhesive liners 
were replaced as contaminated). Inspection of pheromone traps and the count-
ing of the caught males before the first butterflies flew were carried out daily, at 
the end of swarming of the 2nd generation (since the beginning of the 2nd ten-
day period of September) in 1 day, and then 2-3 times a week. Dispensers were 
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stored in the refrigerator before use. 
To establish the start date of egg laying by females in 2 days after the 

flight of the first butterflies from 10 trees evenly distributed over two diagonals of 
planting, 400 leaves and the same number of ovaries (after their formation) were 
selected. The selection was carried out daily, on 10 pieces from four parties of 
each accounting tree. The samples were viewed (microscope MBS-10, OAO 
LZOS, Russia). The beginning of caterpillar hatching was determined on a daily 
basis (starting 4 days after the detection of the first eggs of the phytophage) 
scanning for 400 ovaries. 

The mean by dates of observations (sample mean x) and the standard de-
viation for each observation site () were calculated. The correlation between the 
number of males of the 1st and 2nd generations of plum moth and the sums of 
effective temperatures in the period of intensive swarming (SET 1 and SET 2) was 
analyzed according to B.A. Dospekhov [25] using the Microsoft Excel software 
package. Correlations were considered statistically significant with confidence 
probability P = 99%. 

Results. In the period from the late 1980s to the early 1990s, 52 of 
Northern longitude was considered the Northern boundary of the G. funebrana 
distribution and within the Orel, Kursk, Voronezh Regions and the Northern 
part of the Belgorod Region, the pest developed in I generation [26-28]. Howev-
er, nowadays, the plum moth has penetrated and intensively develops in the 
Central Non-Chernozem Zone, including in the Moscow Region (55 of North-
ern longitude). Even in the abnormally cold growing season 2017 (Table 1), it 
gave not one, but two generations. 

1. Indicators of the average temperature and precipitation for the vegetation periods 
of 2015-2017 in the Leninsky District of the Moscow region (according to the 
weather station of the Domodedovo Airport, Moscow Province 

Parameter Year 
Month 

April May June July August September 
A v e r a g e  t e m p e r a t u r e, С 

Long-term 6,7 13,2 17,0 19,2 17,0 11,3 
Actual 2015 6.1 14.3 18.0 18.1 17.6 13.8 

2016 8.1 15.0 18.2 20.9 19.5 11.4 
2017 5.3 10.9 14.5 17.9 18.8 13.0 

Deviation 2015 0.6 +1.1 +1.0 -1.1 +0.6 +2.5 
2016 +1.4 +1.8 +1.2 +1.7 +2.5 +0.1 
2017 1.4 2.3 2.5 1.3 +1.8 +1.7 

P r e c i p i t a t i o n, mm 
Long-term 37 50 80 85 82 68 
Actual 2015 44 119 94 121 14 88 

2016 34 63 61 122 167 59 
2017 79 84 140 105 68 38 

From long-term, % 2015 119 238 117 142 17 129 
2016 92 126 76 144 204 87 
2017 214 168 175 124 83 56 

 

Certainly, the temperature regime, in particular, the sum of effective 
temperatures (SET) has a dominant effect on the rate of phytophage develop-
ment in different phases, but precipitation, humidity, and a combination of these 
factors also have a significant impact. The development dynamics of plum moth 
in stable warm weather during the growing season is smoothed. That is, for each 
generation, the beginning of swarming, one peak, and the decline in numbers is 
clearly distinguished, as it was noted in Northern Italy, the southern part of Bul-
garia [29, 30], a number of regions of the Czech Republic and Slovakia [31]. 
The models of development dynamics of moth developed in these conditions 
concerning the sum of effective temperatures well correlate with the actual situa-
tion in a concrete zone [29], but cannot be universal for regions where climatic 
and geographical conditions differ essentially [31]. 
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In the Northern regions, depending on the weather conditions of the 
year, more complex development dynamics of G. funebrana is observed, often 
with several periods of increase and decrease in population during the swarming 
period of one generation, which is noted from the forest-steppe zone of Ukraine 
[30, 32]. In contrast to the southern and middle horticulture zones, where the 
sum of effective temperatures by the beginning of swarming of the overwintered 
generation of butterflies has more or less similar indicators over the years, in the 
Central Non-Chernozem Zone, they vary greatly. In the 1980s, swarming of the 
moths of the overwintered generation G. funebrana began with the accumulation 
of SET above 10 C in the range of 105-120 C [28]. According to 
I.V. Shevchuk et al. [30], in the forest-steppe zone of Ukraine, butterflies of the 
overwintering generation fly when SET is 45.5-47.0 C, and in Bulgaria, this is 
32.6-67.6 C. In comparison with the beginning of the 1960s, in the Northern 
forest-steppe zone of Ukraine, butterflies fly 33-36 days earlier, and swarming 
ends much later, in early or mid-October. The authors explained it with the 
global climate changes. 

According to the authors' data, in 2015, SET higher than 10 C at the 
beginning of swarming of butterflies G. funebrana was 159.8 C (the 1st of June), 
in 2016 – 86.9 C (the 18th of May), in 2017 – 59.4 C (the 23rd of May). The 
beginning of butterflies swarming also varied significantly over the years and ac-
counted for the phenophase of the flowering beginning, the end of flowering or 
the ovaries formation of later varieties of plums Pamyat Timiryazeva, Renklod 
Tambov, Aleksii. The maximum and minimum SET indicators for 3 years dif-
fered 2.7-fold. The time of egg laying by females of pests also varied year by year 
(on 2015 June 4 at SET of 185.6 C, on 2016 May 24 at SET of 105.4 C, on 
2017 May 30 at SET of 102.6 C) and the beginning of hatching of the first cat-
erpillars (on 2015 June 12 at SET of 240.1 C, on 2016 June 3 at SET of 
191.2 C, 0n 2017 June 16 at SET 147.7 C). 

This indicates high ecological plasticity of the phytophage, which 
promptly reacts to the actual changes in the environment and optimally harmo-
nizes its development, on the other hand this fact points to a continued adapta-
tion within the new area. In the conditions of sharp climatic changes, typical for 
the Non-Chernozem Zone of Russia, the determination of the beginning of 
plum moth swarming only by SET does not guarantee high enough accuracy and 
can serve as a guide for planning, but not carrying out protective measures, as 
well as the phenophase of plant development. Other climatic factors, including 
the difference between day and night temperatures, their value and distribution 
by day, intensity and duration of precipitation, the presence and strength of the 
wind, etc., have a significant impact on the dynamics of the phytophage devel-
opment. More reliable information on the dynamics of butterflies swarming can 
be obtained by pheromonitoring [20, 21], and measures to protect the crop from 
the pest should be carried out on the totality of the data obtained [24], including 
the results of visual observation.  

Plum moth swarming in 2015 lasted for 127 days, in 2016 for 136 days, 
in 2017 for 132 days, which is more than 4 months (Fig.). The period of flight 
of the overwintering generation of moths took about 1.5-2 months. In 3-5 days 
after the flight, females began to lay eggs. The duration of the embryonic de-
velopment period and development of caterpillars, depending on weather con-
ditions, was from 1 week to 12 days and from 17-20 days to 1 month, respec-
tively. It is known that the development at the pupal stage needs 1.5-2 weeks, 
and the life expectancy of butterflies in different conditions varies from 4-5 to 
15 days [26-28].  

In case of only one generation, the number of butterflies could not sig-
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nificantly increase after mid-August—early September and swarming could not 
continue until the beginning of October. Thus, in the conditions of the Central 
Non-Chernozem Zone, the plum moth gave not one, but two generations in a 
year. The second generation could be complete or optional depending on weath-
er and fodder supply. 

 

 

Plum moth (Grapholitha funebrana Tr.) swarming in 2015 (A), 2016 (B), and 2017 (C) (number on 
average per 1 trap) at a laboratory plot (a) and in the demonstration garden (b) (x±, the Leninsky 
District, Moscow Province). 

 

In 2015-2016, the weather conditions favored the development of 
G. funebrana of the 1st and 2nd generations, but the period of maturation and 
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harvest came much earlier than in 2017. In these conditions, the 1st generation 
was more numerous. It is particularly explained by the fact that even in the 
southern regions from 25 to 55% of the caterpillars of each generation go to the 
winter diapause (certainly, except for the last generation, which is completely 
diapaused) [28]. 

In 2017, despite the abnormal for this period cold that lasted till mid-
summer, combined with prolonged heavy rains (see Table 1), butterflies swarm-
ing began on May, 23, lasted continually. Butterflies of the 1st (overwintered) 
generation reached the maximum number in pheromone traps in late June— 
early July (see Fig.). The relatively high number fluctuated depending on weath-
er conditions (with two peaks), but remained until the middle of the third ten-
day period of July. Then, it decreased to the middle of the 1st ten-day period of 
August, reaching its minimum. However, the process was not interrupted and 
intensified with the beginning of butterflies swarming of the 2nd (summer) gen-
eration. During this period, the weather changed quickly: precipitation was less; 
the air temperature was much higher than the average annual data. In these 
conditions, the majority of caterpillars of the 1st generation did not diapause, 
and gave rise to the second generation of the plum moth. As a result, it was 
more numerous than the first generation. Along with the change in weather, this 
was facilitated by the abundant fodder supply, since the ripening and harvesting 
period was delayed by about 3 weeks, and in late varieties, the fruits remained 
until the beginning of October. The high number of butterflies of the 2nd gener-
ation (also with two peaks) was noted until the second half of the 2nd ten-day 
period of September with changes depending on weather conditions. Further on, 
the number of pests constantly and sharply decreased, and the last butterflies 
were found in late September—early October. 

In the abnormal weather conditions of spring and the first half of sum-
mer 2017, some important features in the pest bioecology were found. Butterflies 
maintain swarming activity at an average summer air temperature of 11-14 C. 
In early June, when average daily air temperature fell below 10 C and did not 
rise above 12.9 C, they did not interrupt swarming unlike the traditional pest in 
this area, the apple worm Cydia (Laspeyresia) pomonella L. (its swarming was 
not observed).  

It was found that in the Central Non-Chernozem Zone with the accumu-
lation of SET above 10 C to 854-1124 C developed two generations of plum 
moth – overwintered and summer. Similar indicators for the forest-steppe zone of 
Ukraine are 1231-1353 C [30], which emphasizes the high ecological plasticity of 
G. funebrana. The value of SET 854 C was recorded in 2017, when the 2nd gen-
eration was superior to the overwintered generation in number. However, it should 
be emphasized that in 2017, the SET during the intensive swarming of the sum-
mer generation by 148.7 C exceeded the value of the SET in the period of the 
intensive swarming of the overwintered generation (in 2015 and 2016 by 10 and 
7.3 C, respectively). The analysis of the multiple correlations between the number 
of the 1st and 2nd generations in the period of intense swarming and the corre-
sponding values of SET also showed a closer relationship between the number of 
the summer generation and SET 2 (Table 2). This research found average strength 
positive correlations between the numbers of the 1st and 2nd generations, as well 
as SET 1 and the number of the 2nd generation. At high SET 1 (within the opti-
mal temperature for the phytophage 23-29 C), the development accelerated and 
caterpillars that have completed the nutrition earlier could pupate and give rise to 
the second generation. The decrease of SET 1 shifted the formation and matura-
tion of the crop to a later date, that is, it influenced the fodder base (taking into 
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account the varietal factor, the activity of entomophages and entomopathogens) 
and in combination with a higher SET 2 stimulated pupation of caterpillars and 
the flight of butterflies of the second generation. 

2. Correlation between SET 1, SET 2 and the number of male plum moth (Grapho-
litha funebrana Tr.) of the 1st and 2nd generations (Moscow Province, 2015-
2017) 

Indicator 1st generation 2nd generation SET 1 SET 2 
1st generation 1    
2nd generation 0.4361* 1   
SET 1 0.3740* 0.5741* 1  
SET 2 0.2492 0.5923* 0.4701* 1 
N o t e. SET 1 and SET 2 — sums of effective temperatures above 10 C in the periods of intense swarming of 
butterflies of the 1st and 2nd generations. 
* Correlations are statistically significant with confidence probability P = 99%. 

 

Certainly, bioecological development of any organism in a particular en-
vironment are determined by the interaction of a set of factors, each of which 
deserves special attention, but a more significant role is played by the dominant. 
By using data on the initial number of the phytophage and its relationship with 
the SET indicators, it is possible to predict and pre-plan the necessary protective 
measures, but their multiplicity and specific timing should be established taking 
into account the results of pheromonitoring. 

Thus, the plum moth Grapholitha funebrana Tr. in the Central Non-
Chernozem Zone of Russia develops not in one, but in two generations. The 
beginning of swarming of butterflies in the overwintered generation depends on 
spring weather conditions, strongly fluctuates on years and occurs at SET above 
10 C from 59.4 to 159.8 C (from the beginning of flowering to plum ovaries 
formation). Two-generation development of G. funebrana in the Central Non-
Chernozem Zone requires SET above 10 C within 854-1124 C, and butterflies 
swarming can continue at 11-14 C. The second generation of G. funebrana in 
some years may exceed the first one in number, which requires appropriate 
measures to combat the pest. This will ensure crop preservation and the high 
fruit quality, also significantly reducing number of overwintering population. 
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