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A b s t r a c t  
  

The reduction of wheat genetic diversity is an urgent problem in modern wheat breeding, 
which is primarily due to the limited number of varieties had been used in wheat pedigree. As a re-
sult of the depletion of the genetic pool of wheat, its resistance to phytopathogens has dropped, that 
generally reduces the stability of the agrophytocenosis. One of the ways to expand the genetic diver-
sity of wheat is the transfer of genes of economically valuable traits from closely related genera and 
species, classified into three genetic pools: primary (varieties of hard and bread wheat), secondary 
(Triticum and Aegilops species), tertiary (most distant Triticeae species). The paper presents a review 
of success in gene transfer of economically valuable traits into the wheat genome from wheat’s wild 
perennial relatives of the tertiary genetic pool: Thinopyrum, Dasypyrum, Pseudoroegneria, Elymus, and 
Agropyron. Representatives of these species have different levels of ploidy (di-, tetra, hexa- and even 
decaploids) and combine the genomes J (= E), St, W, Y, X, V, H, P, as well as their variants. Vari-
ous levels of transfer of hereditary material into the wheat genome are considered, i.e. amphidiploids, 
addition and substitution lines, lines with translocations and small introgressions. Special attention is 
paid to amphidiploids, namely wheat-wheatgrass hybrids (PPG) combining the wheat genome and a 
whole or a part of the wheatgrass genome. The wheat-wheatgrass hybrids are considered both as an 
independent objects of cultivation and as a “breeding bridge”, that is, an intermediate step in the 
transfer of genes from wheatgrass to wheat. The transfer of large chromatin fragments carrying the 
target gene is often associated with the additional transfer of undesirable genes which reduce the 
amount and impair the quality of the final wheat products. Therefore, introgressive lines of wheat are 
considered the most valuable forms, having a small chromatin insertion of an alien genome carrying 
a useful gene. Since the genomes of the tertiary genetic pool members are the most distant from the 
wheat genomes, an important problem considered in the review is the production of introgressions by 
recombination of homeologous chromosomes. The transfer of useful genes in wheat genome from its 
wild relatives is illustrated by examples, that consider the introgression of genes for resistance to fun-
gal diseases (leaf and stem rust, powdery mildew, Fusarium blight, Septoria blight), viruses (yellow 
dwarfism streak mosaic), mite colonization, tolerance to drought, salinity and pre-harvest sprouting, 
storage proteins (glutenins) and perennial lifestyle of the plant. It is noted that wild relatives can 
serve as donors not only of genes responsible for resistance to stress factors, but also increase yields 
by increasing fertility, the number of spikelets and other elements of the yield structure, as well as 
improving the quality of the final product due to new variants of storage proteins. Special attention is 
paid to the development and use of molecular and molecular cytogenic markers which allow breeders 
to transfer target genes or regions of chromatin, as well as to monitor their introgression into the 
wheat genome in segregating populations. At the same time, in practical selection, different types of 
markers can be successfully used, i.e. those designed for the whole chromosome or its shoulder, 
linked to the chromatin region carrying the target gene, as well as the marker developed directly to 
the nucleotide sequence of the gene itself. Whole genome sequencing and genome editing technolo-
gies is noted to play in future a significant role in introduction of genetic material of wild relatives 
into wheat to improve its breeding programs. 
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Hexaploid wheat as a species arose after the second allopolyploidization 
nearly 8-10 thousand years ago. Its domestication occurred in the Fertile Cres-
cent area, in the territory of modern south-eastern Turkey. Then, wheat followed 
the ways of human migration both to the West, Europe, and the East, Asia and 
finally to America and Australia. As a result, local varieties adapted to local con-
ditions of cultivation appeared [1]. Traditional wheat varieties (landraces) have 
always been characterized by genetic inhomogeneity and heterogeneity. Due to 
it, variety populations have higher ecological sustainability and plasticity and are 
receptive to fluctuations in weather and climatic conditions [2]. Such variety 
populations of homozygous lines often change the population structure over time 
but provide resistance to biotic and abiotic stresses [3]. Since the 1970s, i.e., 
with the beginning of the active stage of the Green Revolution, and to the pre-
sent time the active substitution of local varieties with commercial genetically 
homogeneous varieties suitable for high-intensity agricultural technologies has 
happened, resulting in the loss of biological diversity and a decrease in allelic 
variation [4]. The term “genetic erosion” [5, 6] was proposed in the early 1970s 
to describe the effects of these human activities, which reduce the genetic diver-
sity of species until they are lost. Later, this term was adapted in the Russian 
scientific community both in the literal translation [7-11] and in the formulation 
“gene pool erosion” [12-15]. 

A reduction in genetic diversity is a global problem for most plants under 
cultivation, but in relation to wheat as the world most consumed crop (the area 
planted as of 2017 is 218 million hectares, the harvest is 772 million tons, 15% 
of all calories consumed by the world population), these processes are most 
wide-spread — 65-84% relative to the wild ancestral forms [16, 17]. The deple-
tion of genetic diversity is primarily due to the widespread occurrence of similar 
varieties with overlapping pedigrees, the selection of which led to yield mainly. 
The situation is aggravated by the global climate change, urbanization, plowing 
of new lands, fires, and military actions; these factors lead to the loss of local 
varieties, as well as the reduction of the natural area of wild relatives of wheat, 
which could also be used to increase its genetic diversity [18]. As a consequence, 
more aggressive races of pathogens appear, epiphytoty outbreaks are recorded, 
the resilience of agroecosystems reduces, the dependence of agriculture on 
chemicals is growing [19]. 

In Russia, the analysis of gliadin-coding loci in wheat showed the begin-
ning of genetic erosion in the Krasnodar Territory, Rostov Region and Nonblack 
Soil Zone and the prevalence of alleles of the Bezostaya 1 and Mironovskaya 
808 varieties [20]. The comparison of the genealogical profiles of varieties in 
spring soft wheat in the Lower Volga Region revealed the degree of similarity 
higher than among the half-sibs, and in winter wheat in the Central and Volga-
Vyatka Regions — at the level of full and half-sibs [21]. 

It is important to note that in recent years, the positive trend of the in-
crease in the biodiversity of wheat varieties has been observed. Orabi et al. [22] 
found that the greatest decrease in genetic diversity among European wheat vari-
eties occurred in the 1960s and 1980s; Martynov et al. [21] note that if in the 
1970s, the pedigrees of the varieties included one or two landraces, the modern 
ones include 9-10 of them. However, the character of apparent diversity has 
changed. Modern breeding has resulted in an unbalanced predominance of 
wheat germ plasmas from southeastern, southern Europe and the Mediterranean, 
while genetic resources from East Europe and Asia are least used [1]. Over the 
past 70 years, the genetic diversity of Russian varieties has increased, however, 
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due to foreign breeding material. This process is accompanied by the loss of the 
original Russian material (soft wheat from 35 up to 50%, hard wheat up to 20%) 
and its substitution with the genetic resources from Europe, the United States 
and CIMMYT [21].  

The main sources of increasing the genetic diversity of wheat are repre-
sented by three pools: primary (represented by local and traditional varieties and 
variety populations – landraces); secondary (other Triticum species) and tertiary 
(other genera — Secale, Aegilops, Thinopyrum, etc.). In the 1970s, a group of vari-
eties with the genetic diversity differing from that of traditional and local varieties 
appeared, which is associated with the introgressions of foreign genetic material in 
the genome of wheat from its relatives, primarily rye, with distant hybridization 
[1]. Nowadays, alleles from 50 species representing 13 genera are known to be 
transferred to the wheat genome [23]. Among the donors of genes of economically 
valuable traits in the tertiary genetic pool, a special place is occupied by perennial 
cereals, in particular, such well-known and well-reputed species as intermediate 
wheatgrass and pontic wheatgrass [1].  

According to modern classification, in perennial wild relatives of wheat, 
the chromosomal set is formed by a different combination of several genomes in 
polyploid species. The P genome is represented in di-, tetra-, and hexaploid (in-
cluding segmental) Agropyron cristatum and other wheatgrass forms [24]. An im-
portant role is played by the Pseudoroegneria species with the St genome, which 
served, apparently, as the female parent in the polyploid Thinopyrum and Elymus 
species [25, 26] and thus represent one of the central genomes in perennial cere-
al species [27-29]. The members of the Thinopyrum genus carry the E gene, also 
denoted J; the range of ploidy of this genus vary from the diploids Th. bessarabi-
cum (Jb) and Th. elongatum (Je) up to the hexaploid forms of Th. intermedium 
(JrJvsSt) and decaploid Th. ponticum (JJJJsJs). The matter of the genomic com-
position of intermediate wheatgrass and pontic wheatgrass is still open and is 
studied by many researchers with the use of molecular cytogenetic approaches 
[29-31]. The listed Thinopyrum species are widely used in the breeding improve-
ment of soft wheat as donors of economically valuable traits. The gene V is rep-
resented in only two species – in annual cereal Dasypyrum villosum (2n = 14, 
VV) and perennial cereal D. breviaristatum; the latter has both diploid and tetra-
ploid forms. Whether the tetraploid form of D. breviaristatum is allo- or autotet-
raploid VVVbVb remains a subject to discuss [32, 33].  

As a result of crossing wheat and perennial cereals, the following types of 
breeding material can be obtained: amphiploids, the hereditary material of which 
includes the complete genome of wheat and full (in the case of a diploid species) 
or partial (of a polyploid species) genome of a wild cereal; augmented lines (they 
have the complete genome of wheat combined with a pair of augmented chro-
mosomes of wild cereal); substituted lines (their chromosome set is formed by 
the complete genome of wheat, with the exception of one pair of chromosomes, 
substituted on the chromosome of wild cereal); translocated lines (lines of 
wheat, one or more chromosomes of which carry translocations); introgressive 
lines (one or a few chromosomes carry introgressions – small inserts of chroma-
tin of wild cereal in the wheat chromosomes). 

A big problem in the transfer of useful genes in the genome of wheat is 
the so-called “genetic garbage”: in the chromatin area of a wild relative embed-
ded in the chromosome of wheat, in addition to the target gene, genes that de-
grade the final product quality may be situated. Unnecessary chromatin frag-
ments are removed by chromosomal engineering with the use of spontaneous 
translocations, radiation exposure, tissue culture, and stimulated recombination. 
Spontaneous translocations, as a rule, centric ones (Robertsonian, occurring as a 
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result of disruption and fusion of chromosomes on the centromere), as well as 
exposure to radiation, lead to the formation of non-centric translocations. 
Stimulated translocations result from the removal from the wheat genome of the 
Ph gene on the chromosome 5BL, which prohibits homo- and homeologous 
conjugation: it is possible to use nullisomics at 5B or mutants ph1b of soft and 
ph1c of hard wheat, which have a deletion of the Ph-locus and allele PhI Aegilops 
speltoides. The task of the breeder is to select plants with the target gene among 
the plants in which the dose of the rest of the chromatin was reduced; in the case 
of ph-mutants, it is necessary to restore the Ph allele in wheat after reducing the 
dose of introgression [34]. If the trait is supported by the group of genes located in 
different loci of the same chromosome or distributed between chromosomes, it is a 
hard task to pass it to wheat through separate introgressions; in this case, amphi-
diploids and augmented (or substituted) forms would show more severe manifesta-
tion of the symptom compared to the introgressive forms [35]. 

Work with wild relatives begins with the exact identification of the spe-
cies belonging of the sample at the molecular-cytogenetic and molecular levels 
[36, 37]. An important role is played by the study of genes and allelic diversity in 
the genomes of wild relatives. This makes it possible to find candidate genes for 
economically valuable traits, assess the genetic diversity of populations, and de-
velop molecular markers of those genes that can be transferred to the genome of 
soft and hard wheat [38-42]. Identification of molecular and cytogenetic markers 
specific to individual chromosomes or their sites plays a significant role, as in-
trogressive forms are often selected not for a specific gene, but for a chromatin 
site associated (linked) with the target gene [43, 44]. 

Tall wheatgrass Th. elongatum (Host) D.R. Dewey is presented by diploid 
(E = Je, 2n = 2½ = 14) and tetraploid (E1E2, 2n = 4½ = 28) forms. Augmented 
and substituted forms of soft wheat at the chromosome 7E and hard wheat at the 
chromosome 1E, resistant to Fusarium head blight, were created [45-48]. Diso-
mically substituted lines of soft wheat 1E(1A), 1E(1D) and 6E(6D) showed re-
sistance to Septoria blight, the lines 1E(1B), 2E(2B), 2E(2D) and 3E(3B) – to 
the yellow dwarf virus of cereals [49]. The salinization resistance genes at the 
chromosome 3E responsible for removing sodium ions from the cell were intro-
gressed to the distal section of the soft wheat chromosome 3A by stimulated 
homological recombination [50]. The soft wheat line augmented with the chro-
mosome 4E showed the best capacity for regrowth after harvesting in compari-
son with other augmented lines [51]. Li et al. [52] obtained substituted, aug-
mented, and translocated lines, most of which showed resistance to wheat 
striped rust, on the basis of partial amphidiploid Trititrigia 8801 (2n = 6½ = 42, 
ABE), created with the participation of a tetraploid form of Th. elongatum.  

Bessarabian wheatgrass Th. bessarabicum (Savul. & Rayss) Á. Löve (Jb, 
2n = 2½ = 14) is used to improve the resistance of soft wheat to adverse envi-
ronmental factors. Bessarabian wheatgrass is also interesting as a source of the 
genes of resistance to salinization and eelworm Meloidogyne chitwoodi [53]. With 
the help of stimulated homologous recombination in the absence of the Ph1 
gene, translocated salt-tolerant forms with translocation of T5AS.5JL were ob-
tained [54]. Low-molecular-weight glutenins have a certain value, which can 
affect the baking quality of soft wheat grains [55, 56]. In addition, a series of 
translocated forms of soft wheat with Th. bessarabicum chromosome segments 
was obtained [57, 58]. Grewal et al. [59] developed 1150 molecular SNP (single 
nucleotide polymorphism) markers for all seven chromosomes of Bessarabian 
wheatgrass, which can be used in marker-assisted selection (MAS) on the basis 
of series of recombinant wheat lines [59]. 

Virgate wheatgrass Th. junceum (L.) Á. Löve is a hexaploid (2n = 6½= 42) 
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with the alleged genomic constitution EbEbEe (or JJE). On the basis of the par-
tial octoploid amphidiploid, a series of wheat lines augmented by Th. junceum 
chromosomes was created [24]. The line AJDAj3 with the augmented chromo-
some of Th. junceum of the second homeologous group showed resistance to 
Fusarium head blight [60]; based on the salt-resistant line AJDAj5, augmented 
by the first homeologous group of Th. junceum, with the PhI gene from Aegilops 
speltoides, the recombinant lines of wheat that retained resistance to salinization 
were created [61]. The relative of virgate wheatgrass, wiry wheatgrass Th. jun-
ceiforme (Á. Löve & D. Löve) Á. Löve is a tetraploid (2n = 4½ = 28), combining 
the genomes J1J2 (J1 is close to Th. elongatum or Th. bessarabicum) or JE (EbEe) 
[24, 62]. Based on it with the use of T. turgidum subsp. dicoccon (BA), a com-
plete amphidiploid resistant to abiotic (drought, flooding) and biotic (Fusarium 
head blight and striped mosaic virus) stress factors was created [62]. 

Intermediate wheatgrass Th. intermedium (Host) Barkworth & D. R. 
Dewey [syn. A. intermedium (Host) Beauvoir, Elytrigia intermedia (Host) 
Nevski] (2n = 6½ = 42) is a wild cereal widely used in the breeding of soft 
wheat (due to the high combining ability with it) as a unique donor of re-
sistance to biotic and abiotic stressors [63]. Various breeding lines of inter-
mediate wheatgrass are tested for baking quality of the grain; its cultivation 
and selection is carried out [64-66]. Many wheat-wheatgrass hybrids (WWHs) 
with high protein content, resistant to yellow dwarf virus and wheat streak 
mosaic, powdery mildew, yellow leaf, and stem rust [67-70] have been creat-
ed. In addition to wheat chromosomes, each WWH has its own unique set of 
wheatgrass chromosomes associated with certain economically valuable traits 
[71, 72]. WWH forms created by Tsitsin and his students have good baking 
qualities of grain, resistance to leaf rust, drought and salinization, germina-
tion at the root, are capable of regrowth and long-term lifestyle, are charac-
terized by great biological diversity [73-77]. Many traits were subsequently 
successfully transferred to the genome of wheat directly from wheatgrass or 
by octaploid amphidiploids to disomically augmented, replaced and translo-
cated lines of soft wheat having resistance to diseases and new protein subu-
nits [78-80]. It is important to note that even disomically substituted forms 
may eventually become commercially successful varieties; an example of this 
are the varieties Tulaikovskaya and Belyanka and their derivatives in which 
resistance to brown rust is provided by the replacement of the chromosome 
6D with the chromosome of intermediate wheatgrass 6J of different origin 
[81, 82]. It is shown that genes of economically useful traits are localized at 
different chromosomes of wheatgrass, which can be successfully introgressed 
into the genome of soft wheat through the exchange of sites between chro-
mosomes [83]. Gene transfer from intermediate wheatgrass most often occurs 
in stages. For example, the resistance gene Wsm3 was identified on the long 
arm of the wheatgrass chromosome 7SL in the disomically augmented line of 
soft wheat DtA7S#3 [84], on the basis of which a Robertsonian translocation 
in the wheat chromosome T7BS.7S#3L was obtained [85]; using ph1b-
stimulated recombination, the line of T7BS·7BL-7S#3L with a smaller dose 
of wheatgrass chromatin that retained the gene Wsm3 has been created [86]. 
Similarly, a translocation of the Bdv2 gene was obtained: on the basis of am-
phidiploid TAF36, the augmented line with the wheatgrass chromosome 7S, 
resistant to the yellow dwarf virus of barley was created; by means of ph-
mutation and tissue culture, a series of translocated lines carrying the target 
gene at a lower dose of the rest wheatgrass chromatin was obtained [87]. On 
the basis of the octoploid wheat-wheatgrass amphidiploid Zhong 5, the line 
Z4 with two non-Robertsonian translocations T3DS-3AS.3AL-7JsS and T3AL-
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7JsS.7JsL, among which the second carries the gene for resistance to yellow rust, 
was obtained [88]. By now, the genes of resistance to fungal rust diseases Lr38, 
Sr44, Yr50, YrL693 [78, 84, 89], powdery mildew Pm40 [90], Pm43 [91], Fusari-
um wilt [92], viral diseases Wsm1, Wsm3, Bdv2, Bdv3, Bdv4 [86, 93-96], and 
cornel aphid [97] were transferred from intermediate wheatgrass in different 
chromosomes in the form of small introgressions. Most often, resistance genes 
from the intermediate wheatgrass subgenomes Jr and Jvs are introgressed in 
chromosomes of the D-subgenome of wheat, more rarely in the subgenome A 
and very rarely in the subgenome B, which is probably due to the high degree of 
homology between the wheatgrass subgenomes Jr and Jvs, on the one hand, and 
the subgenome of wheat B — on the other hand [91].  

Pontic wheatgrass Th. ponticum (Podp.) Z.-W. Liu & R.-C. Wang 
(JJJJsJs or EeEbExStSt, 2n = 10½ = 70) has a set of valuable characteristics, high 
resistance to fungal and bacterial diseases, high productivity, a powerful fibrous 
root system, strong development, etc., making this wheatgrass species very prom-
ising for crossing with wheat [67]. Pontic wheatgrass relatively easily crosses with 
soft wheat, which formed the basis for the creation of a series of WWHs, the 
genome of which combines chromosomes of both intermediate wheatgrass and 
pontic wheatgrass [71, 74]. WWHs can grow after harvesting and after wintering, 
are resistant to fungal and viral diseases and can be grown in the future as an 
independent culture [98, 99]. The genetic material of pontic wheatgrass is often 
involved in obtaining introgressive lines of wheat through “breeding bridges” in 
the form of WWHs, augmented and replaced lines. An example of the transfer of 
the leaf rust resistance gene Lr19 from the pontic wheatgrass chromosome 7E to 
the soft wheat chromosome 7D can be called a classic one. The first step was to 
create the augmented line 7el1(7D) Agrus; then through -radiation, the line T4 
(Agatha) with translocation of wheatgrass chromatin in the wheat chromosome 
7D was obtained. Due to -irradiation and ph1c-stimulated homologous recom-
bination, a series of lines with different doses of wheatgrass chromatin on the 
chromosomes 7D and 7B of soft wheat and 7B of hard wheat was created and it 
was found that this translocation, in addition to Lr19, carries the genes of re-
sistance to striped rust Sr25, genes of the yellow pigment in the endosperm Yp 
(one of the possible candidates is the gene Psy1), as well as Sd1 and Sd2, aggra-
vating fertility and leading to a shift in the decomposition for translocation 
[100]. In addition to 7el1, a fragment of chromatin 7el2L carrying genes of re-
sistance to fusariosis, which allows staking different resistance genes of pontic 
wheatgrass, was transferred in wheat [101-103]. During the introgression of the 
gene Lr24, in a similar manner, first a substituted line 3Js(3D) TAP 67 was ob-
tained, and on its basis — a translocation at the chromosome 3D; then a chro-
matin fragment, in addition to the gene Lr24, also carried Sr24 [104]. The effec-
tive gene Sr26 (determines resistance including stem rust race Ug99), was trans-
ferred under the scheme of partial amphidiploid (2n = 56)—the substituted line 
6Ag(6A)—translocation 6AgL-6AL; since this translocation reduced the yield by 
15%, its dose was reduced from 90% to 30%, which allowed increasing the yield 
[105]; at the chromosome 6Ag, also a new resistance gene SrB was identified 
[106]. Pontic wheatgrass genes for resistance to leaf and stem rust Lr19, Lr24, 
Lr29, Sr24, Sr25, Sr26, Sr43 [84, 107-110], colonization by the mite Eriophyes 
tulipae Cmc2 [84], an unknown dominant gene for short stem [111], the gene of 
yellow pigment in the endosperm [112] and anthocyanin staining of the aleurone 
layer [113] were transferred to wheat chromosomes. Similarly to intermediate 
wheatgrass, in pontic wheatgrass, a large part of the chromatin introgressions 
with valuable genes occurs to the chromosomes of the subgenome D of soft 
wheat, which may be due to its proximity to the subgenomes of pontic wheat-
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grass [111]. 
In breeding practice, the genus Pseudoroegneria is used as a donor of salt 

resistance and drought resistance. Hybrids between P. spicata (Pursh) Á. Löve 
(St, 2n = 2½ = 14) and different types of wild ruttishness and Secale montanum 
were obtained [114]; new subunits of low-molecular-weight glutenins were iden-
tified [115]. The development of molecular markers of chromosomes in the spe-
cies Pseudoroegneria is important, as the St-genome is represented in many pol-
yploid species of perennial wild relatives of wheat, including species important in 
terms of breeding, such as intermediate wheatgrass, pontic wheatgrass, and in 
wild ruttishness species [24].  

Perennial cereal D. breviaristatum (Lindb. F.) Frederiksen (2n = 4½ = 28, 
VbVb or VVb) is represented by the diploid (Vb, 2n = 2½ = 14) and tetraploid 
(VbVb or VVb, 2n = 2½ = 42) forms. On the basis of amphiploids obtained by 
hybridization of wheat and D. breviaristatum, the augmented lines carrying genes 
of resistance to striped, stem rust, powdery mildew were created [116, 117]. 
With the help of molecular markers, substitution of 2Vb(2D) was revealed in 
lines of soft wheat resistant to stripe rust [118], on the basis of which the intro-
gressive stable form with longer spikes was received [119]. The introgressions of 
the segments of the 1Vb chromosome allowed creating forms of wheat with new 
high molecular glutenins [119, 120]. 

The closest relative of D. breviaristatum [syn. Haynaldia villosa] is annual 
Dasypyrum villosum (L.) Borbás (V, 2n = 2½ = 14), widely used as a donor of 
resistance to viral diseases in the augmented and substituted translocated lines 
[121, 122]. A major role in the involvement of genetic material of Dasypyrum in 
the breeding of soft wheat is played by molecular markers of not genes, but 
chromosomes and their arms, which allows marking and mapping the segments 
on the chromosome associated with certain symptoms [43, 44]. Due to the 
transfer of D. villosum chromatin in the genome of wheat, it was found that the 
chromosome 1V carries the genes of resistance to kernel smut and eyespot, as 
well as genes that improve grain quality [123-125]; at 2V, the genes that increase 
yield and genes of resistance to powdery mildew Pm62 and eyespot [125-127] 
were discovered; at 3V, the genes of resistance to take-all disease (pathogen 
Gaeumannomyces graminis) and eyespot and striped rust [125, 128, 129] were iden-
tified; at 4V, the genes of resistance to eyespot Pch3, the virus of spindle streak 
mosaic of wheat Wss1 [130-132] were localized; at the chromosome 5V, the genes 
of resistance to powdery mildew Pm55 [133] were localized; the 6V chromosome 
carries the genes of resistance to powdery mildew [134], leaf rust Lr6V#4 [124], 
striped rust SrHv6 [135] and bent-grass leaf-gall eelworm CreV [136]. 

The members of the genus Agropyron originally grew in the steppes of 
European Russia and south-east Siberia and may have been cultivated in the 
Volga Region to the east of Saratov. This genus is represented by 10 to 15 spe-
cies, among which A. cristatum and A. fragile are introduced and grown in North 
America, and five species grow in China. The most characteristic representative 
of this genus is the tetraploid form of A. cristatum, growing in Central Europe 
and Central Asia, in Central Asia and Siberia, China and Mongolia, along with 
rarer diploid forms; hexaploids are found in Turkey, Iran, and Kazakhstan [24]. 
Based on augmented and substituted lines, applying gametocidal chromosomes, 
radiation exposure, and other methods, breeders transferred into chromosomes 
of wheat individual segments that carry genes for resistance to powdery mildew 
and leaf rust (chromosome 2P) [137, 138]; genes that increase productive tiller-
ing capacity and the number of grains per spike, and genes of resistance to leaf 
rust and powdery mildew (chromosome 6P) [139-142]; genes that increase 
drought hardiness and thousand-kernel weight (chromosome 7P) [143]. Thus, in 
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addition to stability genes, crested wheatgrass carries genes and QTL (quantita-
tive trait loci), which positively affect the elements of the crop structure. 

The Elymus genus is represented by more than 200 exclusively polyploid 
species combining the genomes St, H, Y, P, and W [24, 35]. In the progeny 
from crosses and backcrosses of allohexaploid apomictic species E. rectisetus with 
soft wheat, the disomically augmented line with the 1Y chromosome, which is 
characterized by moderate resistance to Helminthosporium and Septoria diseases 
[144, 145], was obtained, and the complement of the chromosomes of the 2nd 
and 5th homeologous groups provided good resistance to Fusarium head blight 
[60, 146]. E. tsukushiensis, which became a donor of the Fhb6 gene (chromo-
some 1Ets#1S), transferred to the wheat chromosome 1AS [147], and E. repens, 
the chromatin of which was used to obtain different introgressive Fusarium-
resistant lines of wheat [148, 149], also serve as sources of resistance to Fusari-
um. E. trachycaulis was the donor of the resistance gene of soft wheat to leaf 
rust Lr55 [150]. Wheat – wild ruttishness hybrids based on E. farctus have great 
perspectives [151]. 

The use of molecular and cytogenetic markers allows introgressing tar-
geted genes in the wheat genome, thereby greatly facilitating the work of 
breeders [152, 153]. Genome-wide sequencing data, which is currently being 
actively developed, and genomic editing technologies will undoubtedly improve 
the efficiency of the use of genetic resources of wild species [154-156]. 

Therefore, the successful use of the genetic potential of wild perennial 
wheat relatives makes it possible to expand the genetic diversity of wheat, signifi-
cantly impoverished as a result of the limited use of the same varieties in pedi-
grees. The list of species of perennial wild relatives and useful genes transferred 
to the genome of wheat is certainly not limited to those listed in this review. 
This analysis showed that the general trend is the transfer and characterization of 
genes of wild relatives, which not only increase stability but also positively affect 
the elements of the structure of the crop and the quality of the final product, 
that is, clearly improve, and not just worsen these characteristics. Molecular and 
cytogenetic markers, methods of whole-genomic sequencing and genomic editing 
technologies will become effective tools for breeders. It is necessary to use all 
available resources to expand the wheat genetic base, involving in the selection 
both old varieties and populations of the Triticum and Aegilops species and new 
species and genera of Triticeae perennial cereals.  
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A b s t r a c t  
 

Since 1985, active development of agricultural biotechnology has been associated with 
genetically modified (GM) plants. After the production of GM maize in the second half of the 
1990s, the area of its crops has increased over 100-fold. Therefore, the GM maize spreeding and 
cross-pollination have become more practically relevant. Almost one third of the total area of all 
GM plants is occupied by GM maize. The Russian Federal Law No. 358 of 03.07.2016 prohibits 
the commercial use of GM plants in agriculture but allows their cultivation and testing for re-
search purposes. This necessitates assessing and developing criteria, currently absent in Russia, for 
the safe co-cultivation of non-GM and GM varieties. This review analyzes the factors influencing 
pollen dispersion: wind (speed and direction), humidity (rain), physiology (viability), the pollen 
amount, the character of the landscape, the size, shape and orientation of the recipient fields, and 
the synchrony of flowering of the pollen donor and recipient. Early studies of gene flow in cross-
pollination were reviewed Y. Devos et al., (2005) and O. Sanvido et al. (2008). In particular, the 
distance between GM and traditional maize recommended in the EU countries, with the same 
threshold for GM content in food, varies considerably (from 25 to 600 m) (Y. Devos et al., 2009; 
L. Riesgo et al., 2010). In addition to the distance between crops and the synchronicity of flower-
ing, the frequency of cross-pollination depends on the field size and orientation (M. Langhof et 
al., 2010). Estimates of the cross-pollination frequency and the pollen counts at different distances 
from the GM donor allowed the researchers to recommend isolation distances of 10 to 200 m. If 
the isolation distance cannot be ensured, the recipient and/or donor field should be bordered by a 
barrier to pollen. In the recipient field, the outer rows of maize plants can be the barrier. After a 
10-20 m maize barrier, almost none of the analyzed samples contains more than 0.9 % of GM 
material. For recipient fields of less than 1 ha in area and/or low-depth fields, an isolation dis-
tance of at least 50 m should be recommended, especially in the wind rose direction. Data on 
spreading GM maize with pollen in Europe, South America, Africa, and Asia provide recommen-
dations for safe co-cultivation of non-GM and GM maize varieties and lines. The cytoplasmic 
male sterility (CMS) approach for GM- and non-GM maize co-cultivation was developed. The 
genetic control of CMS (N-, S-, C-types and CRISPR-mediated approach) and the CMS appli-
cation history are discussed. For CMS hybrids, the isolation distances between GM and tradition-
al maize crops may be significantly reduced (up to 10 m) without violation of the European re-
quirements of a 0.9 % marking threshold. However, GM-maize with CMS is not used for practi-
cal cultivation. Russia has yet to develop its own measures and recommendations for the joint 
cultivation of GM and traditional maize. 
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Derivation of varieties by genetic engineering (GE) methods and their 
practical application have been actively developing as areas of agricultural bio-
technology since 1985. Large-scale industrial production of genetically modified 
(GM) plants, particularly maize, has begun in 1996. The area of cultivation of 
agricultural GM crops since the beginning of their use has increased by more 
than 100 times – from 1.7 million hectares in 1996 to 185 million hectares in 
2016, which amounted to about 12% of the world's acreage [1]. In 2017, GM 
varieties with herbicide resistance (either alone or in combination with insect 
pest resistance) were grown globally on a total of 166.4 million hectares [2]. 

Corn (Zea mays L.) is one of the most common crops, the production of 
which in the last 10 years in the world has grown from 600 to 1000 million tons. It 
adapts well to high temperatures, which in the context of climate warming creates 
the potential to expand areas of cultivation, including in Russia, where, according 
to the Federal State Statistics Service, almost 9 times more corn was grown in 
2018 than in 1995 (http://www.gks.ru/free_doc/new_site/business/sx/val_1.xls). 
Among GM crops, maize is the second largest in the world after soybeans in 
terms of the crop area and the first in terms of harvest. In 2015, GM corn ac-
counted for 53.6 million hectares or almost a third of the total crop area (185 
million hectares) in the world [3]. In other words, there is a danger of gene 
transfer from GM corn to non-GM corn when they are grown together. 

According to the Convention on Biological Diversity, 1993 (United Na-
tions 1992; came into force in 1993), each participating country must develop a 
strategy and program for the preservation and use of its biological resources with 
their guaranteed and safe reproduction [4]. In particular, it is necessary to estab-
lish and approve ways and methods of regulating, managing and controlling the 
risks associated with the creation, use and distribution of GM varieties, as well 
as to develop methods for assessing possible risks in the cultivation of GM varie-
ties for biodiversity preservation [5]. 

Russia is one of the countries that banned the commercial cultivation of 
GM crops (Federal Law dated July 5, 1996 No. 86-FZ “About State Regulation 
of Genetic Engineering Activity”, Federal Law dated July 3, 2016 No. 358-FZ 
“On Amendments Being Made to Particular Legislative Acts of the Russian 
Federation to Improve State Regulation of Genetic Engineering Activity”). Fed-
eral Law No. 86-FZ (1996) initially did not provide for the registration of GM 
varieties and the output of products based on them; but 10 years later, 15 GM 
crops were studied and allowed in Russia: 8 lines of corn, 3 lines of soybean, 1 
line of sugar beet, 1 line of rice and 2 varieties of potatoes (Letter of the Federal 
Service for Supervision of Consumer Rights Protection and Human Welfare “On 
Improving the Supervision of Food Products Containing GMO and GMM” 
dated August 20, 2008 No. 01/9044-8-32). Effective since 2018, Federal Law 
No. 358 also prohibits the commercial use of GM plants in agriculture but per-
mits their cultivation and testing for scientific and research purposes. Conse-
quently, a real necessity to develop criteria for the joint safe cultivation of un-
transformed and GM crops, including maize, taking into account the tasks of 
biodiversity preservation, appeared in Russia. This development includes the 
analysis of the best practices of experimental evaluation of potential risks in the 
cultivation of GM plants. This problem has many different aspects, such as con-
sidering the effects of herbicides and insecticides on non-target plant and insect 
species during cultivation of GM crops [6], but in this review, the material will 
be focused on evaluating the risks of distribution of GM corn with pollen in co-
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cultivation of untransformed and GM maize varieties, which has not been stud-
ied in Russia. 

Expansion of  GM corn po l len in  f ie ld  condit ion s. Maize is a 
monoecious wind-pollinated species; plants reach a height of 3 m (sometimes up 
to 6-7 m), which increases the risk of spreading pollen of GM varieties carried 
by the wind for tens and hundreds of meters [7, 8]. Pollen transfer is influenced 
by many factors: wind (speed and direction), rain (humidity), physiology (viabil-
ity), pollen quantity, landscape character, size, shape and orientation of the recipi-
ent field, the synchronicity of flowering of the pollen donor and recipient [9]. 

Pollen viability. Pollen viability (ability to germinate) is an important 
condition for cross-pollination. After leaving the anthers, corn pollen is viable 
for 1-24 hours [10, 11]. In the moderate climate of Europe (France), pollen via-
bility is maintained up to 24 h [11]. Depending on atmospheric conditions in 
Iowa (USA), pollen germination decreased by 50% after 1-4 h [12]. In many 
years of research in the arid conditions of Mexico (area of Nayarit), a decrease 
in the pollen viability outside by 80% for 1 h and 100% for 2 hours was noted; 
in the driest conditions, 100% of pollen grains became unviable within 1 h [12].  

Wind. Air flows during pollen expansion can lift pollen high into the at-
mosphere and distribute it over considerable distances. Pollen viability decreases 
with altitude, but at higher altitudes, lower air temperatures favor the mainte-
nance of pollen viability. The main horizontal flow of pollen in corn was ob-
served at an altitude of 6.5 m, and it was the same at a distance of 3-10 m from 
the source [13]. A small amount of pollen was recorded at a distance of 800-
1000 m from the source, while the settling rate of pollen ranged within 0.0002-
0.001 grains/(m2Łs) [13, 14]. On average, the frequency of cross-pollination (% 
of grains) was the same at a distance of 28 m down the wind and at a distance of 
10 m against the wind [15]. 

Wind speed is the main variable that determines the amount of pollen 
dispersed after the release of pollen grains from anthers. The time and distance 
of the pollen grain fall on the snout of the recipient plant depend on gravity, on 
the one hand, and turbulence and airflow, on the other [16]. Corn pollen grains 
in comparison with pollen of other wind-pollinated species are relatively large 
(average diameter 90 microns) and heavy (0.25 µg), so corn pollen has a high 
settling rate [14, 17]. About 95-99% of the pollen is set at a distance of about 30 
m from the source. At a distance of more than 30-50 m, its amount is signifi-
cantly reduced, but the clear distance beyond which it is not detected is un-
known [13, 14, 17]. The relative density of pollen in experiments in Massachu-
setts (USA) fell to about 2% at a distance of 60 m from the edge of crops and 
remained within 0.50-0.75% at a distance of 500 m from the donor culture [18]. 
In another paper, it was reported on the settling rate of pollen downwind at a 
distance of 10 m from the source – 10-100 grains/(m2Łs), 800 and 1000 m – 
0.001-0.0002 grain/(m2Łs) [13]. In a study carried out in Mexico, no correlation 
between wind speed and cross-section percentages was observed, meaning that 
the role of wind speed may not be relevant to cross-section frequency [8]. 

Humidity, rain. In the air stream, pollen can be captured by water drop-
lets and/or fall on wet flowers, where it bursts and dies. As a rule, corn pollen 
falls out of anthers in dry conditions, mainly from morning to noon [13, 14]. 
When it rains, pollen release is delayed because anthers do not crack in wet 
conditions [13, 14]. However, the published data to quantify the impact of rain 
on anthers opening and maize pollen flow is not still available.  

Field dimensions of the GM pollen source and the recipient field. A cloud 
of pollen of recipient plants over the field of the recipient competes with donor 
pollen. The larger the field, the greater the mass of the recipient's pollen. Field 
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tests have shown that for a donor of pollen with a given size, the cross-
pollination frequency decreases as the size of the recipient field increases [14, 
19, 20]. This indicator, expressed as a percentage of GM plants, decreased from 
1.8% to 0.8% when the size of the pollen recipient field increased from 0.25 to 1 
ha [19]. The results of research with fodder corn in Germany, when the donor's 
fields of GM corn were surrounded by an isogenic non-GM variety, confirmed 
these results [14]. However, later in Germany, it was found that the size of the 
donor field 0.3-23 ha did not affect the frequency of cross-pollination [21]. In 
experiments in Spain, the size of the donor field of corn influenced the number 
of GM grains found in the recipient field, but to a lesser degree than the size of 
the recipient field [22]. 

Shape and orientation of pollen donor and recipient fields. The study of the 
influence of the shape of the fields of recipients and pollen donors showed that 
the volume of their cross-pollination can be easily reduced by changing the 
square shape of the recipient field to a rectangular of the same area and placing 
it accordingly [14, 23]. For example, if a 5-hectare recipient field had a long 
side facing the pollen source, the cross-pollination frequency was 10.7%, if the 
short side – only 3.4% [24]. 

Synchrony of the donor and recipient flowering. Synchronization of pollen 
dispersion and snouts release is crucial for determining the survival rate of corn 
pollen [14, 25]. The better the synchronicity between pollen donor flowering and 
the snouts release of the recipient plant, the higher the probability of cross-
pollination [11, 14, 25, 26]. Different sowing times can lead to a difference in 
flowering time, limiting cross-pollination. In Spain, the difference in sowing 
time on average of 1 week reduced the frequency of cross-pollination in the first 
row of recipient fields by 50%, 3 weeks – by 75% [20, 27]. In Mediterranean 
European countries, this approach can be applied without crop losses [20, 27]. 

Barriers to Pollen. Plants around the source or recipient of pollen can act 
as barriers. Thus, the presence of several rows of taller plants on the outside of 
the donor field reduces the frequency of crosses, i.e., the effect is similar to in-
creasing the distance to the recipient plants. In addition, barriers introduce 
competing pollen if they are plants of the same species and/or physically impede 
pollen transfer through the air by affecting flows and filtration [18, 28]. A barrier 
of corn and trees reduced cross-pollination (immediately behind the barrier) by 
50% more efficiently than the sown earth [14]. A barrier of tall sorghum plants 
reduced the safe distance of the joint cultivation of GM and non-GM corn from 
35 to 20 m with a threshold value of the frequency of cross-pollination below 
0.9% [29].  

Landscape influence. The highly diverse nature of the landscapes of the 
European Union (EU) suggests that measures to ensure the coexistence of GM 
and non-GM plants should be adapted to regional conditions under the 
SIGMEA program for the sustainable introduction of GM crops into European 
agriculture. In 2010, four landscape-specific maize growing zones in Alsace and 
Aragon (France) were compared and regional landscapes were classified by risk 
degree for different threshold values of 0.1; 0.4, and 0.9% [30]. 

Risk analysis of the spread of GM corn varieties with pollen 
in dif ferent countr ie s. Europe. EU C o u n t r i e s. Directive 2001/18/EC dat-
ed March 12, 2001 on the deliberate release of genetically modified organisms 
into the environment is in force in the European Union and was substantially 
amended in 2015. Directive 2015/412/EC established the right of EU member 
states to restrict or prohibit the cultivation of GMO approved in the EU in their 
territories. The prohibition can be imposed not only for scientific but also for 
political, socio-economic reasons. Permission to grow a GM crop can be ob-
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tained only after an individual assessment of the potential danger of each GMO 
to human and animal health.  

A study in 2000-2003 in 15 counties of England showed a quick reduction 
in the rate of cross-pollination in corn at a distance of the first 20 m from the do-
nor culture; however, marker genes of GM varieties of fodder and sweet corn were 
detected by PCR at distances of 80 and 200 m [31, 32]. SCIMAC (Supply Chain 
Initiative on Modified Agricultural Crops, UK), an organization established to 
regulate the use of GM plants in England in the production of agricultural prod-
ucts, recommended a separating distance of 80 m for the joint cultivation of GM 
and non-GM corn varieties [31]. 

Due to the inclusion of 17 GM corn varieties in the EU catalogue of 
crop varieties on September 8, 2004, an increase in the commercial acreage of 
transgenic maize was expected in some countries [14] and thresholds (0.9%) 
were set for allowing the accidental and technically unavoidable presence of GM 
material in non-GM products. To reduce pollen dispersion, the EU has adopted 
a regulation that establishes 200 m as the minimum isolation between the pollen 
source and the recipient field (with the use of physical barriers – 100 m) [14]. 
The distances originally proposed by EU member states for isolation of tradi-
tional and GM corn ranged from 15 to 800 m [33].  

An empirical one-dimensional model of gene flow mediated by corn pol-
len allowed establishing the practice of growing GM and traditional plants while 
maintaining the threshold value of 0.9% for GM grain in non-GM grain [34]. 
Based on the model describing the decrease in the rate of germination of pollen 
grains in the atmosphere, it can be assumed that the decrease in the settling rate 
is accompanied by a decrease in the viability of pollen [35]. A simple dispersion 
model is proposed to illustrate the possible effects of changes in the deposition 
rate and germination rate on pollen propagation and cross-pollination of corn. 
The results show that modern pollen propagation models that do not take into 
account these changes overestimate cross-pollination rates [35]. An approach to 
modelling pollen-mediated gene flow from multiple sources is proposed [8]. It is 
based on generalized linear mixed models that quantify variability across years 
and locations to determine which isolation methods will effectively meet the 
0.9% threshold. Data for the new model were obtained from a database of ex-
periments conducted in 2000-2010 in Canada, France, Germany, Italy, the 
Netherlands, Poland, Romania, Slovakia, and the United States. According to 
this model, for 1 ha of a non-GM field, surrounded from all four sides by GM 
fields, 12 m of border rows in combination with a 12-meter band out of crop are 
enough to ensure a threshold of 0.9% (at the 95% significance level) established 
by the EU [9]. Based on a comparison of four methods for assessing the pres-
ence of GM corn in the fields of non-GM recipients with mathematical pro-
cessing of the results, a more reliable method for recording GM crosses over the 
entire depth of the field was proposed [36]. 

Cultivation of GM corn in Europe until 2005 was limited to Spain (about 
58 thousand hectares in 2004). Since 2005, GM corn varieties have been cultivat-
ed in the Czech Republic, Slovakia, France, Germany, and Portugal [36]. Howev-
er, since 2008, France has prohibited the cultivation of the GM corn variety 
MON810 resistant to insect pests [33]. Germany, after further research and public 
debate, also prohibited the use of the MON810 on its territory [37]. GM corn 
crops in the Czech Republic and Slovakia have only declined since 2008 until a 
total prohibition in 2017 [2]. In Portugal and Spain to 2017, the area under GM 
corn decreased by 10% relative to 2016 (https://www.infogm.org/6391-europe-
GMO-drop-of-transgenic-crops?lang=fr).  

I t a l y. In Italy (Lombardy), experiments were conducted to study the ef-
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fect of different flowering periods of the GM donor and non-GM recipient of 
corn on the number of GM plants in the recipient's crops. A slight or complete 
absence of pollen flow reduction was found with the difference in flowering time 
between the source and the recipient up to 3 days. For the 4-5 days period, the 
flow of pollen decreased by 25%, for 6 days — by 50%, for more than 7 days — 
by 100%. The cross-pollination threshold (0.9%) was reached at a buffer zone of 
25 m, with corn plants being a more effective barrier rather than fallow (out of 
crops) lands [38].  

R o m a n ia. In 2008-2009, the distribution of GM corn pollen of the 
MON810 variety was studied in the South (Călărași district), East (Brăila district) 
and West (Timiș district) of Romania to assess potential risk [42]. A plot sized 
300½250 m planted with transgenic plants was surrounded by crops of non-
transgenic seeds. The average distance at which the content of GM grains was less 
than 0.9% in all four directions (north, south, east, west) was 20 m in 2008, and 
25 m in 2009 [39]. On this basis, for the spatial isolation of commercial GM va-
rieties, the authors considered a distance of 35 m sufficient. In 2016, Romania 
stopped growing GM corn [2]. 

T h e  N e t h e r l a n d s. In 2006-2007, field tests of the effect of the two 
insulating distances (25 and 250 m) specified in the Dutch Coexistence Commit-
tee (Holland) resolution were conducted in three regions of the Netherlands 
[40]. A field with the genetically modified donor (DKC3421YG, a modified ver-
sion of the MON810 variety, 1 ha) was surrounded in four directions by fields 
(0.25 ha) with traditional corn (variety DKC3420), located at a distance of 25 
and 250 m. PCR analysis showed the presence of 0.080-0.084% GM grains for 
25 m distance and 0.005-0.007% for 250 m. 

It is important to note that the European Union has adopted a stricter 
regulatory framework for GM plants compared to other countries [41], despite 
the fact that Europe grows less GM corn than on all other continents except 
Australia, although, according to Italian scientists who analyzed 1,783 publica-
tions for the period from 2002 to 2012, no direct threat from the use of GM 
plants was revealed [42]. Directive 2015/412/EC of the European Parliament 
and the Council dated March 11, 2015, as already noted, allows the EU member 
states to determine independently the amount and rules of cultivation of GM 
plants [43]. By October 2015, 19 of the 28 EU countries had applied to abandon 
the cultivation of GM corn MON810 [44]; by 2017, this variety was grown only 
by Portugal and Spain [45].  

R u s s i a. In 2012, the Russian Federation approved the Comprehen-
sive Program for the Development of Biotechnology (Including Agricultural 
Biotechnology) for the Period up to 2020 [46]. In 2013, Russia ranked 12th 
in the world in corn production [47]. As per the Federal State Statistics Ser-
vice, in 2016, the yield of corn grain was almost 9 times higher than in 1995 
(respectively 15.0 million tons against 1.7 million tons), but over the next 2 
years it decreased, reaching 13 million tons in 2017, and 11 million tons in 2018 
(http://www.gks.ru/free_doc/new_site/business/sx/val_1.xls). At the same time, the 
acreage for corn in the period from 1995 to 2018 in Russia, according to the Federal 
State Statistics Service, increased by nearly 4 times (from 643 thousand hectares to 
2452 thousand ha) (http://www.gks.ru/free_doc/new_site/business/sx/posev_pl1.xls).  

Currently, GM corn in Russia is not officially grown, although in 2008, 
8 lines of GM corn of American origin were ready for mass production (Letter 
of the Federal Service for Supervision of Consumer Rights Protection and Hu-
man Welfare “On Improving the Supervision of Food Products Containing 
GMO and GMM” dated August 20, 2008 No. 01/9044-8-32).  

For comparison, the area of the world's biotechnological crops increased 
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from 1.7 million hectares in 1996 to 189.8 million hectares in 2017 (by more 
than 100 times) [48]. In 2016, the total world income of farmers from using GM 
corn amounted to 2.1 billion USD, the total return for the years 1996-2016 was 
13.1 billion USD, among which 4.5 billion USD (34%) was due to increased 
yield, the rest – due to the reduction of production costs [49]. 

The review by Zhuchenko [50] presents an analysis of the risks associat-
ed with the creation, cultivation, and use of GM plants in agriculture. The limi-
tations of genetic engineering, as well as possible evolutionary, biological and 
environmental consequences of the widespread use of genetically modified or-
ganisms, are considered. It is important to note that some of the limitations and 
dangers of genetic engineering mentioned in the review (in particular, the lack of 
site-directed gene integration methods, or insertion of introduced genes into a 
specific host DNA site) have already been overcome by modern CRISPR/Cas 
technologies. For modeling the microevolution of a population, in which the 
GM species are presented, Zhivotovsky [51] considered two scenarios of the be-
havior of mixed populations depending on the adaptation potential of GM 
plants. According to one scenario, GM plants that carry useful adaptations (for 
example, heat and salt resistance) may gain an advantage over other populations 
for a short period of time and displace them, but then die due to their own nar-
row adaptation with a significant and varied change in conditions ("Trojan horse 
hypothesis"). Similar conclusions were given earlier by other authors [52]. How-
ever, experimental risk assessment of GM corn distribution in Russia has not 
been carried out; criteria and recommendations for its safe cultivation together 
with untransformed varieties in Russia are absent. 

North America. M e x i c o. Mexico is considered the center of origin and 
biodiversity of corn, the domestication of which began in its territory more than 
8 thousand years ago [53]. In Mexico, more than 9 thousand species have been 
created and stored [54], including the populations of subspecies of corn (Zea 
Mexicana, Z. parviglumis) and teosinte plant species that participated in the 
breeding of modern corn in Mexico [55].  

As early as 2001, GM corn imported from the United States was found 
in local corn populations in Northern Mexico (Oaxaca state) [56], although no 
GM corn was detected in a later 2-year study of 125 Oaxaca fields using PCR 
[57]. However, no more than 10 plants (corn ears) from each field were ana-
lyzed and combined samples (from 300 to 810 and even 5,630) were used [57]. 
The authors also do not indicate at what distance the studied fields were from 
the fields where GM corn varieties were tested in Mexico in 1998. Experimental 
testing of the ability of donor corn pollen to spread and pollinate recipient plants 
in Mexico showed the highest frequency of crossing near the pollen source – 
12.9% at a distance of 1 m. This value fell sharply to 4.6; 2.7; 1.4; 1.0; 0.9; 0.5 
and 0.5% as the distance increased, respectively, to 2, 4, 8, 12, 16, 20, and 25 m. 
At a distance of more than 20 m, the crossing frequency at all points was below 
1% [8]. It should be noted that in Mexico, unlike many other countries, the ad-
ditional factor of increased risk of uncontrolled spread of GM corn is active: 
during cultivation, small-scale farmers traditionally exchange grain for planting 
and sow mixed populations of corn (the so-called creolization) [58]. The ob-
served distribution of GM corn in Mexico under the described conditions 
showed that in sowing 5 hectares of GM corn in each of the 13 regions, in 10 
years, GM plants will be present in 87.85% of all crops [55]. 

To protect the genetic resources of corn in Mexico, the GM Biosafety 
act was drafted in 2008, which provides for the establishment of isolation zones 
for areas that are considered centers of corn origin; the protection of species 
for which Mexico is considered a center of origin and genetic diversity; the use 
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of isolation distances (250 m) for experimental field studies with transgenic 
corn, with additional restrictions in regions identified as centers of origin [8]. 
Since 1996, Mexico has approved 170 biotech crops for food, feed, and culti-
vation, including 75 GM corn lines [2]. In 2017, Mexico approved five GM 
corn lines for production. 

T h e  U S A. The marked gap between American and European approaches 
to GM crops is observed. The USA has 1.4 times more arable land than the EU, 
with almost 600 times more land allocated to GM crops [45]. This huge differ-
ence reflects the different attitudes towards genetically modified organisms 
(GMOs) in Europe and the United States. In Europe and America, regulation is 
based on fundamentally different models of risk assessment inherent in GMOs. 
These approaches are called process-based (principle-based) and product-based 
[59]. In the first case, the risk character is recognized for the process of genetic 
modification, in the second – for its result, the object (GMO or derivative 
products) [60]. Legislation of all countries can be divided according to this crite-
rion into two types. The first includes regulation in the EU, the second – in the 
United States and Canada. Most of the countries that follow the process-
oriented approach participate in the Cartagena Protocol on Biosafety (2000), 
while the countries implementing the product-oriented approach largely do not 
participate. This causes significant differences in the requirements for GM crops 
but does not directly affect the possibility of their cultivation. The process-
oriented approach is adopted in Brazil and India, which are among the leaders 
in the use of biotechnology in agriculture [61]. 

In the United States since 1986, the Coordinated Framework for Regu-
lation of Biotechnology, updated in 1991, is active. It serves as a guideline for 
federal oversight and regulation of GM foods, including GM crops, food prod-
ucts, and GMO use. In implementing the regulation, U.S. regulatory authorities 
should rely solely on the risks inherent in the final product, without regard to 
biotechnological processes of its manufacture [62]. The USA has no federal legis-
lation on GMOs in the United States and the United States is not a party to the 
Cartagena Protocol on Biosafety and the Convention on Biological Diversity [2]. 

The first commercial herbicide-resistant GM corn appeared in the U.S. 
market in 1998. By 2009, genetically modified corn in the United States ac-
counted for 85% [63]. According to the evaluation of American researchers, the 
yield of GM corn from 1996 to 2010 in the central corn belt of the United 
States only slightly increased, unlike GM soybeans. However, whether this was 
due to the use of GM corn or other factors is not analyzed in detail [64]. The 
US legislation on GM plants is the most liberal, although in the US, there is a 
theoretical danger of crossing corn with eastern gamagrass Tripsacum dacty-
loides L., which is widespread in the eastern and northern part of the United 
States [65]. Eastern gamagrass belongs to the same genus of the family Poaceae 
as corn Zea mays L., and grows naturally in the same region of the United States 
where corn is commercially produced. To study the gene flow from corn to 
gamagrass, experimental crosses were made between transgenic corn used as a 
male parent and gamagrass as a female parent to assess the possibility of inter-
specific hybridization [66]. No evidence of gene flow from transgenic corn to 
gamagrass was observed in nature, although the two species grew in close prox-
imity for many years and had ample opportunities for interbreeding [66]. 

South America. C o l o m b i a. The Colombian Agricultural Institute (In-
stituto Colombiano Agropecuario, ICA) in 2010 established a distance re-
quirement of 500 m between local and transgenic corn fields [67]. In 2015, 
Colombia reviewed 60 randomly selected plots of corn in the valley of San 
Juan planted in groups at distances of 2.2-4 km in the area of 15½8 km. The 
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areas of ordinary corn varied from 8 to 114 hectares, GM corn – from 95 to 
125 hectares. The effects of the distribution of GM corn with pollen were ana-
lyzed by three independent methods (two enzyme immunoassay and PCR). The 
results showed the presence of transgenic sequences in leaves (more than 88% of 
plots) and seeds (12% of plots) of non-GM corn [68].  

U r u g u a y. Uruguay's government regulations stipulate that when GM 
corn is grown, at least 10 percent of the area should be occupied by non-GM 
corn as a biodiversity safety zone. Government resolutions (2003-2004) set a 
minimum distance of 250 m between GM and non-GM corn [16]. In 2010, 
Uruguay studied cases and determined the frequency of cross-pollination be-
tween commercial GM and non-GM varieties. The technique included detection 
of GM varieties by sandwich-ELISA and PCR methods. The proportion of 
transgenic seedlings in the offspring of non-GM crops was 0.56; 0.83 and 0.13% 
at three sampling points at a distance of 40, 100 and 330 m from GM crops, 
respectively [16]. 

A r g e n t i n a. Argentina is the third country in the world in terms of the 
cultivation volume of GM crops [69]. In 2010, their GM crop acreage here ac-
counted for 21% of the world's biotech crops (99% for soybeans, 83% for corn, 
94% for cotton) [70]. In 2016, this value was already 97% for corn, almost 100% 
for soybeans and 95% for cotton [3]. 

Data on environmental and agrotechnical risks obtained in EU countries 
based on assessments and the need to have certain isolation zones are perceived 
in Argentina as an obstacle to the realization of national interests [52], as the use 
of GM crops in Brazil and Argentina has resulted in a higher average income for 
farmers. The combined economic impact of 24.8 billion USD for Brazil and 
21.1 billion USD for Argentina was achieved mainly by reducing the cost of se-
lective herbicide and achieving higher yields [3]. 

B r a z i l. Since the first GM crop was grown in Brazil in 1998, their 
share in crops has increased to 88% for corn, 96% for soybeans and 78% for 
cotton crops [3]. Brazil requires a buffer distance of 100 m from the edge of the 
GM corn field to the beginning of the non-GM corn field. Alternatively, a 20-
meter buffer consisting of at least 10 rows of non-GM corn along the edge of 
the GM corn field can be used. Buffer zones were established by the Brazilian 
National Technical Biosafety Commission on the basis of gene flow studies, as 
well as taking into account national legislation, which set a threshold of 1% for 
GM crops [71]. 

Africa. Compared to other African countries, the Republic of South Afri-
ca has adopted GM crop biotechnology from the very beginning. The first field 
tests of GM crops were conducted in South Africa in 1989; the first commercial 
production of GM corn was approved in 1997 [46]. The main legislation in 
South Africa concerning GMOs, including their limited use, trial release, com-
mercial release, and import and export, is the GMOs Act 1997 (Genetically 
Modified Organisms Act No. 15 of 1997, Statutes of the Republic of South Afri-
ca – Agriculture) [46]. South Africa is currently the eighth producer of GM 
crops in the world. The study of the level of cross-pollination between GM and 
non-GM corn in South Africa showed that <0.1-1.0% of pollen reached 45 m 
distance, < 0.01-0.1% of pollen moved to a 145 m distance, and <0.01-0.001% 
of pollen to a 473 m distance [72]. 

Asia. C h i n a  a n d  J a p a n. At a threshold of 0.9%, the insulation dis-
tance in China was estimated to be 50 and 25 m on a two-stage model [73]. 
Japanese food labeling rules for GM products are not particularly strict. New 
varieties of GM crops are grown on isolated farmland. Once the safety of such 
varieties is proven, they are allowed to grow on traditional farms. In Japan, how-
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ever, the introduction of GM crops for food production has met strong public 
opposition. More than 70% of Japanese consumers surveyed are against growing 
GM varieties and eating them [74]. 

The use of corn varieties with male steril ity to limit the 
spread of corn with pollen. One of the approaches for the joint safe culti-
vation of GM and non-GM corn is the use of plants with cytoplasmic male ste-
rility (CMS), in which pollen is defective (functionally defective) or is formed in 
small quantities. CMS is inherited through the maternal line. At first, three types 
of CMS were known: T-type (Texas), S-type (USDA) and C-type (Charrua 
type) [75, 76]. In the 1990s, the corn mitochondrial gene T-urf13 was found to 
encode a small protein URF-13 (13 kDa) expressed in mitochondrial crystals, 
which is responsible for the T-type of corn CMS and also increases susceptibility 
to fungal pathogens [76, 77]. The mitochondrial genome of the male-sterile corn 
S-cytoplasm contains a repeating R-region of DNA having two open reading 
frames [76]. The restoration of the fertility of S-type CMS is mainly controlled 
by the nuclear restorer Rf3, which is located in the 2nd chromosome [78]. For 
CMS of C-type, Rf4, located in the 8th chromosome, is a dominant gene restor-
ing fertility [79]. 

T-type CMS was widely presented in corn hybrids in North America in 
the 1950s and 1960s, mainly to limit seed self-reproduction by farmers [76]. In 
addition, for the introduction of CMS corn to agricultural practices, it was nec-
essary to ensure comparable yields. However, weather conditions in the early 
1970s contributed to the development of leaf blight in the varieties of corn with 
T-type CMS, which led to a loss of up to 15% of the crop in the states of the 
"corn belt" of the United States (more than 6 billion USD at the current rate). 
The varieties without T-type CMS were immune to infection, which limited the 
use of CMS in practice [80]. Due to the susceptibility of T-type CMS to the 
race of the fungus Bipolaris maydis (formerly known as Helminthosporium 
maydis, race T), other cytoplasm groups providing corn CMS were looked for. 
In the United States, S-type CMS (often referred to as USDA-type) was found 
in the offspring of the variety Teopod (Iowa) [76]. C-type CMS, identified in 
the Brazilian corn of the variety Charrua in 1970, was used in the creation of 
hybrids, but C-type CMS was sensitive to the race of B. maydis, found only in 
China so far [76]. 

To assess whether the CMS of corn hybrids reliably reduces pollen-
mediated gene flow from GM plants [81], two-year field experiments with three 
corn hybrids with CMS were conducted in three regions of Germany. The char-
acteristics of panicles, pollen viability, and cross-pollination frequency were in-
vestigated. CMS stability depended on the genotype, weather conditions of the 
year and location. One CMS corn hybrid showed high CMS-C stability and very 
low cross-pollination rate (<1%). The other two hybrids with the CMS types S 
and T were characterized by high variability and formed fertile panicles with 
small or large amounts of pollen, respectively. In all corn hybrids with CMS, 
cross-pollination was by 84-99% lower than in a conventional fully fertile varie-
ty. It was found that when using corn hybrids with CMS, the isolation distances 
between adjacent GM and non-GM fields can be greatly reduced (up to 10 m) 
while maintaining the set threshold of 0.9% [81]. 

If the corn hybrid with CMS and the pollinator plant provide another 
genetic background, yield can be increased significantly. The so-called Plus-
Hybrid-Effect combines the potential benefits of CMS and the Xenia effect (in-
creased female fertility associated with resource redistribution or greater seed 
viability) [81-83]. In the review by Wan et al. [84], the main achievements in the 
identification and characterization of CMS genes in corn, Arabidopsis, and rice 
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are summarized. In particular, corn to date is characterized by 17 CMS genes, 
13 of which are orthologs of CSM genes of rice and/or Arabidopsis. 

In 1998, DuPont (USA) developed the GM lines DP-32138-1 (commer-
cial name 32138 SPT maintainer), PH-ØØØ676-7, PH-ØØØ678-9, and PH-
ØØØ68Ø-2, and Bayer Crop Science (USA) introduced the GM line ACS-
ZMØØ1-9 (commercial name InVigor™ Maize) and ACS-ZMØØ5-4 (commer-
cial name InVigor™ Maize), approved for commercialization by ISAAA (GM 
Approval Database, http://www.isaaa.org/gmap-provaldatabase/default.asp). The 
line DP-32138-1 (commercial cultivation in the USA in 2011 and in Brazil in 
2015) has the transferred genes ms45 (restores fertility due to the normalization 
of development of the cell wall of microspores), zm-aa1 (its expression in the 
immature pollen hydrolyzes starch and makes the pollen sterile) and the marker 
gene dsRed2, encoding red fluorescent protein for easy selection. The lines PH-
ØØØ678-9, PH-ØØØ676-7, and PH-ØØØ68Ø-2 (commercial cultivation in the 
USA in 1998) have the transferred dam gene, which provides CMS, preventing 
the formation of functional anthers and pollen, and the pat gene for resistance to 
phosphinothricin. The lines ACS-ZMØØ1-9 and ACS-ZMØØ5-4 have the trans-
ferred barnase gene (causes male sterility; fused with a tapetum-specific promot-
er TA29 and activated in tissue during the formation of pollen, the product has 
ribonuclease activity, inhibiting the synthesis of RNA in the tapetum cells of the 
anther), the gene bla (neutralizes -lactam antibiotics, such as ampicillin) and 
the bar gene (in its presence, the enzyme phosphinothricin-N-acetyltransferase is 
produced, which acetylates herbicide phosphinothricin on the amino group, 
making it non-toxic to plants).  

In 2016, DuPont Pioneer (USA) developed a system for the production 
of hybrid seeds using male sterility to produce hybrids of corn and other cross-
pollinating crops [85]. The main element of this system is the so-called Seed 
Production Technology (SPT), which includes several stages. First, using the 
vector bearing the SPT design (contains the gene for male fertility of wild type 
Ms45 to restore fertility, the mortality gen of pollen ZmAA that violates its nor-
mal development, and the gene of the fluorescent marker DsRed2, which facili-
tates the sorting of seeds), the method of agrobacterium transformation of im-
mature embryos of corn is used to receive an SPT transgenic corn maintainer 
line. When the male sterile line (with a mutant gene ms45/ms45) is pollinated 
with pollen of the line that contains the SPT design, almost 100% of the result-
ing seeds have the genotype ms45/ms45 and can be used as female lines with 
CMS for crossing and produce hybrid seeds. A Multi-Control Sterility (MCS) 
hybrid seed production system has been developed to limit the rate of transgenic 
transfer through pollen lines containing the SPT design. The transgenic line is 
obtained with the agrobacterium transformation of mutants at the genes ms7 or 
ms30 using a vector containing the gene of male fertility (ZmMs) to restore fertil-
ity, two genes for fertility disturbance of pollen, which are able to inhibit the 
formation or function of transgenic pollen, the fluorescent marker (DsRed2) and 
the gene of resistance to herbicides (bar) to prevent contamination of the seeds 
[86]. In lines containing these structures, the rate of transmission of the 
transgene is reduced significantly. 

In 2014, Monsanto (USA) developed the Roundup Hybridization System 
(RHS) for the production of hybrid seeds [87]. The RHS mechanism is based on 
obtaining plants resistant to this herbicide through the introduction of the CP4-
EPSP gene from Agrobacterium sp. CP4 that encodes 5-enolpyruvyl-shikimate-3-
phosphate-synthase insensitive to glyphosate, with the subsequent selective de-
crease in the expression of this gene in male reproductive tissues. As a result, when 
exposed to glyphosate, defective pollen (glyphosate‐mediated male sterility) is 
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formed with virtually no negative effects on other organs [87]. 
Despite the fact that the three-gene hybrid system on the basis of CSM 

was used in the commercial production of hybrid seeds of GM corn, its wide-
spread use was prevented by serious problems [84]. Most of the developed CMS 
strategies have not been successfully applied due to the lack of a cost-effective, 
environmentally friendly and genetically stable strategy for large-scale reproduc-
tion of parent lines with CMS [84]. The necessary data was not found in the 
available literature on the large-scale sale and cultivation of GM corn seeds with 
CMS, although in 2017 the report on the commercial cultivation of GM rape 
with CMS was published [2]. 

Since 2016, CRISPR/Cas9 technology has been used to create corn lines 
with CMS. Xie et al. [88] studied the ms33 gene of corn, encoding glycerol-3-
phosphate acyltransferase (GPAT), a key enzyme in the synthesis of glycerolipid. 
The form obtained using CRISPR/Cas9 technology turned out to be a full-
fledged mutant with CMS without anthers and mature pollen grains. Loss of 
ZmMs33 gene expression in anthers violates the metabolism and development of 
the tapetum, which causes damage of anther cuticle and blocks the formation of 
pollen. In 2018, the vector CRISPR/Cas9 for editing the MS8 gene, encoding -
1,3-galactosyltransferase that affects the meiotic stage of anther development, 
was developed [89]. The authors obtained eight transgenic lines (T0). The results 
of sequencing showed that genes MS8 in these lines of the T0 generation are not 
mutated. However, mutations have been identified in the gene MS8 among the 
descendants of the transgenic lines H17 to F1 (obtained by crossing with the in-
bred line Zong31) and F2 (reproduced by self-pollination of F1). Mutations in 
the MS8 gene and CMS can be consistently inherited in generations and passed 
on to other elite inbred lines to produce hybrid products [89]. With the help of 
the CRISPR/Cas9 technology, corn mutants at the MS45 gene required for pol-
len development were also produced [90]. Plants of the generation T0 containing 
two-allelic mutations in the MS45 gene were with CMS. CMS lines created us-
ing CRISPR/Cas9 technology have not yet been tested in practical production. 
Thus, CMS has been used for more than half a century to limit the crossing of 
the donor and recipient of corn pollen, but this approach has not yet been wide-
ly used to create GM corn for various reasons. Perhaps, attempts to create corn 
varieties with CMS using CRISPR/Cas9 technology will be more successful. 

Early studies of gene flow in cross-pollination are discussed in summa-
rizing papers [14, 91]. However, differences in approaches, analytical methods, 
and experimental schemes impede comparison of results and complicate the 
identification of measures to limit cross-pollination in the field conditions. In 
particular, the distance between GM and non-GM corn recommended in EU 
countries at the same threshold of GM content in food varies significantly (from 
25 to 600 m) [92, 93]. In addition to the distance between crops and the syn-
chronicity of flowering, the frequency of cross-pollination depends on the size 
and orientation of the fields [94]. Most studies of the distribution of GM varie-
ties were based on a single source of donor pollen, often with a smaller or equal 
field size relative to the recipient [34, 91]. Later, models based on multiple pol-
len sources were created, based on numerous data of field experiments [95]. The 
established requirements to the minimum distance and flowering time when 
grown transgenic and non-transgenic corn discriminate farmers, but the addi-
tional costs of these requirements (up to 300 Euro/ha) severely limit the eco-
nomic benefits of the growers of GM corn in Europe [92, 96].  

Thus, since the second half of the 1990s, the area under GM corn has 
increased by more than 100 times; therefore, the issues of its distribution and 
cross-pollination have become more relevant in practical terms. Based on cross-
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pollination and pollen counting data at different distances from the source, a 
range of isolation distances from 10 to 50 m is recommended. If the proper iso-
lation distance cannot be ensured, the area of the recipient and/or donor may be 
bordered by a pollen barrier. In the recipient field, the outer rows of corn can be 
considered the pollen barrier. After the 10-20 m wide corn pollen barrier, al-
most no analyzed sample contains more than 0.9% of GM material. For recip-
ient areas of less than 1 ha and/or shallow depth, an isolation distance of at 
least 50 m may be recommended, especially in the direction of the wind pat-
tern. When using corn hybrids with CMS, isolation distances between adjacent 
GM and non-GM corn fields can be significantly reduced (to 10 m) while 
maintaining compliance with European requirements (marking threshold 
0.9%). However, for practical mass cultivation of GM corn and corn modified 
with the CRISPR/Cas9 technology with CMS is not yet used. Russia has yet 
to develop its measures and recommendations for the joint cultivation of GM 
and non-GM corn. 
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A b s t r a c t  
 

Since plant cells, unlike animals, are immobile and limited by rigid cell walls, often the 
properties of the plant extracellular matrix play a crucial role in the plant development. The extracel-
lular matrix, in particular the cell walls, are involved in the molecular dialogue between partners 
during the interaction of plants and microorganisms during the formation of legume-rhizobial symbi-
osis (N.J. Brewin, 2004; M.K. Rich et al., 2014). Legume-rhizobial symbiosis is a convenient model 
for studying changes in the composition of the plant cell wall caused by interactions with bacteria. 
Colonization of host cells with nodule bacteria, rhizobia, involves the sequential reorganization of 
the plant-microbial interface. The bacterial components of the symbiotic interface include various 
surface polysaccharides (A.V. Tsyganova et al., 2012). Plant components include the cell wall, the 
extracellular matrix and the plasma membrane. In this review, we have summarized the data demon-
strating the involvement of pectins, the polysaccharides of the cell wall matrix, in the legume-
rhizobial symbiosis (K.H. Caffall et al., 2009; M.A. Atmodjo et al., 2013; C.T. Anderson, 2015). The 
greatest progress has been made in the study of homogalacturonan, for which highly specific mono-
clonal antibodies have been obtained (J.P. Knox et al., 1990; Y. Verhertbruggen et al., 2009). The 
level of methyl-esterification of homogalacturonan determines its function in nodules. It was shown 
that low methyl-esterified homogalacturonan is involved in increasing the rigidity of the cell walls 
and walls of infection threads (K.A. VandenBosch et al., 1989; A.L. Rae et al., 1992) that is espe-
cially manifested in ineffective interaction with rhizobia (K.A. Ivanova et al., 2015) and during the 
action of abiotic factors (M. Redondo-Nieto et al., 2003, 2007; M. Sujkowska-Rybkowska et al., 
2015). High methyl-esterified homogalacturonan is observed in the cell walls at all stages of nodule 
development (A.L. Rae et al., 1992; A.V. Tsyganova et al., 2019). The absence of well characterized 
antibodies complicates the study of rhamnogalacturonan-II (M.A. O’Neill et al., 2004). However, it 
was shown that in nodules rhamnogalacturonan-II is present in the cell wall at the border with the 
plasma membrane, in undifferentiated symbiosomes, and also in the matrix of infection threads 
(M. Redondo-Nieto et al., 2003, 2007; M. Reguera et al., 2010). Probably, rhamnogalacturonan-II 
in combination with boron and arabinogalactan-protein extensins promotes movement of rhizobia in 
the matrix of infection threads (M. Reguera et al., 2010). Only recently, we conducted the first studies 
aimed at identifying the role of rhamnogalacturonan-I in the development of nodules (A.V. Tsyganova 
et al., 2019). It has been shown that rhamnogalacturonan-I is present in the cell wall of the meristem 
cells, vascular bundles and in the walls of the infection threads. However, its precise function re-
mains unknown, although it was suggested that rhamnogalacturonan-I is involved in the perception 
of rhizobia as pathogens during ineffective symbiosis (A.V. Tsyganova et al., 2019). Thus, to date, it 
has been shown that all types of pectins are involved in the development of a symbiotic nodule. It is 
important to note that plant plays a central role in the remodelling of the cell wall during symbiotic 
interaction and the construction of the plant-microbe interface. 

 

Keywords: legume-rhizobial symbiosis, plant-microbe interface, cell wall, infection thread, 
homogalacturonan, rhamnogalacturonans 

 

Interaction with microorganisms, both pathogenic and symbiotic, is intrin-
sic to any naturally growing plant. Each plant cell is surrounded by a network of 
cellulose microfibrils, i.e. a cell wall that is almost impenetrable to mi-
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croorganisms [1-3]. Cell wall, as an exterior boundary of plant body, mediates 
many interactions with the environment, including interactions with biotic fac-
tors [4-6]. In the process of evolution microorganisms had developed two strate-
gies to overcome a barrier created by a wall cell and to penetrate inside a cell. 
The first is lysis of a plant cell wall used by many pathogens. The second is reor-
ganization of a cell wall at microorganism penetration point. This strategy is also 
used by rhizobia when penetrating into the root. As a result of local inhibition of 
cellulose synthesis and modification of intracellular matrix, rhizobia may, in fact, 
create subcellular entry point through the cellulose network with minimal dam-
age of a host cell and manifestation of stress and defence reactions [7-9]. At in-
tracellular growth of infection thread, its wall is built like a phragmoplast [7, 9, 
10]. At incompatible interactions between rhizobia and legumes, the intracellular 
matrix is modified and becomes more resistant to invasion due to fusion of sec-
ondary metabolites, such as suberin [11], or through cross-linking of cell wall 
proteins by hydrogen peroxide [12]. 

Cell walls and plasma membranes are involved in the molecule exchange 
between partners during the interaction of plants and microorganisms, thereat 
symbiotic interactions arrive at full functionality due to development of an ex-
tensive contact surface between the host and microsymbiont – symbiotic inter-
face [7, 8]. Cell walls mainly consist of polysaccharides, which could be grouped 
into three main categories: cellulose, pectins and hemicelluloses [1, 3]. In addi-
tion to polysaccharides, most plant cell walls contain structural proteins, such as 
extensins and arabinogalactan-glycoproteins. 

For the first time, the role of cell wall polysaccharides in molecular dia-
logue between partners during the interaction of plants and rhizobia was shown in 
studies of research group from John Innes Centre [10, 13, 14]. 

In present review we discuss participation of a broad class of cell wall 
polysaccharides – pectins in legume-rhizobial symbiosis.  

Pectin is an important cell wall component in dicotyledon plants, which, 
possibly, is one of the most complex macromolecules in nature. It consists of 17 
different monosaccharide based on which various polysaccharides forming a 
network are created [15]. Pectins belong to a family of polysaccharides rich in 
galacturonic acid, including homogalacturonan (HG), rhamnogalacturonan-I 
(RG-I) and substituted galacturonan, rhamnogalacturonan-II (RG-II); several 
plant cell walls also contain additional substituted galacturonans, known as 
apiogalacturonan and xylogalacturonan [16-18]. Pectin polysaccharides have 
numerous functions in plants: promoting cell adhesion, for instance, by dimeri-
zation of RG-II and cross-linking of HG; influencing on formation of secondary 
walls in fiber and wood tissue; creating reservoir of oligosaccharide signal mole-
cules, which are important for growth, development, and defence reactions in 
plants; ensuring ionic transport and water regime as hydrating polymers, and 
influencing on seed germination [17, 19, 20]. As a result of many years of re-
search, monoclonal antibodies detecting various pectin polymers in a plant cell 
wall have been obtained. Microscopic analysis of cell walls labeled by specific an-
tibodies had shown that pectin contributes significantly to heterogeneity of plant 
cell walls in various tissues and at different stages of ontogenesis [15, 16, 21-23]. 

Cell wall homogalacturonans at formation of symbiotic 
nodules. HG is about 65% of pectin representing a linear backbone of (1-4)-
linked -D-galacturonic acids, provided that HG is methylated in part and is 
acetylated to a lesser extent [17, 18]. During cellular differentiation, HG is syn-
thesized at plant Golgi apparatus and is secreted in form of polymers with high 
degree of methylation [16, 24]. Degree of HG methyl-esterification and acetyla-
tion is different in various plants; it is regulated during development by pectin 
methylesterases, inhibitors of pectin methylesterases, as well as by subtilisin-like 
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serine proteases and by at least one ubiquitin E3 ligase [25]. Activity of pectin 
degrading enzymes directly depends on presence of methyl esters [26, 27]. Pectin 
de-esterification in a cell wall by pectin methylesterase results in one of two oppo-
site scenarios [28, 29]: blocks of de-esterificated residues of galacturonic acid may 
be cross-linked by Ca2+ ions in form of «egg-boxes» to harden cell wall [5, 16, 25, 
30] or may be macerated by pectin degrading enzymes (for instance, polygalac-
turonases or pectate lyases), to soften cell wall [4, 31-33].  

Pectin methylesterase participates in differentiation of uninfected cells in 
nodules formed at secondary roots of tropic legumes, such as Sesbania rostrata 
Bremek. and Oberm, with Azorhizobium caulinodans [26]. In Medicago truncatula 
Gaertn., MtPER gene out of eight differentially expressed pectin methylesterase 
genes relates to symbiotic and functions at early stages of interaction with Sino-
rhizobium meliloti [34]. 

Electron microscopical studies had shown that rhizobia penetrate into 
small degraded area of plant cell wall. Known role of enzymes degrading the cell 
wall during the infection process allows bacteria to penetrate inside the plants [4, 
33]. HrpW gene referring to type III secretion system, which product had shown 
enzymatic activity of pectate lyase, was found in Rhizobium etli involved in sym-
biosis with Phaseolus vulgaris L. [35]. One of the first evidences of participation 
of plant enzymes degrading a cell wall during the infection process was obtained 
when studying the polygalacturonase gene of M. sativa L. (MsPG3) specifically 
expressed during the symbiosis with S. meliloti [36]. Pectate lyase (LjNPL), which 
is induced by Nod-factors and, evidently, participates in penetration of rhizobia 
into infection threads was found in Lotus japonicus (Regel) K. Larsen [37]. 

Immune-chemical method is often used for detailed localization of HG 
in plant tissues, at that partial or high methyl-esterified HG is detected by JIM7 
and LM20 antibodies, whereas low methyl-esterified or de-esterified – by JIM5 
and LM19 antibodies [38, 39]. Immunogold microscopy had shown different lo-
calization of pectin epitopes on cell walls [29]. De-esterified HG detected by 
JIM5 antibody is located on internal surface of primary cell walls adjacent to 
plasma membrane, in the middle lamella and mostly on the exterior surface of cell 
walls adjacent to intercellular spaces. For instance, high methyl-esterified HG de-
tected by JIM7 antibody is distributed evenly throughout the cell wall [38, 40]. 

HG localization is studied in detail in various legumes inoculated by rhi-
zobial symbiontes. Thus, high content of de-esterified HG was found in symbi-
otic nodules of pea (Pisum sativum L.) in primary cell walls of infected cells and 
in infection thread walls in nodules [14]. However, JIM5 label in older nonprolif-
erating cells was mainly limited by the middle lamella. Upon studying the inde-
terminate root nodules of Vicia hirsuta (L.) Gray and P. sativum induced by 
R. leguminosarum, it was shown that cellulose, xyloglucan and HG with various 
degree of methyl-esterification were present in walls of infection thread [10]. 
Determinate nodules of P. vulgaris had very narrow infection threads with little 
or no matrix material and more densely fibrillar wall, which was largely labeled 
by JIM5 antibody detecting the de-esterified HG [10]. In symbiotic nodules of 
P. sativum and M. truncatula localization of high methyl-esterified HG detecta-
ble by JIM7 antibody is appropriate to isodiametrically growing cells filled by 
developing bacteroids [41]. 

HG localization and distribution was analyzed when other components 
of legume-rhizobial interface were studied. Immune-cytochemical study of 
ENOD2 nodulin proline-rich extensin in nodules of P. sativum and Glycine max 
(L.) Merr. had shown that de-esterified HG is localized in intercellular spaces, 
where ENOD2 is accumulated [42]. Positively-charged lysine and histidine resi-
dues of ENOD2 could facilitate its interaction with negatively-charged lateral 
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chains of pectins of cell walls, thus, promoting pectin gelling on the boundary of 
cell wall and intercellular space [42]. Vesicular transport components, in particu-
lar VAMP721d and VAMP721e, play an important role in formation of symbi-
otic interface in M. truncatula nodules [43]. Large bacterial clusters embedded 
into the matrix of methyl-esterified and de-esterified HG surrounded by mem-
brane were found in G. max nodules with partially silenced GmVAMP721d gene. 
Besides, GmVAMP721d is partially colocalized with pectate lyase [44]. There-
fore, biological role of VAMP721d could be explained by its participation in de-
livery of pectin modifying enzymes to release site of rhizobia into the host cell 
cytoplasm. Moreover, abnormal endocytosis of de-esterified HG is observed in 
young infected cells of such nodules [44]. 

Immune-chemical study of boron-deficit P. sativum plants had shown 
that, apart from control nodules, de-esterified HG detected by JIM5 antibody 
was evenly localized along the entire thickness of a cell wall and even in cyto-
plasm [45, 46]. At that, distribution of high methyl-esterified HG detected by 
JIM7 antibody remained unchanged. For investigation of possible participation 
of pectins in inhibition of aluminum-based growth, distribution of HG with dif-
ferent degree of methyl-esterification in apoplast of P. sativum nodules was stud-
ied [47]. When treated by aluminum, number of epitope labels of de-esterified HG 
and HG with association of pectic chains through calcium ions in thick infection 
thread walls had been increased. In contrast, epitope of high methyl-esterified HG 
was evenly distributed along all cell walls in nodules, and its quantity had been 
decreased during treatment. These results denote the specific role of HG de-
esterification during thickening of a cell wall and inhibition of growth [47]. 

The study of ineffective legume-rhizobial interaction with the use of 
symbiotic mutants of P. sativum had shown that abundant deposition of de-
esterified HG marked by JIM5 antibody in single or double mutants carrying 
mutation in PsSym33 gene was observed in walls of infection threads [11]. De-
esterified HG in RisFixV (Pssym42) mutant was unevenly distributed in callose-
impregnated walls of infection threads and in cell walls of infected cells. The 
other specific feature of RisFixV (Pssym42) was presence of JIM5 label around 
the degrading bacteroids, which points out the incapsulation of the ineffective 
bacteroids by de-esterified HG [11]. In pea mutants, without any abnormalities in 
development of infection threads, the SGEFix-3 (Pssym26) and Sprint-2Fix 
(Pssym31), distribution of de-esterified HG did not differ from that in the wild 
type, and quantity of HG was insignificant [41]. 

The same pattern of de-esterified HG distribution was observed in nod-
ules of M. truncatula ineffective symbiotic mutants ipd3, dnf1-1 and efd-1 [41]. 
Herewith, quantity of deposited de-esterified HG was lower in all M. truncatula 
mutant genotypes than in wild type. However, in ipd3 mutant nodules content of 
de-esterified HG had increased with age. It is interesting to note that doubling 
of the quantity of de-esterified HG labels was also observed in M. truncatula mu-
tant dnf1-1, which is characterized by undifferentiated bacteroids [41]. 

Cell wall rhamnogalacturonan II at formation of symbiotic 
nodules . RG-II comprises  10% of pectin and is the most complicated, as 
well as the most structurally conservative pectin polysaccharide. It is known, that 
RG-II molecules are interrelated forming RG-II dimers that is covalently cross-
linked by a borate diester [17, 18]. Complex and conservative RG-II with 12 
various sugars and over 20 types of links has the critical function in growth and 
development of plants, provided that even insignificant changes in RG-II struc-
ture may negatively influence on the growth of plants (to result in the dwarf 
phenotype) [28]. There is a growing body of evidences that boron and calcium 
are synergetic at formation of the primary pectin network of cell walls and that 
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change in properties of such network influence on plant growth [48-50]. Cell 
wall pectins, in particular RG-II, contain over 60% of the total quantity of bo-
ron in a cell. Numerous studies had shown that boron is a necessary microelement 
at development of legume-rhizobial symbiosis [48, 50-54]. 

Since currently existing RG-II antibodies are not characterized in detail, 
it restrains their use at determination of RG-II localization in a cell wall [49]. 
However, results obtained with the use of such antibodies suggest that RG-II is 
distributed all along the primary wall and is especially abundant near the plasma 
membrane (as compared to the middle lamella, where it lacks) [55]. After alka-
line treatment of several, but not all tissues, quantity of labels in primary walls is 
increased, i.e. it could be assumed that epitopes detected by RG-II antibodies 
are masked due to esterification [49]. 

While studying the nodule formation in control plants P. sativum, locali-
zation of RG-II was found in the interface between the plasma membrane and 
cell wall [46]. Unlike the control nodules, RG-II label in boron-deficit plants 
located evenly along the thickness of cell wall and even in cytoplasm; thereat 
addition of Ca2+ had not restored the initial localization of RG-II in full [46]. It 
was shown later that RG-II in nodules of control plants P. sativum had also lo-
calized at peribacteroid membrane of undifferentiated bacteroids, however grad-
ually disappeared later during the bacteroid maturation [45]. Symbiosomes in 
boron-deficit nodules had differentiated in aberrational manner and no RG-II 
was present on peribacteroid membrane due to the abnormal transport of vesi-
cles with pectin to cell membranes [45]. RG-II in combination with boron and 
arabinogalactan-protein extensins in control plants was observed in infection 
thread matrix separated from the rhizobia cells by exopolysaccharide capsule 
[56]. RG-II in combination with arabinogalactan-protein extensins in boron-
deficit plants was closely related to rhizobia surface in the lumen of infection 
threads [56]. Besides, rhizobia colonies grown without boron in free-living culture 
had weakly formed the capsule. 

RG-II distribution in G. max plants with partially silenced GmVAMP721d 
gene was unchanged as compared to control nodules [44]. 

Cell wall rhamnogalacturonan I at formation of symbiotic 
nodules . RG-I comprises 20-35% of total pectin cell wall. RG-I has a disac-
charide repeat backbone of (1,2)-linked residues of -L-rhamnose and (1,4)-
linked residues of -D-galacturonic acid. Depending on a cell type and devel-
opment stage, up to 20-80% of rhamnose residues relates to side (mainly linear, 
but also branched) arabinan, galactan, arabinogalactan or fucosyl chains [17, 
18]. RG-I, provided all differences in its structure, usually forms a part of thin 
primary cell walls, where it plays a role of some “glue” for connecting with 
neighboring cells [57]. Herewith, RG-I specific for tissue and development stage 
is yet characterized for a single cell type, the plant fibre forming so called gela-
tin-like type of cell walls [57, 58]. RG-I is the most structurally heterogenic pec-
tin, and prevalence and composition of side chains of RG-I significantly varies 
depending on the cell type, development stage and type of plant [39]. RG-I 
backbone plays an important role in integrity and functioning of cell wall since 
its degradation caused by hydrolase expression results in morphological changes 
[33]. Herewith, part of RG-I molecules interacts with cellulose microfibrils, and 
RG-I with galactan side chains with average polymerization degree is capable of 
self-linking due to galactose chains [57]. Studying of RG-I due to cell functions is 
focused on the role of such polysaccharides in ensuring of mechanic properties of 
a cell wall, such as its hardness and elasticity [23, 57, 59]. However, main contri-
bution of galactan-rich RG-I to mechanical hardness of a cell wall is unknown. 

Immunogold study had shown that distribution of RG-I in tissues of 



 

451 

leaves and roots is limited by the middle lamella, whereas 80-90% of labeling re-
lates to expanded areas of middle lamella at intercellular junctions. At cell ex-
pansion, RG-I is present in cisterns and vesicles of Golgi apparatus, which con-
firms that Golgi apparatus serves the main synthesis point of non-cellulose poly-
saccharides of a cell wall. Besides, it was found that RG-I is practically absent in 
forming cell plate at cell division [60, 61]. 

Functions of side RG-I chains are still unclear in general. Arabinan and 
galactan side chains of RG-I are characterized by clear and mutually exclusive 
localization; generally, arabinan usually prevails in younger cells, whilst galactan 
share is usually higher during cell expansion [19, 21, 23, 62, 63]. Arabinan re-
placement by galactan in epidermal cells denotes the switch-over to differentia-
tion of such cells and makes cell walls less flexible and more resistant to degra-
dation. It is assumed that complementary pattern of epitope of galactan side 
chains of RG-I may reflect the need for maintenance of elastic properties in tis-
sue with high density of sieve elements [64]. 

RG-I (1,5)--L arabinan side chains in Arabidopsis are abundant in cell 
wall of pollen tube. They may play an important role in prevention of formation 
of HG-polymers and participate in cell adhesion [65]. At early stages of rhizobial 
infection processes the polar growth of pollen tubes and infection threads may 
have similar mechanisms and regulators [34]. However, the role of RG-I in de-
velopment of legume-rhizobial symbiosis was not studied thus far. We have for 
the first time studied distribution of RG-I in legume-rhizobial nodules in P. sa-
tivum and M. truncatula [41, 66]. For this end, LM5 antibodies detecting (1→4)-
β-galactan side chain of RG-I were used. Fluorescent label was registered in me-
ristem cell walls and vascular bundles in nodules of both species, as well as in 
endoderm, which consists of cells serving an “oxygen barrier”, as well as in 
three-cell junctions in pea nodules. Besides, LM5 antibody had labeled walls of 
infection threads in P. sativum nodules, but label was absent in M. truncatula 
nodules. At the same time, LM5 antibody label was absent in walls of some in-
fection threads in pea mutant SGEFix-2 (Pssym33-3), and mutant SGEFix-3 
(Pssym26) had abnormal accumulation of epitope of galactan side chain of RG-I 
in cell wall of uninfected cells in senescence zone of nodule [41]. 

Recently discovered ability of Pectobacterium atrosepticum to form bacte-
rial emboli in vessels of primary xylem [67] gives insight into the possible role of 
RG-I at development of ineffective nodules. Thus, while studying of P. sativum 
mutant SGEFix-2 (Pssym33-3) we have found that cell wall material containing 
high methyl-esterified HG and linear (1→4)-β-galactan side chain of RG-I was 
accumulated around tonoplast in infected cells of nodules [66]. Besides, such 
material formed certain outgrowths and drops in the lumen of the vacuole. Elec-
tron-dense matrix with LM5 antibody label, in which rhizobia was embedded, 
was observed in some infection threads. These phenotypic features of the muta-
tion in PsSym33 gene resemble of formation of bacterial emboli at invasion of P. 
atrosepticum [67]. Previously, intensive defence reactions – suberinization, depo-
sition of de-esterified HG in walls of infection threads and increase of peroxi-
dase gene expression were described in Pssym33-3 mutant [11]. Deposition of 
cell wall material around the tonoplast and formation of pectin gel in matrix of 
infection threads is another manifestation of defence reaction in host plant and 
perception of rhizobia as a pathogen.  

Thus, pectin which is one of the main components of cell wall plays an 
important role in establishment and functioning of symbiotic interface in legume 
nodules. Although recently the role of all three main pectin types: homogalac-
turonan, rhamnogalacturonan-I and rhamnogalacturonan-II has been analyzed, 
our knowledge about the functions of each pectin type are unequal. The most 
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studied is homogalacturonan, which is explained by existence of high specific 
monoclonal antibodies to this polysaccharide. Function of homogalacturonan 
in nodules is determined by its methylation level. It was found that low me-
thyl-esterified homogalacturonan participates in rigidity increase of cell walls 
and walls of infection threads, especially at ineffective interaction with rhizobia 
and under influence of abiotic stresses. High methyl-esterified homogalac-
turonan participates at all developmental stages of nodule. Studying of rham-
nogalacturonan-II is challenged due to absence of characterized antibodies. 
However, it is reported that in nodules rhamnogalacturonan-II is present in the 
cell wall at the border with the plasma membrane, in undifferentiated symbio-
somes, and also in the matrix of infection threads. It is assumed that rham-
nogalacturonan-II in combination with boron and arabinogalactan-protein ex-
tensins facilitates movement of rhizobia in infection threads. With regard to 
rhamnogalacturonan-I, which role in development of nodules remained un-
studied until recently, we had shown that it is present in meristem cell walls, vas-
cular bundles and infection thread walls. However, the exact function of rham-
nogalacturonan-I is not yet clear. Therefore, although participation of all pectin 
types in development of symbiotic nodules it now known, identification of their 
specific functions needs further research. In particular, analysis of rhamnogalac-
turonan-II in ineffective mutant nodules with abnormalities in development of 
infection thread may confirm the hypothesis of its participation in growth of in-
fection thread and movement of bacteria along it. Studying of rhamnogalac-
turonan-I and its side chains with the use of various antibodies is of great inter-
est to confirm species-specificity of the content of infection thread walls. 
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A b s t r a c t  
 

The main constraint in the tea plants growth in the world is drought, which reduces the 
productivity of plantations by 15-45 % (R.M. Bhagat et al., 2010; R.D. Baruah et al., 2012). In this 
regard, physiological (M. Mukhopadhyay et al., 2014; T.K. Maritim et al., 2015) and molecular 
mechanisms (W.D. Wang et al, 2016; Y. Guo et al., 2017) drought tolerance of tea plants are a mat-
ter of great interest. The purpose of this review is to summarize the international experience of phe-
notyping and genotyping of tea drought response to create a comprehensive picture of the plant re-
sponse to osmotic stress and to understand the reproducibility of response mechanisms in different 
climatic regions. During drought stress the main signaling role is played by abscisic, jasmonic and 
salicylic acids, as well as ethylene (S.C. Liu et al., 2016), the metabolic pathway of which includes 
cascades of physiological changes and involves response genes (T. Umezawa et al., 2010). It was 
reported that tea plants had increased expression of genes encoding cytokinin biosynthesis enzymes 
(trans-zeatin and cis-zeatin and isopentyniladine) under drought, and during recovery its expression 
decreased. It is assumed that an increase in cytokinin content may partially mitigate the negative 
effect of stress on photosynthetic apparatus and slow down leaf senescence induced by stress. An 
important adaptive response of tea plant to drought is an increase in the concentration of proline, 
glycine-betaine, mannitol and other osmolytes which neutralize reactive oxygen species, protect 
macromolecules from damage by free radicals, and maintain the osmotic potential of the cell 
(W.D. Wang et al., 2016). Under the drought in tea plant starch decomposes to glucose, and manni-
tol, trehalose, and sucrose contents increase. The accumulation of reactive oxygen species (ROS) 
directly correlates with the accumulation of glucose, to prevent the negative effects of stress. In 
addition, it has been shown that many genes involved in the metabolism and signaling of phyto-
hormones, osmolytes, antioxidants and carbohydrates are also involved in tolerance to osmotic 
stress (S. Gupta et al., 2013; Y. Guo et al., 2017). Several families of transcription factors play a 
crucial role in the regulation of tea response to drought in tea. In particular, 39 CsbHLH genes were 
identified with increased expression in drought conditions (X. Cui et al., 2018). From the NAC 
family, the CsNAC17 and CsNAC30 genes have been identified that can be used in the breeding for 
drought tolerance of tea (Y.-X. Wang et al., 2016). From the WRKY family, the CsWRKY2 gene has 
been identified which is involved in the mechanisms of protection from drought and can act as an 
activator or repressor of abscisic acid (ABA). From the DREB gene family, 29 CsDREB have been 
identified, which increase drought tolerance of tea through ABA-dependent and ABA-independent 
pathways and can act as a link between different biochemical networks in response to drought (M. 
Wang et al., 2017). From the HD-Zip family, Cshdz genes have been identified which are divided 
into 4 groups according to their functions, of which HD-Zip I and HD-Zip IV play the major role 
in drought response in tea (W. Shen et al., 2018). Of the HSP (HSF) family, 47 transcription factors 
were identified in tea, including 7 CsHSP90, 18 CsHSP70, and 22 CsHSP genes the expression of 
which increases resistance to oxidative stress, protection of photosystem II and stabilizes photosyn-
thesis during drought (J. Chen et al., 2018). The transcription factors of the bZIP family also play 
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the important role in ABA-mediated drought response. From the Dof family, 29 transcription factors 
were revealed in tea plants and their increased expression was shown in the resistant cultivars under 
drought. The important role of CsDof-22 in ABA biosynthesis has been revealed (H. Li et al., 2016). 
An increased expression of the SBP family CsSBP genes in tea plants led to assumption of its par-
ticipation in signaling pathways involving ABA, gibberellic acid, and methyl jasmonate (P. Wang 
et al., 2018). The genes of the CsLOX1, CsLOX6 and CsLOX7 family of lipoxygenases in tea can 
also play an important role in drought response (J. Zhu et al., 2018). In addition, miRNA play an 
important role in gene regulation at transcription and translation level in tea plants (Y. Guo et al., 
2017). Despite the great progress in the functional genomics of tea plant further research is needed 
to identify the location of various genes in regulatory networks and their impact in drought tolerance. 

 

Keywords: tea plant, Camellia sinensis, drought, phytohormones, osmolytes, antioxidant 
system, transcription factors 

 

Tea Camellia sinensis (L.) Kuntze is the most important industrial crop 
cultivated in more than 50 countries of the world, including in the humid subtrop-
ical zone of Russia. This perennial plant, growing in one place for up to 70 years 
or more, periodically encounters prolonged drought (1-2 months) in the summer 
period, which leads to oxidative stress and the formation of mineral deficiency. 
According to various authors, these abiotic factors become one of the main rea-
sons for the decrease in tea plantation yields (on average by 15-45%) [1-3] and 
even partial death of plants (up to 19%) [4]. The predicted global climate changes 
towards aridization [5] will further aggravate the existing problems of tea cultiva-
tion and actualize the tasks to increase its endurance to extreme environmental 
conditions [6-9]. In this regard, the physiological, biochemical, and molecular 
mechanisms of tea plant resistance to drought and the effectiveness of using vari-
ous exogenous inducers are studied, and the selection search for more drought-
tolerant varieties is performed [10]. Over the years of research in foreign countries, 
significant experimental material has been accumulated concerning the physiologi-
cal, biochemical, and molecular mechanisms of the resistance of tea and other 
crops to drought [11-14], which can be used as a scientific basis for the develop-
ment of selection research in Russia.  

The purpose of this report is to summarize the international experience 
of phenotyping and genotyping of tea plants on the basis of resistance to stress 
factors in order to create a holistic picture of the plant's response to osmotic 
stress and to understand the reproducibility of response mechanisms in different 
climatic zones.  

The most effective strategies for plant adaptation to drought, including 
tea, include the so-called mechanisms of stress avoidance by shortening the life 
cycle, growing season and flowering, which are aimed at reducing water loss by 
the organism [15, 16]. The most important morphological symptoms of plant 
adaptation are the characteristics of the root system (biomass, length, depth, and 
density of roots) [17-19], the ratio of root/shoot biomass, the number and size 
of leaves, the area and nature of the leaf surface, the ratio of leaf mass to sur-
face, the structure of the photosynthetic apparatus, the structure and form of 
chloroplasts [20-24]. The main physiological mechanisms of avoidance are the 
reduction of water loss through stomatal control of transpiration [25-27], a de-
crease in the number and size of stomata [28], an increase in the viscosity of the 
cytoplasm, and maintenance of the osmotic potential of the cell. All these pro-
cesses are based on cascades of biochemical reactions involving three groups of 
metabolites — phytohormones, osmolytes, and antioxidant components. 

Phytohormones. According to modern research, among phytohor-
mones, abscisic (ABA), salicylic and jasmonic acids, as well as ethylene, play an 
important role in responding to drought. A comparative study of two tea varie-
ties, which are contrasting in terms of resistance, revealed an increase in the 
content of abscisic and salicylic acids 4 days after the onset of drought [25]. 
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Other phytohormones, such as indoleacetic acid (IAA) and cytokinins, were in-
volved in plant recovery after drought. In the case of the tea plant, the ABA-
dependent response path to drought has been studied quite fully, although some 
links have not yet been identified. ABA-dependent signaling primarily affects 
constitutively expressed transcription factors, which then induce direct effector 
stress resistance genes [29]. A key regulatory link in ABA biosynthesis in both 
roots and leaves is probably catalyzed by 9-cis-epoxycarotenoid deoxygenase, 
which is an enzyme that converts the epoxycarotenoid precursor into xanthoxin 
in plastids. ABA initiates the formation of reactive oxygen species, which in a 
chain activate superoxide dismutase (SOD), which is the first line of defense 
against free radicals [12, 25]. The increasing activity of SOD leads to an increase 
in the amount of H2O2, activation of Ca2 channels, and calcium-dependent pro-
tein kinases that regulate stomata closure [26, 30-32]. When recovering from 
drought, the amount of ABA decreases, as a result of which the calcium concen-
tration in the cytosol supposedly reduces, the influx of potassium and anions into 
the stomata trailing cells decreases and, as a result, stomata open [26, 33-35]. 

Under the influence of drought, the expression of the jasmonic acid 
synthesis gene increases, which turns into a more active compound ()-
jasmonoyl-L-isoleucine (JA-Ile) [26]. Genes encoding the main components of 
ethylene signaling are also activated. After the onset of stress, the expression of 
the 1-aminocyclopropane-1-carboxylic acid (ACC) gene is increased, which 
indicates the accumulation of ethylene, and it is suppressed during the recov-
ery period after drought [26]. 

Salicylic acid is a phenolic compound involved in the regulation of pho-
tosynthesis, nitrogen metabolism, proline, glycine-beta-in synthesis, an antioxi-
dant defense system, and water potential under stress conditions [36]. The main 
regulator of salicylic acid metabolism is the NPR1 gene, a decrease in the ex-
pression of which under conditions of drought led to a weakening of tea re-
sistance to disease [26]. 

Indoleacetic acid (IAA) regulates many physiological processes. In a tea 
plant, the expression of genes associated with the synthesis of IAA decreased in 
response to drought [26]. However, to maintain the activity of physiological pro-
cesses under these conditions, alternative routes for the synthesis of IAA from 
indole via tryptophan were activated. 

It was reported that during a drought period, the expression of genes en-
coding cytokinin biosynthesis enzymes (trans- and cis-zeatin and isopentinylade-
nine) increased in a tea plant, and during the recovery after stress, it decreased. 
Apparently, an increase in the content of cytokinins can partially mitigate the neg-
ative effect of stress on photosynthetic activity and slow down accelerated leaf ag-
ing [36].  

Osmolytes. Another strategy for adapting to drought is to increase the 
synthesis of osmolytes – substances with a low molecular weight dissolved in the 
cytosol, which are not toxic to the plant even in high concentrations [37-39]. 
Osmolytes increase the viscosity of the cytoplasm, absorb reactive oxygen species 
and protect macromolecules from free radicals, thereby maintaining the integrity 
of the membranes and the metabolic activity of tissues, which ensures the re-
sumption of growth after improving the water regime [40-42]. These substances 
belong to three main classes: amino acids (glutamine, proline, glycine-betaine, 
carnitine), sugars (starch, di- and monosaccharides) and polyols (mannitol, sor-
bitol) [43]. Proline [44], which is synthesized from glutamate (with the participa-
tion of the pyrroline-5-carboxylate synthase enzyme) or ornithine [26, 43] is es-
pecially important among amino acids. The accumulation of proline is accom-
panied by the prevention of protein denaturation, the preservation of the struc-
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ture and activity of enzymes, as well as the protection of membranes from ROS 
damage during moisture deficiency and high solar activity. The most studied 
components of osmotic regulation include glycine-betaine [45], which has a pos-
itive effect on enzyme stability and membrane integrity, acting as an osmopro-
tector and also indirectly participating in transduction signals [46]. In the paper 
by Maritim et al. [19], accumulation of proline and glycine-betaine under simu-
lated water deficiency stress in the leaves of 8 varieties of tea was shown, which 
is more pronounced in drought-tolerant varieties. Based on this, it was conclud-
ed that proline can be used as a biochemical marker for screening genetic mate-
rial for drought tolerance. 

A significant contribution of carbohydrates to cell resistance under os-
motic stress has also been shown [25, 26, 47]. So, under drought conditions in 
tea plants, starch was decomposed to glucose, and the synthesis of mannitol, 
trehalose, and sucrose increased. The accumulation of reactive oxygen species 
(ROS) was directly correlated with the accumulation of glucose, which is in-
volved in the closure of stomata and increases the adaptability of the plant, pre-
vents the decomposing of chlorophyll and transpiration of water under osmotic 
stress. In addition, soluble sugars play a dual function, as they are associated 
with both anabolism and catabolism of ROS, such as the oxidative pentose 
phosphate pathway and NADPH production [48-51]. Physiological and molecu-
lar genetic studies conducted by Liu et al. [25, 26] showed that the concentra-
tion of soluble sugars in the tea plant increased significantly as the drought in-
tensified, and then rapidly decreased after rehydration. These results suggested 
that photoassimilated carbon was mainly used for the synthesis of osmolytes, and 
starch was mainly decomposed to glucose.  

Antioxidant components. Antioxidant defense systems include both 
enzyme (SOD, catalase, peroxidase, ascorbate peroxidase, glutathione reductase) 
and non-enzymatic (cysteine, reduced glutathione, and ascorbic acid) compo-
nents [27, 37, 52]. It has been established that in addition to catalase, various 
peroxidases and peroxiredoxins [25, 53, 46], several more enzymes are involved 
in the process of liquidation of hydrogen peroxide and free radicals: dehy-
droascorbate reductase, monodehydroascorbate reductase, and glutathione re-
ductase [31, 54]. Transcriptomic studies by Liu et al. [26] have shown that under 
drought conditions in a tea plant, the expression of the gene of ribulose bisphos-
phate carboxylase (RuBisCO). the key enzyme of the Calvin cycle, decreased, 
indicating inhibition of carbon dioxide fixation. Moreover, the synthesis of regu-
latory enzymes of glycolysis of hexokinase under drought conditions did not 
stop. Researchers have suggested that the tea plant maintains ATP supply by 
maintaining glycolytic metabolism [26]. The role of -carotene in protecting 
against oxidative stress and maintaining photochemical processes was identified 
[55, 56], which presumably involves the direct quenching of triplet chlorophyll, 
which prevents the formation of reactive oxygen species [37]. 

Other signaling paths. The group of molecular messengers that regu-
late the work of response genes is very numerous. Thus, aquaporins, the family 
of the main membrane (plasma and vacuolar) proteins, regulate the passive ex-
change of water through membranes [57]. Dehydrins and heat shock proteins 
(chaperones) stabilize the structure of other proteins and macromolecules, which 
prevents their denaturation under stress [58]. 

Protein kinases and protein phosphatases often act together to phosphor-
ylate and dephosphorylate their targets. Protein kinases in a tea plant play a 
positive role, and protein phosphatases play a negative regulatory role in the re-
sponse to drought, ensuring the maintenance of homeostasis and signal transduc-
tion in the tea plant. According to Wan et al. [59-62], all 29 calcium-dependent 
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protein kinases found in tea contain cis-elements of the multiple stress response 
in the promoter region of the gene.  

Genetic factors. Among all the mechanisms, transcription factors are 
the main regulators of the plant's response to abiotic stress. Tea is supposed to 
have 12 families of transcription factors involved in response to drought: 
AP2/EREBP, bHLH, bZIP, HD-ZIP, HSF (HSP), MYB, NAC, WRKY, zinc-
finger protein TFs, SCL, ARR, SPL [63-66].  

One of the largest families of bHLH transcription factors (basic helix-
loop-helix) is widespread in eukaryotes. These factors determine signal transmis-
sion and secondary metabolism of brassinosteroids, jasmonic acid, anthocyanin 
synthesis, modulation of plant growth and development, control of embryo de-
velopment, branching of shoots, flower and fruit development. In addition, 
bHLHs are involved in ABA signaling and plant response to abiotic stresses. 
39CsbHLH genes were identified in tea, the expression of which is enhanced 
under drought conditions [67]. 

The NAC family of transcription factors (NAM-ATAF1/2-CUC) regu-
lates the formation of the apical meristem, lateral roots, secondary cell wall, leaf 
aging, seed development, flavonoid biosynthesis. Many genes of the NAC family 
are involved in stress response and hormonal signaling. An analysis of these 
genes expression in tea plant during drought revealed the candidate genes 
CsNAC17 and CsNAC30, which can be used in breeding tea for drought toler-
ance [68]. 

The WRKY transcription factor group is involved in responses to abiotic 
stress. The CsWRKY2 gene was identified in tea, which is involved in protection 
against drought. Its greatest expression was observed in leaves, the smallest – in 
flowers and shoots. A high degree of expression of CsWRKY2 was noted under 
the conditions of drought and cold. It has been shown that WRKY proteins can 
act as ABA activators or repressors [69]. 

One of the most extensive families of plant transcription factors is DREBs 
(dehydration-responsive element-binding proteins). Twenty-nine CsDREB genes 
were identified in tea; their localization in the cell nucleus was shown. The ex-
pression of these genes was enhanced by various abiotic stresses, including 
drought. Overexpression of CsDREB genes increases resistance to stress through 
both ABA-dependent and ABA-independent path. An analysis of the expression 
of CsDREB genes showed that they can act as a link between different response 
chains in the response of tea to stress [70]. 

The HD-Zip family of proteins (homeodomain-leucine zipper) is an im-
portant group of transcription factors, which is divided into four subgroups (HD-
Zip I, HD-Zip II, HD-Zip III, and HD-Zip IV). Thirty-three transcription fac-
tors belonging to these subgroups were found in tea. Among them, HD-Zip I 
and HD-Zip IV are most involved in response to drought. HD-Zip I proteins 
mainly respond to external signals, such as extreme temperatures, drought, and 
other abiotic stresses, while regulating the processes of growth and adaptation of 
plants to environmental factors. The HD-Zip IV subgroup is involved in root 
formation, cell differentiation, trichome formation, and anthocyanin accumula-
tion. The results of the analysis of tea Cshdz genes expression confirmed their 
participation in various stress responses, including drought [71]. 

Heat shock proteins (HSPs) play an important role in the growth and 
development of plants and protect cell structures under stress. Forty-seven 
CsHSP genes, including 7 CsHSP90, 18 CsHSP70, and 22 CssHSP genes, were 
identified in tea, the expression of which increases resistance to oxidative stress, 
protecting the photosystem II and supporting the photosynthetic apparatus [72]. 

The transcription factors of the bZIP family (basic region/leucine zipper) 
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are divided into 13 groups (AL and S). The most studied group A includes the 
so-called ABRE-binding factors (ABFs) responsible for the work of ABA. These 
and other bZIP family genes are involved in the response and mechanisms of tea 
plant resistance to drought, act as positive regulators of resistance to oxidative 
stress, and play a central role in biochemical cascades involving glucose and 
ABA [73]. 

The Dof family of transcription factors (DNA-binding with one finger) 
regulates the expression of genes involved in seed maturation and germination, 
flowering periods, accumulation of secondary metabolites, and also in protec-
tive processes. Twenty-nine transcriptional Dof factors were identified in tea and 
the participation of CsDof-22 in ABA biosynthesis was shown. An increase in the 
expression of CsDof genes was observed in resistant tea varieties under stress [74].  

SBPs (SQUAMOSA promoter binding protein) encode transcription fac-
tors, are involved in sporogenesis, shoot and leaf development, flowering, fertili-
zation, fruit ripening, hormonal signaling, and responses to abiotic and biotic 
stresses in many plant species. Overexpression of these genes was observed in 
response to an increase in the content of jasmonic acid and led to an increase in 
the content of superoxide dismutase and peroxidase. Tea plant shows increased 
expression of CsSBP genes in the buds and leaves; these reactions can be associ-
ated with signaling pathways involving ABA, gibberellic acid, and methyl 
jasmonate [75]. 

Oxylypins are oxidized derivatives of fatty acids, including jasmonic ac-
id, hydroxy-, oxo- or keto- fatty acids, volatile aldehydes, and are important 
signaling molecules in higher plants. Lipoxygenases (LOXs) are a family of 
iron-containing enzymes that catalyze the oxidation of polyunsaturated fatty 
acids, which initiates the biosynthesis of oxylipins. In a tea plant, the lipoxy-
genase family genes CsLOX1, CsLOX6, and CsLOX7 are involved in response 
to stresses (cold, drought, biotic stress) via an ABA-independent pathway [76]. 

MicroRNAs regulate the expression of transcription factors at the 
translation stage. Sixty-two microRNAs were identified in tea; they are in-
volved in the response to drought through the regulation of transcription and 
suppression of translation. It was found that microRNAs expression varies de-
pending on the strength of the stress factor and manifests itself in the form of 
morphological, physiological, and biochemical changes [77]. 

Thus, many biochemical and genetic signals have been established and 
described for tea plants; they activate genetic matrices in response to osmotic 
stress, which leads to physiological and metabolic changes that ensure plant 
resistance. This process involves many genes involved in the metabolism and 
signaling of phytohormones, the metabolism of osmolytes, the regulation of 
antioxidant activity, and the regulation of stomatal apparatus functions. How-
ever, the role of all genetic factors in the response to drought still requires fur-
ther study to fully understand their place in cascades of biochemical reactions. 
Therefore, despite significant progress in the functional genomics of plants, 
including tea, further studies are required to identify the place of various genes 
in regulatory networks and the response to drought.  
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A b s t r a c t  
 

Since the 1960s, isoenzymes have been well known as one of the most common biochemi-
cal markers. Establishing the overall variability of the isoenzyme systems and identifying their ge-
netic control retain their relevance, allowing researchers to reveal the fine mechanisms of the rela-
tionship of the organism with the environment and homeostasis and to develop effective biochem-
ical markers for rapid assessment of genetically and selectively significant material. In this paper, 
the chromosome loci responsible for the activity of 13 different esterase forms of mature seeds in 
Brassica rapa L. were identified and mapped for the first time. The doubled haploid lines of two 
mapping populations, DH30 and DH38, were studied. All identified esterase isoforms were divid-
ed into three groups according to their electrophoretic mobility. The group of isoforms A1-A3 had 
a high molecular weight and low electrophoretic mobility. The group of B1-B7 isoforms exhibited 
an average molecular weight and an average electrophoretic mobility. The C1-C3 group consisted 
of isoforms having a low molecular weight and, consequently, the highest electrophoretic mobility. 
Each of the parental forms, as well as each of the studied lines of mapping populations, had its 
own unique electrophoretic spectrum of esterase isoforms. Based on the electrophoretic data ob-
tained for both populations, a QTL analysis was carried out and chromosome loci were identified, 
determining the manifestation of each esterase isoform identified in the mapping lines of popula-
tions DH30 and DH38. The composite interval mapping approach, combined with a permutation 
test (1000 iteration) and a confidence level of p < 0.05, allowed us to identify and locate QTLs on 
chromosomes that determine the manifestation of all esterase isoforms identified by gel electro-
phoresis, with the exception of A1 isoform for the DH38 population and B7 isoform for the DH30 
population. For these two isoforms, no QTL analysis results were obtained because of limitation in 
initial data on these isoforms in the corresponding mapping population. A total of 35 QTLs for 
esterase isoforms were mapped for DH30 mapping population and 39 QTLs for DH38 population. 
As a result of the QTL analysis, molecular markers genetically linked to the identified loci and the 
percentage of phenotypic variability determined by each of the identified QTLs were also identi-
fied. According to isoenzyme analysis, the heterozygosity of both populations in each Hl locus and 
total heterozygosity Htotal, as well as Var(Hl) heterozygosity dispersions for one locus and the vari-
ance of average heterozygosity within each population Var(Htotal) were calculated. The identified 
heterozygosity was considered as the average portion of loci with two different alleles in one locus 
in one individual and could be defined as the observed heterozygosity characterizing the part of 
the genes for which the studied population is heterozygous. It was shown that in the studied popu-
lations of doubled QTL haploid lines, which determine the complex of esterases isoenzymes, are 
found mainly in the 2nd, 4th, 6th, and 9th linkage groups and form blocks of co-adapted genes 
and genomic co-adapted gene blocks, which emphasizes the importance of the contribution of 
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these loci in the ontogenesis and adaptability of plants B. rapa. In general, the carried out mo-
lecular genetic mapping and biochemical analysis of the studied biochemical traits of various man-
ifestation of esterase isoforms in mature seeds of B. rapa revealed genetic determinants of the 
studied characters, as well as the genome distribution of mapped QTLs, which in the long term 
makes it possible to conduct effective molecular and genetic screening of collection accessions and 
breeding material of the B. rapa species according to these biochemical characters when perform-
ing genetic and selection investigations in this species. 

 

Keywords: Brassica rapa L., biochemical analysis, esterase isoforms, mature seeds, QTL 
mapping, population heterozygosity 

 

Since the 1960s, isoenzymes have been well known as one of the most 
common biochemical markers suitable for establishing genetic variability in both 
natural and artificial populations of plants [1-3] and animals [4-6]. Establishing 
the overall variability of the isoenzyme systems and identifying their genetic con-
trol retain their relevance, allowing researchers not only to reveal the fine mech-
anisms of the relationship of the organism with the environment and homeosta-
sis during growth and development in both normal and extremal conditions [7] 
but also to develop effective biochemical markers for rapid assessment of genet-
ically and selectively significant material [8].  

Esterases (ES 3.1.1) combine a large number of different carboxyl ether 
hydrolases. Some of them have very broad substrate specificity and can hydro-
lyze both endogenous and exogenous ether bonds of different structures [9]. The 
fact that the enzymes showing esteratic activity can also hydrolyze non-ether 
bonds raises questions about the evolutionary adaptive physiological and ecologi-
cal role of these esterases. Thus, the possibility of inhibiting  and -esterases in 
plants has been described for aryl esterases in young cassava leaves and evaluated 
as a marker of pathogenesis after infection with bacteria [10]. Inhibition tests 
showed that organophosphates (insecticides) inhibit some plant esterases and 
activate the other ones in Aspidosperma polyneuron [11]. Consequently, plant es-
terases can serve as biochemical indicators used to detect insecticide residues 
and determine their toxicity in the control of environmental pollution. In gen-
eral, the esterase system of organisms is characterized by the presence of a large 
number of isoenzymes and significant individual and population variability. In 
animals, most esterase enzymes are non-specific and exhibit overlapping sub-
strate specificity [3]. In some cases, these isoenzymes are relatively specific, such 
as cholinesterases and carbonyl anhydrases.  

The functional characteristics of plant esterases have not yet been suffi-
ciently studied, although in plants esterases seem to represent one of the most 
studied groups of isoenzymes. As early as the late 1960s and early 1970s, esterases 
were studied in corn [1, 12, 13], barley [2], potatoes [14], cotton [15, 16], oats 
[17, 18], sugar beet [19], wheat [20, 21] and many other species. The most de-
tailed genetic control of esterases is described in wheat [21-25]. In addition, the 
"alien"-wheat genealogy of chromosomes was defined [4, 20] and "alien"-wheat 
hybrids were identified [26, 27], and the variability of esterases of hexaploid geno-
types was revealed [28]. All these papers were aimed at establishing not so much 
the physiological as the genetic component of such a biochemical system as higher 
plant esterases. The absence of epistatic interactions and the codominant nature of 
the inheritance of esterase isoforms make them a convenient tool for the rapid and 
effective study of the processes of biochemical adaptation to changing environ-
mental conditions. This type of biochemical markers is convenient for solving 
practical problems of selection as a means of accelerating and simplifying the se-
lection process of breeding material. 

In the previous studies, a polymorphism in the isozyme profile of esterases 
isolated from mature seeds in samples of the varietal and line-breeding material of 
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hexaploid wheat (Triticum aestivum L.) was identified. The average heterozygosity 
(H) of the samples at 10 identified loci encoding isoforms, coding esterases, was 
0.924 [29]. The most promising parental forms differing in phenotypic traits of 
breeding interest and the spectra of esterase isoforms – the varieties Zlata, Mera, 
and the homozygous lines AFI91, AFI177, ITMI7, ITMI44, ITMI83 and ITMI115 
were identified and the possibility of determining the polymorphism of esterases in 
the hybrid generations was defined. Another study [30] shows a wide range of diver-
sity of electrophoretic profiles of isoenzymes of mature seeds (eight isoforms with 
molecular masses from 37.7 to 57.6 kD) in 25 samples of radish (Raphanus sativus 
L.), which were divided into 13 electrophoretic enzyme types that differ from each 
other by the presence or absence of certain areas. The most common was the elec-
trophoretic enzyme type of Gr. 1, spread among 24% of the estimated samples. The 
enzyme type of Gr. 5 was characterized by a maximum number of zones – 8, the 
enzyme types of Gr. 3 and Gr. 12 – the smallest (4 zones). The seventh and eighth 
zones of esterases (Mr = 39.7 kD and Mr = 37.7 kD, respectively) were monomor-
phic; the remaining six zones were polymorphic. The frequency of each zone for 
different enzyme types ranged from 6.58 to 17.11%. The obtained results allowed 
selecting promising source material for breeding. 

However, to date, no studies have been carried out for the lines of dou-
bled haploids on the esterase isoenzyme spectrum. The advantage of this approach 
is that, for example, molecular genetic maps of the mapping populations of Brassi-
ca rapa L. DH30 and DH38 are saturated with SSR and AFLP molecular markers 
with a mapping interval of 2.4-2.6 cm. The denser the markers are, the more ac-
curate the map is. AFLP markers are currently relatively rare but still used in con-
junction with other types of markers. At the same time, in the absence of other 
known markers of esterase isoforms, in the future for routine screening of breeding 
or other genetic material, it is possible to convert AFLP markers located in peaks 
detected by QTL into SCAR or CAPS markers. All this allows taking the issue of 
the reliability and reproducibility of the results when using markers obtained using 
certain genetic material off the table, as this question arises very often, if not al-
ways [29-31]. Different positions of loci of quantitative traits of breeding interest 
in the mentioned populations DH30 and DH38 have been noted in many studies, 
which is quite natural since the populations are different genetically [31]. Howev-
er, this is even more interesting because for mass collection or selection screening 
the most reliable markers of loci are those in close positions in both populations. 

In the present study, the isoenzyme analysis of Brassica rapa L. doubled 
haploid lines was conducted for the first time, which allowed not only identify-
ing the localization of the loci determining the manifestation of the analyzed 
isoforms of esterases in the linkage groups on the chromosomes but also finding 
a statistical relationship between the identified QTLs (quantitative trait loci) of 
these isozymes and the observed heterozygosity for each locus.  

The aim of the paper was the mapping of QTLs that determine the ex-
pression of different esterase isoforms of mature seeds of doubled haploid lines of 
Brassica rapa L.  

Techniques. The esteratic profiles of the seeds were analyzed for 80 lines 
of the mapping populations of Brassica rapa L. (3 parent forms, 50 DH38 de-
scending lines, 27 DH30 descending lines). The details of obtaining and using 
the DH30 and DH38 populations for QTL mapping of morphological and bio-
chemical traits in B. rapa were described in the previous paper [31].  

Mature seeds were ground thoroughly in a porcelain mortar, 100 mg of 
the obtained flour was placed in test tubes of the Eppendorf type, 1 ml of hex-
ane was added, the mixture was thoroughly stirred and left for degreasing over-
night in a refrigerator at 4 C, then centrifuged 10 min at 15000 rpm, the super-
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natant fluid was decanted and the sample was left under a draught to dry in air. 
Enzymes were extracted for 14-18 hours from fat-free and dried samples with 
0.05 M Tris-HCl buffer (pH 8.3) in the presence of 2-mercaptoethanol (2 µl/ml) 
and glycerol (10%), at the flour to buffer ratio of 1:4 and a temperature in the 
range from 4 to 8 C. The samples were centrifuged for 10 min, the supernatant 
liquid was collected and samples were frozen at 20 C to prevent inactivation of 
the isoenzymes during storage. Before entering to the electrophoresis chamber, 
the samples were defrosted at room temperature. Isoenzymes were separated by 
native vertical electrophoresis in PAAG [32]; the concentration of separating and 
concentrating gels was 11 and 5%, respectively. Electrophoresis was carried out 
in a Mini-PROTEAN Tetra Cell chamber (Bio-Rad Laboratories, Inc., USA). 
Prestained Protein Ladder (Thermo Scientific, USA) was used as molecular 
mass markers. Protein (20 µg) was added to each pocket of the concentrating 
gel. The protein concentration in enzyme preparations was determined by the 
dye-binding method according to Bradford [33], with bovine serum albumin 
(Promega Corporation, USA) as a standard. Electrophoresis was performed in 
the cold (10-15 C), at 10 V/cm for 2.5 h. After separation, the gel was treated 
with a reagent for nonspecific esterase [34]. This gel was stained in freshly pre-
pared dye solution consisting of 100 mg -naphthyl acetate and 120 mg -
naphthyl acetate (Sigma-Aldrich Chemie GmbH, Switzerland), dissolved in 10 
ml of 70% ethanol, 500 mg of Fast Blue RR (Sigma-Aldrich Co., USA); 4 ml of 
propanol and 60 ml of 0.1 M phosphate buffer (pH 6.0). After the appearance of 
brownish-violet bands, the excess dye was removed with 10% acetic acid. The 
received zymograms were scanned (Epson Expression 10000XL, GE Healthcare, 
USA). Evaluation of each sample (Rf value of all bands in the track, calculation 
of molecular weight based on standards, calculation of the relative amount of 
each zone in the track) was carried out using Phoretix 1D Advanced software 
(TotalLab, Ltd., UK).  

For mapping of the identified QTLs, MAPQTL 6.0 software (Kyazma 
B.V., Netherlands) was used [35] to detect for each esterase isoform in each 
population the presence and location of candidate QTL in the linkage group (at 
5 cM mapping interval), to estimate LOD (logarithm of odds) values (p = 0.05) 
and the degree of phenotypic expression of the trait explained by the corre-
sponding QTL (% Expl.). LOD significance was assessed in the permutation test 
(1000 iterations) [36].  

The trait-marker correlation coefficients were calculated as a statistical-
ly significant association of the marker locus with the QTL conferring the trait 
(for p = 0.05 significance level) based on empiric variants for each trait-marker 
pair [37]. Using data on mapping of the detected QTL, the maps were graph-
ically constructed with MapChart 2.2 software (https://www.wur.nl/en/Research-
Results/Research-Institutes/plant-research/biometris/Software-Service.htm) [38]. 
Statistical data processing was carried out by multivariate analysis methods [35]. 

The degree of the observed heterozygosity H for each locus was deter-
mined, as well as its average value for several loci (total heterozygosity Htotal). 
The population heterozygosity at each locus Hl and the total heterozygosity Htotal 
were calculated according to the description [39, 40] by the following formulas: 

퐻 = 2푛(1 − ∑ 푥 ) 2푛 − 1⁄ , 
퐻 = ∑ 퐻 푟⁄ , 

where l is the sequence number of the locus, n is the population size, xk is the es-
timated frequency of the k-th allele of the l-th locus, r is the total number of loci. 

The variance of heterozygosity Var(Hl) at one locus and the variance of 
the average heterozygosity within populations Var(Htotal) were found [41]: 
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푉푎푟(퐻 ) = 퐻 (1− 퐻 ) 푛⁄ , 
푉푎푟(퐻 ) = ∑ 퐻 (1 −퐻 ) + ∑ ∑ (퐻 −퐻 퐻 ). 

Results. Electro-
phoretic analysis of iso-
zymes of esterases of ma-
ture seeds for lines of 
doubled haploids from 
two mapping populations 
of B. rapa and their three 
parental forms revealed 
13 isoforms of esteratic 
enzymes, which were di-
vided into three groups by 
electrophoretic mobility 
(Fig. 1). The group of 
isoforms A1-A3 had large 
molecular weight and low 
electrophoretic mobility, 
the group B1-B7 showed 
medium molecular weight 
and mobility, the isoforms 
of the group C1-C3 had 
a small molecular weight 
and the highest electro-
phoretic mobility. Note, 
the intensity of the zones 
A1-A3 and C1-C3 varied 
relatively little, while B1-
B7 varied significantly. In 
addition, in contrast to 
groups A1-A3 and C1-
C3, including three iso-
forms, the group B1-B7 
was represented by seven 
esterase isoforms.  

Each of the parent forms, as well as each of the studied lines of mapping 
populations, had its unique electrophoretic spectrum of esterase isoforms. The 
group C1-C3 consisted of isoforms inherent in both the male and each of the 
female samples. This group of esterases exhibited a codominant type of inher-
itance. The group B1-B7 from the parent forms consisted of six electrophoretic 
zones, five of which were identical, and the area B3 absent among the male 
plant YS-143 was presented in both female forms, the VT-115 and PC-175, 
showing the dominant type of inheritance. In the case of the DH30 population, 
the area V4 was found in the male form YS-143 and was absent in the female 
form VT-115, also showing the dominant type of inheritance. In the line 97 of 
the mapping DH30 population, as well as the lines 80, 123, 127 and 136 of the 
mapping population DH38, the B7 isoform was found that was absent in all 
three parental forms. The appearance of this isoform in these five lines seems to 
be due to the transgressive nature of genetic rearrangements or changes in the 
genome of these lines that occurred during their creation and selection in culture 
in vitro, that is, due to somaclonal variability. It is also possible that this is one 

A 

 
B 

 

Fig. 1. The diagrams of electropherograms of esterase isoforms in 
the mapping populations DH30 (A) and DH38 (B) of Brassica rapa 
L.: YS-143 — male parent, VT-115, PC-175 — female parents; 
the figures at the bottom — line numbers of mapping popula-
tions; A1-A3, B1-B7 and C1-C3 — groups of esterase isoforms of 
respectively large, medium and small molecular weight; M —of 
molecular weight marker (Prestained Protein Ladder, Thermo 
Scientific, USA). 
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of the sinapine esterases identified in Brassicaceae previously [42]. The same can 
be said for the ratio of the A1 and A2 isoforms found in a number of lines in 
both DH30 and DH38 populations. It should be noted that the A3 isoform is 
presented in all three of the parental forms and is absent in the lines 28 and 67 
of the DH30 population, and the lines 1, 4, 67, 90, 124, and 134 of the DH38 
population. The presence of the isoforms A1 and A2 in different lines of both 
populations varied. Their presence in a particular line seems to be due to the 
same reasons as the appearance of the isoform B7.  

On the basis of electropherograms for both populations, QTL analysis 
was conducted and the loci on the chromosomes that determine the appear-
ance of each of the esterase isoforms detected from lines of the mapping popu-
lations DH38 and DH30 were identified (Table 1, see the journal website 
http://www.agrobiology.ru). 

The approach of composite interval QTL mapping used in this study in 
combination with the permutation test (1000 iterations) at the significance level 
p < 0.05 allowed identifying and localizing on chromosomes the loci (QTLs) that 
determine the appearance of all isoforms of esterases identified by means of gel-
electrophoresis (see Fig. 1) except for A1 in the DH38 population and V7 in 
DH30. For these two isoforms, the QTL analysis results were not obtained due to 
the small amount of relevant baseline data for each mapping population.  

The results of QTL mapping revealed molecular markers genetically 
linked to the identified loci, which in the future can be used for molecular 
genetic analysis of B. rapa samples, and the localization of the detected QTLs 
in the linkage groups was identified (Fig. 2, see at the journal website 
http://www.agrobiology.ru). So, in a population of DH30 for the A1 isoforms, 
seven loci on the chromosomes that determine its manifestation were identified. 
The maximum LOD values were found for the 1st (3.70) and 5th (3.76) linkage 
groups. For A2 in the DH30 population, three, and, in the DH38 population, 
six loci determining the manifestation of this isoform were found. It should be 
noted that the location of the QTL of the isoform A2 on the 4th and 9th chro-
mosomes coincided in both populations, indicating the evolutionary consolida-
tion of this trait, which apparently had adaptive significance. The maximum 
LOD (of 2.09) in the population DH30 was calculated for the 9th chromosome, 
and for DH38, the obtained LOD values ranged from 2.28 to 4.88 for different 
linkage groups. In contrast, the value of LOD for A3 isoforms was relatively low, 
1.29 for a single QTL in the population DH30 and 1.30-1.79 for QTLs detected 
in DH38; however, the proportion of phenotypic variability, which determined 
the QTLs identified for the isoforms A3, accounted for 23.4% of the population 
DH30 and 14.6-19.5% in the case of DH38.  

The isoform B1 is also characterized by low LOD value for both popula-
tions, i.e. 1.36-1.53 and 1.33-1.75 if the amount of phenotypic variation is 20.2-
25.4 and 13.3-17.1% for DH30 and DH38, respectively. In general, three QTLs 
from the population DH30 and two from DH38 were mapped. QTLs of the iso-
form B3 were not numerous and had low LOD values. Thus, for DH30, they 
were 2.00 and 1.37-2.53, respectively, for DH38 — 4.00 and 1.32-1.78. Howev-
er, for B3, as for A2, the location of the QTL mapped in the 6th linkage group 
coincided, indicating the evolutionarily adaptive nature of this isoform. The 
number of QTLs underlying the expression of the isoform B2 was small as well, 
i.e. four in the population DH30 and two for DH38. However, the LOD value 
(1.36-3.36 and 1.93-2.47 for DH30 and DH38, respectively) and the proportion 
of controlled phenotypic variability (23.9-48.0 and 19.9-24.8%, respectively) 
were higher than for B3. Almost the same results were obtained for the isoform 
B4. Two QTLs were identified for it in each of the mapping populations. The 

http://www.agrobiology.ru/articles/3-2019rudakova-table-eng.pdf
http://www.agrobiology.ru/articles/3-2019rudakova-ris2-eng.pdf
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value of LOD and the percentage of phenotypic variation ranged between 1.48-
1.55 and 46.1-47.8% for DH30, 1.33-1.49 and 20.3 and 22.4% for DH38. The 
isoform B5, though it had a low LOD (1.32-1.52 and 1.93-2.07 for DH30 and 
DH38 respectively) with a small percentage of phenotypic variation (22.3-25.3 
and 18.3-19.5%), however, as well as B3, had a QTL, localized in both popula-
tions at the 6th linkage group in similar positions, which confirms the conclu-
sion about the evolutionary adaptive nature of inheritance of these isoforms of 
esterases of B. rapa seeds. The population DH30 had five QTL isoforms B6 at 
the 3rd, 6th, 7th, and 8th chromosomes; DH38 had three QTLs in the 8th, 9th 
and 10th linkage groups. LOD scores were relatively small, 1.31-1.84 and 1.31-
1.48 respectively; the proportion of phenotypic variation was 23.9-29.7% and 
11.9-14.9% for DH30 and DH38. It is interesting to note that for the DH30 
population, the QTL identified in the 6th linkage group was located in the same 
place as the QTL of the isoform B5, which indicates the importance of this 
chromosomal locus in B. rapa. The B7 isoform was identified and mapped only 
in the DH38 population. In total, five QTLs were localized, which were located 
on the 1st, 2nd, 7th and 9th chromosomes. LOD values ranged from 1.53 to 
2.13; the proportion of phenotypic variability due to the identified QTL was 
from 82.8 to 91.4%. 

For C1, only one QTL was found in each of the mapping populations. 
The LOD values (1.39 and 1.32 for DH30 and DH38) and the percentage of 
phenotypic variability due to the corresponding QTL (32.9 and 18.9%) were 
relatively small. C2 QTLs were identified in DH30 in the 2nd, 4th and 5th link-
age groups (1.46-2.20 and 31.2-43.0%), in DH38 – in the 3rd and 8th groups 
(1.29-2.31 and 18.2-30.7%). The C3 isoform had three mapped QTLs in the 
population DH30 and four QTLs – in DH38. The LOD values of the identified 
QTLs varied from 1.50-2.77 in DH30 and 1.51-2.51 in DH38, and the propor-
tion of the phenotypic variability in DH38 and DH30 was 68.5-88.1 and 43.3-
65.0%, respectively. QTLs for the C3 isoform mapped on the 2nd chromosome 
(as in the case of A2, B3, and B5) were identified in both mapping populations. 
This fact confirms that the specified locus of the 2nd chromosome has evolu-
tionary significance and its structure was fixed in the process of ontogenetic and 
phylogenetic adaptation in the B. rapa species. In all probability, the stability of 
the typical morphological and biochemical features of the plant is associated 
with such adaptively significant chromosome loci and the increased adaptive 
ability to adverse environmental factors as well [43-45].  

2. Heterozygosity and its variance in Brassica rapa L. mapping lines of DH38 and 
DH30 populations based on data of isozyme analysis of esterases 

Indicator 
Isozymes  

A1 A2 A3 B1 B2 B3 B4 B5 B6 B7 C1 C2 C3 
P o p u l a t i o n  DH30 

Hl 0.352 0.616 0.139 0 0.139 0.475 0.491 0 0 0.073 0.475 0.391 0.391 
Var(Hl) 0.008 0.009 0.004 0 0.004 0.009 0.009 0 0 0.002 0.009 0.009 0.009 

Average heterozygosity Htotal = 0.272; dispersion Var(Hоtotal) = 0.007 
P o p u l a t i o n  DH38 

Hl 0 0.213 0.213 0.078 0.149 0.424 0.476 0 0 0.149 0.465 0.465 0.368 
Var(Hl) 0 0.003 0.003 0.001 0.002 0.005 0.005 0 0 0.002 0.005 0.005 0.005 

Average heterozygosity Htotal = 0.231; dispersion Var(Hоtotal) = 0.003 
 

According to isozyme analysis, the heterozygosity of populations for each 
locus Hl and total heterozygosity Htotal, as well as the variance of heterozygosity 
Var(Hl) at one locus and the variance of mean heterozygosity within each of the 
Var populations (Htotal) was calculated (Table 2). 

Since the dispersion of the average heterozygosity should take into ac-
count covariations between heterozygosity at different loci (l and 푙), which is due 
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to their dependence on the frequency of double heterozygotes 퐻  at these loci, 
the formula proposed by Weir [41] was used. The revealed heterozygosity was 
considered as the average portion of loci with two different alleles in one locus 
in one individual and could be defined as the observed heterozygosity character-
izing a part of genes on which the studied population is heterozygous. The used 
formulas [39-41] make it possible to calculate any polynomial in a set of varia-
bles distributed multinominally, which, in turn, allows considering the revealed 
heterozygosity as a measure of information polymorphism widely used in the 
preparation and implementation of genetic selection programs. The formation of 
any breeding significant properties depends on the genotype of the individual 
[46, 47]. At the same time, information polymorphism is nothing but a reflection 
of phenotypic manifestations of genetic determinants (genes, chromosome loci) 
distributed in the genome, determining the studied features [48]. 

To summarize, the QTLs determining biochemical traits, i.e. the spectra 
of esterase isoforms of mature seeds in mapping populations of B. rapa doubled 
haploids, were mapped by us for the first time and the molecular markers genet-
ically linked to the QTLs of these traits were identified, which allows efficient 
molecular genetic screening of sample collections and breeding material. Mech-
anisms that control the biosynthesis and accumulation of biologically active sub-
stances such as isoenzymes that determine the biochemical characteristics of 
morphotypes occurs as a result of evolutionary-adaptive formation and inher-
itance. Modification of these mechanisms can lead to a sharp change in the 
number and set of isoenzymes in various organs, in particular, in seeds, which, 
in turn, in B. rapa affects the morphological and adaptive qualitative characteris-
tics of the species. The study of genetic determinants of esterase isoforms in the 
future can allow controlling the process of genetic variability on these adaptively 
significant features by combining different genetic derivatives from different pa-
rental forms in one organism. Analysis of genetic variability is very important for 
understanding the genetics of quantitative traits that play a key role in breeding 
programs to improve economically significant properties in B. rapa. As a result, 
it would be extremely important to determine the functions of genes that affect 
their expression, molecular genetic mechanisms of expression and, finally, char-
acterize the molecular variability of genomes inside and outside the species. It is 
interesting to note that similar data were obtained earlier for wheat [29] and rad-
ish [30], which also revealed polymorphism between samples of promising 
breeding material in the spectra of isoenzyme esterases forms of mature seeds. In 
addition, these results echo those described in the analysis of the esterase-lipase 
gene family in Arabidopsis thaliana [49] and Olea europaea [50]. The data ob-
tained on these species (both in this study and earlier), in the future, are sup-
posed to allow the identification of the genetic-evolutionary and phylogenetic 
relationships of the structure and functioning of genomes in mono- and dicoty-
ledonous plants. 

Note should be made of the revealed coincidence of the positions of loci 
that control the isoenzyme profiles of esterases and other biochemical features 
studied earlier, such as the content of free amino acids, phenolic compounds, ca-
rotenoids, and chlorophylls. These loci were localized in the lower part of the A03 
chromosome where the gene for the transition to flowering BrFLC5 is situated, as 
well as in the middle and in the lower part of the A06 linkage group [31].  

Thus, molecular genetic mapping and analysis of the spectra of esterase 
isoforms in mature Brassica rapa seeds revealed genetic determinants of these 
traits. The distribution of mapped QTLs in the genome has been identified. It was 
shown that in the studied populations of doubled haploid lines, QTLs determining 
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a set of esterase isoenzymes are located mainly in the 2nd, 4th, 6th and 9th link-
age groups and form the blocks of co-adapted genes and genomic co-adapted 
blocks of genes, underscoring the importance of the contribution of these loci in 
the ontogeny and adaptiveness of B. rapa plants. In general, the coincidence of 
localization of the detected QTLs supports the observed biochemical correlations 
(e.g., the location of esterase isoforms on the electrophoretogram), and the blocks 
of genes combined into a genome areas in the linkage groups A02, A03, A04, A06 
and A09, and the QTLs identified in the linkage groups reflect the genetic correla-
tions between such characteristics as spectra of esterase isoforms and other bio-
chemical properties of plants. 
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A b s t r a c t  
 

The lack of a general transition to environmentally oriented (environmentally friendly) ag-
riculture is primarily due to the fact that use of biologicals shows unstable effects. An impact of the 
introduced microorganisms on the native soil microbiota, in particular, on natural microbial-plant 
relations, remains little studied. The purpose of this work was to study the effect of growth-
stimulating strains of Paenibacillus ehimensis IB 739, Pseudomonas koreensis IB-4 and Ps. chlororaphis 
IB-51 on the legume plant—an aboriginal microbial community ecosystem. Seeds of pea (Pisum 
sativum L.) variety Chishminsky 95, white lupine (Lupinus albus L.) variety Dega, chickpea (Cicer 
arietinum L.) variety Zavolzhsky, alfalfa changeable (Medicago ½ varia Martyn) variety Galia, white 
melilot (Melilotus albus Medik.) variety Chermasan were treated with liquid cultures of rhizosphere 
bacteria strains. Sterile tap water was the control, and well-known microbiological fertilizer Azoto-
vit® based on Azotobacter chroococcum B-9029 strain was the standard. Seed germination percentage, 
plant size, the number of root nodules, root rot lesions, nitrogen accumulation in the soil and nitro-
gen assimilation by plants, and abundance of inoculants in the soil served as estimates of the effect of 
seed inoculation during 45-day pot experiment carried out under room temperature and natural 
lighting. Plants, along with the soil samples for counting inoculants, were collected on day 18 and 
day 45, the samples for assessing nitrogen accumulation were collected on day 45. The obtained data 
indicate the stimulating effect of strains P. ehimensis IB 739, Ps. koreensis IB-4, and Ps. chlororaphis 
IB-51 on the formation and function of various legume-rhizobial communities. Treatment with plant 
growth-promoting (PGP) microorganisms improved seed germination, plant growth and develop-
ment. In seed treating with Ps. chlororaphis IB-51, the root length predominantly increased, whereas 
Ps. koreensis IB-4 strain stimulated the development of the aerial parts. The Ps. chlororaphis IB-51 
and Ps. koreensis IB-4 were most effective on pea, lupine and chickpea plants with no growth stimu-
lation on alfalfa and melilot plants The inoculation of seeds with tested bacterial strains was found to 
suppress of the development of microscopic fungi in the rhizosphere, as a result, the root rot on peas 
decreased from 66.7 % to 25.3-43.8 %, on lupine from 35.9 % to 20.3-25.0 %. The inoculants 
showed no inhibitory effect on rhizobia, on the contrary, nodulation became more abundant. After seed 
bacterization of fodder crops with P. ehimensis IB 739, the number of nodules on the roots increased 
1.9-2.6 times. P. ehimensis IB 739 proved to be the most active in providing accumulation of nitrogen 
in plants and in the soil. The nitrogen concentration in the treated pea plants was 8.5 % vs. 3.9 % in 
the control, in lupine — 8.6 % vs. 5.0 % in the control. To summarize, the growth-promoting proper-
ties of a strain do not guarantee its favorable effect on the productivity of leguminous plants. Strains 
having similar characteristics can significantly differ in their effectiveness on the same legume crops. 

 

Keywords: PGPB, Pseudomonas, Paenibacillus, leguminous plants, growth-promoting activity, 
nodule formation, nitrogen fixation, plant-microorganism interaction 
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To date, researchers know of a number of direct [1-3] and mediated [4, 
5] positive bacterial effects on plants. It has been discovered that the same plant 
growth-promoting bacterium, PGPB, can have a variety of phyto-positive traits 
[6, 7]. Unfortunately, how introduced microbial species may affect the aboriginal 
soil microbiota remains to be seen, in particular, the effects of biologicals on the 
native microbe-plant symbiosis [8]. The efficiency of a biological preparation has 
been proven to depend not only on its functionality but also on whether the bio-
logical control agents it contains manage to fill a niche in the existing microbial 
community [9-11]. 

The legume-rhizobial community is a well-known example of a balanced 
phytomicrobiome. Nodule bacteria are naturally symbiotic with legumes and 
provide the latter with extra nitrogen. However, only some Rhizobium strains 
are able to boost crop productivity by synthesizing phytohormones [12, 13] and 
controlling phytopathogens [14, 15]. In this regard, it seems important to ana-
lyze how introducing microorganisms with useful traits might potentiate the leg-
ume ecosystem. 

The biological activity of the plant growth-promoting bacteria Paeni-
bacillus ehimensis IB 739 (VKM B-2680D), Pseudomonas koreensis IB-4 (VKM 
B-2830D), and Ps. chlororaphis IB-51 is very complex, as all the three strains 
antagonize phytopathogens while also being capable of producing phytohor-
mones and improving the plant nitrogen intake. The ability of the strains P. 
ehimensis IB 739 and Ps. koreensis IB-4 to fix nitrogen is comparable to the ni-
trogenase activity of bacteria from the genus Azotobacter [16]. All of these strains 
produce cytokinins, albeit in negligible amounts; only Ps. chlororaphis IB-51 can 
produce auxins. Notably, P. ehimensis IB 739 and Ps. koreensis IB-4 also pro-
duce exopolysaccharides (EPS) [17, 18]. This is a positive trait for plant inocula-
tion, as the presence of EPS in a bacterial preparation improves the viability of 
microbial cells on the seed surface. 

As noted above, whether the useful traits of this or that microbe are prac-
tical depends on whether these bacteria survive in the rhizosphere of the host plant 
[19, 20]. Experimentation on spring wheat and cucumbers has revealed that P. 
ehimensis IB 739, Ps. koreensis IB-4, and Ps. chlororaphis IB-51 are able to suc-
cessfully colonize the rhizosphere; the microbial population remains high 
throughout the growing season [21, 22]. 

This paper is the first to present a comprehensive comparison of the ef-
fects that introducing Rhizobacteria strains, each of which has a unique combina-
tion of growth-promoting traits, has on perennial and non-perennial legumes; it 
shows that even if a strain is able to promote the growth of legumes, it might still 
fail to boost productivity. 

The goal hereof is to analyze how the growth-promoting strains Paeni-
bacillus ehimensis IB 739, Pseudomonas koreensis IB-4, and Ps. chlororaphis IB-51 
affect a plant’s ecosystem, i.e. the aboriginal microbial community.  

Techniques. The experimental tests carried out in 2017 used clayey-illuvial 
chernozem: 4.2% total humus, 0.5% total nitrogen, 5.6 mg of labile phosphorus 
per 100 g of soil, pHwat. 6.3). To optimize the air and water parameters, each pot 
contained drainage (a 2-centimeter high layer) and air-dry non-sterile soil (1,300 
g); the content of each pot was moisturized to 60% of its total water capacity. 
Phosphorus was quantified by Kirsanov’s method; acidity was tested by potenti-
ometry [23].  

Seeds of pea (Pisum sativum L.) variety Chishminsky 95, white lupine 
(Lupinus albus L.) variety Dega, chickpea (Cicer arietinum L.) variety Zavolzh-
sky, alfalfa changeable (Medicago ½ varia Martyn) variety Galia, and white meli-
lot (Melilotus albus Medik.) variety Chermasan were sterilized by soaking in 1% 
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potassium permanganate solution over 30 minutes, then rinsed 5 times with 
plenty of sterile tap water, then submerged in water for 24 hours for swelling, 
after which they were placed on moistened filter paper to grow over 24 hours at 
room temperature; the research team thus rated their germination in laboratory 
conditions. 

Seeds were treated with a liquid culture of bacterial strains, the microbial 
titer of which was known (108 to 109 CFU/ml). P. ehimensis IB 739 was cul-
tured in Medium I [24], Ps. koreensis IB-4 and Ps. chlororaphis IB-51 were cul-
tured in King’s B medium [25]. Seeds were inoculated at 105 cells per seed for 
larger seeds (pea, lupine, and chickpea) or at 103 cell per seed for smaller seeds 
(alfalfa, melilot). Pea, lupine, chickpea (5 seedlings each), alfalfa, and melilot 
(10 seedlings each) were planted in pots. Planting depth varied from 1 to 3 cm, 
although plants whose seed lobes would not surface (pea and chickpea) were 
planted deeper. For control, seeds were treated with sterile tap water. For addi-
tional monitoring of how the concentration of nitrogen in the soil was changed, 
some pots contained soil and but no plants. For reference, the team used Azoto-
vit®, a well-known microbiological fertilizer based on Azotobacter chroococcum 
B-9029 (registered by Industrial Innovations LLC, Russia, http://azotovit.ru). 
Azototovit producers recommend it as a universal multipurpose fertilizer that can 
boost plant nitrogen intake, suppress phytopathogenic microflora, and promote 
the growth of the vegetative system (leaves, stems, and inflorescences), thus im-
proving the yield.  

Experiments were carried out at room temperature in natural light over 
45 days. Plants were sampled on Days 18 and 45, the soil was sampled to ana-
lyze some microbial populations on Days 18 and 45; nitrogen was only quanti-
fied for Day 45 samples. Plants were extracted with soil and had their roots care-
fully washed; then the team measured the size and quantity of newly sprouted 
nodules. Total Kjeldahl nitrogen, TKN, was measured for dried plant samples. 
Root rot was analyzed and reported per the guidelines in [26]. The microbial 
population of the rhizosphere was quantified by inoculating serially diluted soil 
suspension onto agarized nutrient media: MPA (microorganisms using organic 
nitrogen), Ashby’s medium (aerobic free-living nitrogen-fixing bacteria and 
oligonitrophiles), and Czapek-Dox medium mixed with lactic acid (micromy-
cetes) [27]. 

Data was processed statistically in Microsoft Excel. For processing, the 
researchers calculated the means (M) and standard errors of the mean (±SEM). 
Significance was tested by Student’s t-test with a threshold p  0.05. 

Results.  Soil analysis showed the availability of high-solubility phos-
phates to legumes was average in the case of neutral pH. Such soil is hospitable 
to active forms of spontaneous nodule-bacteria strains.  

Table 1 summarizes the data to visualize the positive effects of 
P. ehimensis IB 739, Ps. koreensis IB-4, and Ps. chlororaphis IB-51 on plants [16, 
17, 21, 22]. The legumes experimented upon differ in habitat. Apparently, while 
Rhizobium leguminosarum (a pea microsymbiont) are ubiquitous, chickpea and 
lupine might lack the microsymbionts they need if planted in soil that has never 
previously hosted such plants. 

For non-perennial legumes (pea, lupine, and chickpea), the laboratory 
germination rate was 92.5% to 98.0%. Forage grasses (alfalfa and melilot) had a 
lower germination rate of 77.0% and 82.0%, respectively. In this experiment, 
Ps. koreensis IB-4, P. ehimensis IB 739 cultures, and Azotovit® had positive ef-
fects on legume germination. Interestingly, alfalfa was the most susceptive spe-
cies.  

The germination rate peaked in seeds treated with a liquid Ps. koreensis 
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IB-4, culture, which resulted in a 15-20% increase in germination against the con-
trols. Ps. chlororaphis IB-51 had very little to no effect (on pea and chickpea). 
These results are not consistent with data on the phytohormonal activity of 
strains, see Table 1. Thus, Ps. chlororaphis IB-51 far exceeds Ps. koreensis IB-4 
in the synthesis of plant growth regulators; however, it did not have any positive 
effect on germination rates.  

Indole-3-acetic acid (IAA) can be inhibitive at higher concentrations [28], 
with varying the amount of inoculated bacterial producers being the easiest way to 
regulate phytohormone concentration in the rhizosphere [29-31]. Earlier, Loginov 
found that a higher titer of Ps. chlororaphis IB-51 had negative effects on the ger-
mination rates in some vegetables [18]. Apparently, a similar effect was observed 
in this experiment, too. It has been hypothesized that if the strain-synthesized 
phytohormones are in a complex with exopolysaccharides, as is the case for P. 
ehimensis IB 739 and Ps. koreensis IB-4, the gradual dissociation of this complex 
mitigates and prolongs the phytohormonal effects on plants [32]. 

Auxins are believed to mainly stimulate root growth (lengthening and 
branching [31]) while also positively affecting the leaves. In turn, cytokinins main-
ly activate shoot growth rather than root growth; in fact, they might even inhibit 
the latter [33]. In this experiment, seed groups exposed to Ps. chlororaphis IB-51 
(which produces auxins and cytokinins) mainly tended to grow longer roots, see 
Figure 1A, and more leaves. Growth promotion of the aerial part was mainly ob-
served for seeds inoculated with Ps. koreensis IB-4 (a cytokinin producer) and 
Azotovit®, see Figure 1B. However, it would be undue to say that different 
strains affect different parts of their symbiotic plants. Thus, P. ehimensis IB 739 
(a cytokinin producer) promoted the growth of shoots in pea, alfalfa, and meli-
lot; and the growth of roots in lupine and chickpea. 

 

A B 

  
Fig. 1. Growth of roots and shoots in legumes under inoculation with PGPB strains: (A) pea (Pisum 
sativum L.), control to the left, Pseudomonas chlororaphis IB-51 treatment to the right; (B) white 
lupine (Lupinus albus L.), left to right: Azototovit® treatment, Ps. koreensis IB-4 treatment. 

 

Ps. koreensis IB-4 and Ps. chlororaphis IB-51 affected pea, lupine, and 
chickpea the most; they had either limited or zero effect on alfalfa and melilot. 
Perhaps, this was due to toxins present in alfalfa and melilot seed husks, in par-
ticular, alkaloids [34], while the Pseudomonas strains under analysis were less 
resistant to microbicides than Paenibacillus or Azotobacter.  

First nodules emerged on  Day 10 after sprouting. However, chickpea 
roots did not develop nodules throughout the experiment, which was logical. 
Chickpea is not a priority crop in the Republic of Bashkortostan; soil might lack 
the nodule bacteria specific to this species. Initially, pea roots developed the 
largest number of nodules, perhaps due to the fast growth of this species, see 
Table 2. However, melilot took lead by the end of the experiment in nod-
ules/plant. Nodules would emerge on the taproot and on the secondary/side 
roots (mainly in the root hair zone), as well as on the stem. Treatment with a 
liquid P. ehimensis IB 739, Ps. chlororaphis IB-51 culture or Azotovit® resulted  
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1. Known positive effects of the analyzed plant growth-promoting bacteria (M±SEM) [16, 17, 21, 22] 

Strain 
Phytohormone synthesis, ng/ml LC Ability to fix atmospheric nitrogen Phytopathogen-antagonistic mechanisms 

cytokinins IAA growth in Ashby’s medium nitrogenase activity, µg N2ʺml1ʺh1 antibiotics proteases chitinases 
Paenibacillus ehimensis IB 739 190.3±25.3  Moderate  0.67±0.021 + + + 
Pseudomonas koreensis IB-4 119.0±17.3 40.4±4.7 Abundant 0.68±0.030 + +  
Ps. chlororaphis IB-51 205.4±42.1 878.1±93.2 Moderate 0.08±0.002 + +  
N o t e. LC stands for liquid culture, IAA stands for indole-3-acetic acid. Dash means that enzymes and metabolites were not detected.. 

 

2. Morphophysiological indicators of legumes as affected by treating seeds with growth-promoting strains at different post-inoculation times (M±SEM, 
pot test, 2017) 

Test group 
Day 18 Day 45 

length of the aerial 
part, cm 

taproot 
length, cm 

number of  
leaves 

number of nodules 
per plant 

length of the aerial 
part, cm 

taproot length, 
cm 

number of  
leaves 

number of nodules 
per plant 

P e a  (Pisum sativum L.), cv. Chishmishinskii 95 
Control (water) 32.3±1.7 11.0±0.8 6.3±0.7 2.1±0.9 73.7±5.8 16.2±0.9 12.7±1.3 9.0±2.5 
Paenibacillus ehimensis IB 739 38.5±2.1* 11.3±0.8 7.0±0.5 3.7±1.2 77.6±4.1 15.7±1.5 14.5±2.1 12.7±4.4 
Pseudomonas koreensis IB-4 38.0±2.2* 10.8±0.6 6.7±0.6 1.8±0.3 85.5±4.7* 18.2±0.9* 15.4±1.1* 20.4±3.8* 
Ps. chlororaphis IB-51 36.3±2.8 12.7±0.7* 5.7±0.5 14.0±2.4* 76.3±6.3 18.4±0.8* 15.0±0.8* 20.3±5.1* 
Azotovit® 38.7±2.5* 7.6±0.6* 5.5±0.3 6.8±3.9 84.0±4.2* 14.0±1.1* 14.0±2.5 10.4±1.7 

W h i t e  l u p i n e  (Lupinus albus L.). cv. Dega 
Control (water) 14.7±0.9 8.3±0.6 4.0±0.5 0.3±0.1 29.1±2.5 14.5±2.1 10.5±1.4 10.2±2.0 
Paenibacillus ehimensis IB 739 16.2±1.4 8.8±0.5 4.0±0.2 6.3±0.5* 30.0±3.2 18.3±1.5* 11.3±2.9 10.7±1.8 
Pseudomonas koreensis IB-4 18.5±1.1* 8.8±0.5 5.0±0.6  34.3±2.6* 14.6±1.8 11.7±2.5 8.3±1.7 
Ps. chlororaphis IB-51 16.8±1.3 10.0±0.8* 5.0±0.5 0.5±0.1 36.0±3.8* 18.7±1.5* 13.3±1.2* 17.0±2.5* 
Azotovit® 17.7±1.1* 8.3±0.6 4.0±0.4  35.7±3.9* 15.3±2.8 11.3±1.9 16.0±1.9* 

C h i c k p e a  (Cicer arietinum L.), cv. Zavolzhskii 
Control (water) 28.5±1.9 12.7±1.1 9.4±0.6  38.1±3.0 17.0±1.8 16.0±2.8  
Paenibacillus ehimensis IB 739 31.0±2.1 17.5±1.0* 10.3±0.7  40.0±3.7 20.3±2.5 15.3±2.1  
Pseudomonas koreensis IB-4 27.0±1.5 15.3±0.8* 9.7±0.6  44.0±2.5* 22.5±3.1* 14.7±1.9  
Ps. chlororaphis IB-51 31.3±1.8 13.8±0.8 10.7±0.9  44.0±2.7* 21.7±2.7* 17.0±2.9  
Azotovit® 30.3±2.3 11.2±0.6 9.0±0.5  45.7±3.1* 16.3±2.5 16.0±2.9  

A l f a l f a  (Medicago ½ varia Martyn), cv. Galiya  
Control (water) 9.3±0.8 5.2±0.7 3.1±0.3 1.9±0.5 18.9±2.2 15.0±1.9 7.2±1.3 7.2±2.1 
Paenibacillus ehimensis IB 739 9.8±0.7 4.1±0.5 3.0±0.3 1.8±0.3 23.1±1.7* 15.1±2.1 10.7±1.9* 18.4±4.9* 
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Table 2 continued 
Pseudomonas koreensis IB-4 9.5±1.0 5.9±0.5 3.3±0.3 3.8±1.5 17.8±2.7 14.2±2.5 8.1±1.8 11.1±3.0 
Ps. chlororaphis IB-51 8.8±0.7 4.7±0.4 2.8±0.4 1.8±0.2 18.1±2.1 14.8±2.5 8.0±1.9 10.6±1.9 
Azotovit® 10.4±0.9 6.0±0.5 3.1±0.3 2.4±0.5 19.1±2.9 14.9±2.7 9.3±0.6* 25.2±6.7* 

W h i t e  m e l i l o t  (Melilotus albus Мedik.), cv. Chermasan  
Control (water) 7.2±0.6 5.0±0.4 2.9±0.3 1.5±0.6 14.0±0.9 14.3±1.1 5.6±0.7 12.5±2.6 
P. ehimensis IB 739 8.5±0.5* 5.5±0.4 3.3±0.3 1.3±0.3 15.6±1.8 15.4±2.5 6.4±1.1 23.9±3.8* 
Pseudomonas koreensis IB-4 8.3±0.6 5.6±0.5 2.7±0.2 3.0±1.0 14.0±1.3 12.3±2.0 6.0±1.0 13.6±1.8 
Ps. chlororaphis IB-51 6.7±0.5 4.6±0.4 3.1±0.4 2.1±0.5 16.2±1.9 15.1±1.9 7.0±0.5* 16.6±2.9 
Azotovit® 6.6±0.6 6.4±0.3* 2.8±0.3 0.6±0.3 20.6±3.1* 16.3±0.7* 7.7±0.9* 37.1±7.8* 
N o t e. Dash means no nodules emerged. 
* Difference from the control is statistically significant at p  0.05. 

 

3. Different microbial populations (CFU/g of abs. dry soil) of the rhizosphere of legumes as affected by treating seeds with growth-promoting strains 
at different post-inoculation times (M±SEM, pot test, 2017) 

Test group Pea (Pisum sativum L.) Lupine (Lupinus albus L.) Chickpea (Cicer arietinum L.) 
Alfalfa  
(Medicago ½ varia Martyn) 

White melilot  
(Melilotus albus Medik.) 

Day 18 Day 45 Day 18 Day 45 Day 18 Day 45 Day 18 Day 45 Day 18 Day 45 

M i c r o o r g a n i s m s u s i n g  o r g a n i c  n i t r o g e n, ½107 
Control (water) 5.4±0.7 4.4±0.8 3.5±0.6 5.8±0.5 5.3±0.9 3.9±0.3 2.7±0.8 0.9±0.5 1.0±0.3 1.9±0.5 
Paenibacillus ehimensis IB 739 6.3±0.8 1.0±0.1* 2.4±0.6 0.8±0.2* 6.4±0.7 1.2±0.2* 1.4±0.6 2.0±0.8 0.3±0.1* 2.5±0.5 
Pseudomonas koreensis IB-4 4.3±0.6 1.7±0.2* 4.3±0.4 3.1±0.3* 3.3±1.3 1.3±0.2* 0.6±0.1* 2.0±0.7 0.5±0.2 3.1±0.9 
Ps. chlororaphis IB-51 5.4±0.3 6.4±1.3 3.2±0.4 1.9±0.2* 4.2±0.7 0.7±0.1* 0.7±0.2* 2.0±0.6 1.0±0.2 2.9±0.6 
Azotovit® 4.1±0.7 2.3±0.3* 3.2±0.5 1.5±0.2* 6.7±0.9 1.4±0.3* 1.1±0.4* 1.9±0.6 1.2±0.3 1.6±0.3 
 A e r o b i c  f r e e - l i v i n g  n i t r o g e n - f i x i n g  b a c t e r i a  a n d  o l i g o n i t r o p h y l e s, ½107 
Control (water) 1.2±0.3 2.0±0.4 1.6±0.2 1.2±0.4 2.8±0.6 1.1±0.2 1.2±0.5 1.7±0.3 0.8±0.2 1.3±0.5 
P. ehimensis IB 739 2.1±0.6 2.4±0.2 1.6±0.2 1.3±0.3 3.6±0.5 1.1±0.1 1.5±0.3 1.5±0.3 0.9±0.2 2.1±0.5 
Pseudomonas koreensis IB-4 1.6±0.3 1.5±0.3 2.0±0.3 0.8±0.2 3.0±0.4 1.2±0.1 0.5±0.2 1.7±0.5 0.9±0.2 2.5±0.8 
Ps. chlororaphis IB-51 1.1±0.3 1.5±0.4 1.7±0.3 2.1±0.6 1.6±0.8 0.8±0.2 0.9±0.2 1.8±0.3 0.8±0.1 1.5±0.4 
Azotovit® 0.8±0.2 1.1±0.6 1.9±0.3 1.2±0.3 2.2±0.4 1.2±0.2 1.4±0.3 1.8±0.2 0.5±0.1 1.9±0.5 
 M i c r o m y c e t e s, ½104 
Control (water) 8.6±0.8 4.2±0.3 35.0±3.6 3.4±0.4 13.3±1.1 1.4±0.4 11.3±1.0 2.5±0.5 9.8±0.9 2.9±0.5 
P. ehimensis IB 739 4.1±0.5* 1.8±0.2* 4.5±0.4* 3.0±0.3 3.3±0.3* 2.2±0.5 4.9±0.5* 3.9±1.0 1.6±0.3* 3.2±0.6 
Pseudomonas koreensis IB-4 3.2±0.4* 1.5±0.1* 2.0±0.2* 2.6±0.5 2.1±0.2* 1.8±0.3 0.8±0.1* 2.3±0.5 0.5±0.1* 3.9±0.6 
Ps. chlororaphis IB-51 4.7±0.6* 5.0±0.5 2.8±0.3* 1.1±0.2* 4.9±0.5* 1.4±0.2 2.3±0.3* 3.6±0.7 1.6±0.2* 2.2±0.4 
Azotovit® 8.1±0.5 1.5±0.2* 3.4±0.4* 3.1±0.3 7.3±0.6* 2.3±0.5 1.7±0.2* 1.3±0.8 4.7±0.5* 2.6±0.4 
* Difference from the control is statistically significant at p  0.05. 
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in the emergence of larger pink nodules, mainly clustered around the taproot. 
Bacterial inoculation mainly had positive effects on nodulation; however, 

plants of different genera responded differently to introducing PGPB into the 
microbial community of their rhizosphere. Pea plants treated with Ps. chlorora-
phis IB-51 and lupine treated with P. ehimensis IB 739 had several times higher 
nodulation than their respective controls (p  0.05) as early as on Week 3. In 
alfalfa and melilot, there was no significant difference in nodulation between the 
controls and the experimental groups after two weeks of growth; by the end of 
the experiment, plants treated with P. ehimensis IB 739 and Azotovit® had 1.9 
to 3.5 times more nodules (p  0.05). Pseudomonas strains did not induce statis-
tically significant differences in forages compared to the controls. In general, P. 
ehimensis IB 739 and Azotovit® promoted the nodulation of lupine, alfalfa, and 
pea; Ps. chlororaphis IB-51 was active in lupine and pea rhizosphere; Ps. ko-
reensis IB-4 only affected pea.  

No correlation was found between the number of nodules and the 
growth of roots. Roots were the longest in specimens treated with P. ehimensis 
IB 739 and Ps. chlororaphis IB-51, while Ps. koreensis IB-4 and Azotovit® did 
not have any significant effect on these indicators. The well-developed root 
system of lupines treated with P. ehimensis IB 739 had fewer nodules than their 
Azotovit®-treated counterparts.  

Analysis of nitrogen fixation is for preliminary evaluations only, as the 
experiment only lasted until flowering.  

 

 
Fig. 2. Nitrogen content of pea (Pisum sativum L.) cv. Chishminskii 95 (1), white lupine (Lupinus 
albus L.) cv. Dega (2), chickpea (Cicer arietinum L.) cv. Zavolzhskii (3), alfalfa changeable (Medica-
go ½ varia Martyn) cv. Galiya (4), white melilot (Melilotus albus Medik.) cv. Chermasan (5) (A) and 
soil after growing the plants (B) from seeds treated with PGPB strains: a — controls, b — Paeni-
bacillus ehimensis IB 739, c — Pseudomonas koreensis IB-4, d — Ps. chlororaphis IB-51, e — 
Azotovit®, f — plantless soil (pot test, 2017). 

 

Nitrogen content of roots and biomass peaked in plants inoculated with 
P. ehimensis IB 739 and treated with Azotovit®, see Figure 2A. In pea, the indi-
cator was 7.8% to 8.5% against 3.9% in the controls; in alfalfa, 6.7% to 7.2% 
against 5.0% (p  0.05). After the plants were removed, the nitrogen content of 
soil was found to have been boosted from the initial value (0.5%) for pea, chick-
pea, and alfalfa treated with P. ehimensis IB 739, lupine treated with Azotovit®, 
as well as in the soil where chickpea had been exposed to Ps. koreensis IB-4 or 
not inoculated at all (p  0.05), see Figure 2B. Apparently, P. ehimensis IB 739 
was the greatest nitrogen fixation booster.  

Notably, these data are not consistent with the nodulation readings. For 
instance, chickpea did not develop any nodules at all. Therefore, it only fixed 
nitrogen due to the non-Rhizobia nitrogen-fixing bacteria present in the rhizo-
sphere of the host plant.  

In P. ehimensis IB 739 experiments, the nitrogen reserves in soil were 
depleted while plants accumulated the element. At the same time, lupine treated 
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with Azotovit® did not consume nitrogen despite boosted nitrogen concentra-
tions in the soil.  

Analysis of these data did not identify any correlation between the nitro-
genase/nodulating activity of the strains and the intensity of fixing nitrogen. De-
spite P. ehimensis IB 739 and Ps. koreensis IB-4 being equally able to fix atmos-
pheric nitrogen, see Table 1, only P. ehimensis IB 739 boosted the nitrogen con-
centrations in soil and in peas. Seed treatment with a liquid Ps. chlororaphis IB-51 
culture boosted nodulation of pea and lupine due to auxin synthesis, but neither 
the plants nor the soil accumulated nitrogen.  

Microbiological assay of legume rhizosphere showed the microbial popu-
lation near large-seed plants peaked early, then dropped. On the contrary, the 
microbial population of the rhizosphere was growing towards the end of the ex-
periment in forages, see Table 3. This was assumingly due to the difference in 
lifecycles and nutrient accumulation strategies of perennials and non-perennials. 
By the end of the experiment, legumes had completed their active growth phase, 
which directly correlated with the displacement of nitrogen and other nutrients 
from vegetative to reproductive organs. However, perennials still continued to 
grow actively and to accumulate nutrients in their roots, which provided nutrition 
to the microbial community.  

Notably, the rhizospheric population of heterotrophs was significantly 
larger in non-inoculated plants than in their inoculated counterparts (p  0.05) by 
the end of the experiment. This can be interpreted as indirect evidence of intro-
duced strains affecting the aboriginal bacterial community. The population of 
nitrogen-fixing microorganisms in the rhizosphere was 107 CFU/g of soil 
throughout the experiment for controls and experimental plants alike. Perennials 
tended to increase the nitrogen-fixing population towards the end of the exper-
iment. 

 

 
Fig. 3. Root rot infection in pea (Pisum sativum L.) cv. Chishminskii 95 (A) and white lupine (Lupinus 
albus L.) cv. Dega (B) on Days 18 (a) and 45 (b) after inoculating the seeds with PGPB strains: 1 — 
Azotovit®, 2 — Pseudomonas chlororaphis IB-51, 3 — Ps. koreensis IB-4, 4 — Paenibacillus ehimen-
sis IB 739, 5 — controls (pot test, 2017). 

 

Bacterial inoculation, as well as treatment with Azotovit®, suppressed 
the growth of microscopic fungi in the rhizosphere of 2-week plants. By the end 
of the experiment, the difference in micromycete population between the con-
trols and the experimental groups was not significant. However, the strains con-
tinued to inhibit root rot throughout the experiment with an effectiveness of 33.7% 
to 62.1% for pea, 30.4% to 50.9% for white lupine, see Figure 3. Root rot morbid-
ity was the highest in plants treated with Azotovit®.  

Thus, the key finding is that introducing PGPB will not necessarily have 
positive effects on plants. Other researchers reported that bacterial treatment ef-
fectiveness could vary for different varieties of the same species [35, 36]. This is 
consistent with the reports of Yefimov et al. [37], who state that legumes are ex-
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tremely selective with respect to introduced bacterial strain and may respond dif-
ferently to biologicals.  

Auxin-like substances are known to simulate nodulation [38]. At the 
same time, low IAA concentration stimulates nodulation while higher concentra-
tions inhibit it [39]. This study failed to identify any correlation between the nodu-
lation and the bacterial growth promotion, whether its performance or nature 
(cytokinin- or auxin-based). However, since the strains did not inhibit nodula-
tion, it can be assumed that they did not suppress, or compete against, the abo-
riginal soil Rhizobia. 

Speaking of the role the free-living nitrogen-fixing bacteria have to play 
in plant nitrogen intake, the experiment proves that greater biological nitrogen 
concentrations in the soil will not necessarily result in a greater accumulation 
thereof in plant roots and biomass [40]. One of the reasons why could be that 
the atmospheric nitrogen fixed by diazotrophs may remain unavailable to plants, 
as it localizes in microbial biomass [41]. 

Thus, inoculating legume seeds with Paenibacillus and Pseudomonas, 
both of which combine such positive effects of phytohormone production, nitro-
genase activity, and antibiotic synthesis, did improve the germination rates, 
shoot and root growth, nitrogen intake, nodulation, and root-rot morbidity. Dif-
ferent legumes responded differently to PGPB introduction. In general, the ex-
periments suggest Paenibacillus ehimensis IB 739 is good for alfalfa and white 
melilot, Pseudomonas koreensis IB-4 and Pseudomonas chlororaphis IB-51 are 
good for pea and white lupine. 
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A b s t r a c t  
 

Crop losses caused by pests can reach 40-50 % and even more. Application of biological 
methods for regulation of the harmful species is promising and providing ecological safety. Biological 
preparations based on the living cultures of microorganisms and their metabolites meet these re-
quirements. Currently, the crystal-forming bacterium Bacillus thuringiensis is considered to be the 
most important species for production of biological insecticides, since this bacterium exhibits high 
specificity in relation to the target pathogens, safety for humans and the environment. At ARRIAM, 
the biological preparation based on the Bacillus thuringiensis var. thuringiensis (BtH1) 800/15 strain 
was developed. The strain was isolated from larvae of the Colorado potato beetle (Leptinotarsa 
deсemlineаta Say.) in the Leningrad region, studied for culture-morphological, biochemical and sero-
logical properties and identified according to the classification of De Barjac and Bonnefoi. Sequenc-
ing of the genes encoding 16S RNA and B-subunit of the DNA-gyrase (GyrB) confirmed that the 
isolated strain 800/15 belongs to Bacillus thuringiensis var. thuringiensis. The BtH1 800/15 strain was 
deposited in the Russian Collection of Agricultural Microorganisms (RCAM) under the registration 
number 611 (Patent of the Russian Federation RU 2514211 C1 of 27.04.2014). This paper is the first 
to report that the BtH1 800/15-based biologicals increases the germination of seeds, the height of 
seedlings and the root length of various crops, and also revealed the inhibitory activity against phyto-
pathogenic fungi. The goal of this study was to investigate whether the biological preparation based 
on the BtH1 800/15 strain has multifunctional properties including entomocidal activity against mass 
insect pests of crops, growth-stimulating effect on economically significant plant species and antifun-
gal activity against phytopathogenic fungi. The preparation based on the BtH1 800/15 strain is a liq-
uid that is easily diluted with water to the required concentration and contains the components of 
the cultural medium, spores and entomocidal exo- and endotoxins. The initial values of the biologi-
cal activity of the preparation were as follows: titer was 3.5½109 CFU/ml, exotoxin content for the 
Musca domestica Linn. larvae in LC50 was 3.1 μl/g of feed, entomocidal activity for the larvae of the 
Colorado beetle Leptinotarsa decemlineata Say. in LC50 was 0,28 %. The paper presents the data of 
field trials of the effectiveness of the preparation carried out on different agricultural crops in the 
period of 2014-2017 in the Leningrad Region, Krasnodar and Primorsky Krai against phytophagous 
insects, the Colorado beetle (L. decemlineata Say.), the 28-spotted potato ladybird (Henosepilachna 
vigintioctomaculata Motsch.), the diamondback moth (Plutella xylostella L.), the cabbage white and 
the small white (Pieris brassica L., P. rapae L.), cabbage moth (Barathra brassicae L.), gooseberry 
sawfly (Pteronidea ribesii Scop.), red spider mite (Tetranichus urtica Koch.) and whitefly (Trialeurodes 
vaporariorum West.). Field tests demonstrated the effectiveness of this biological preparation against 
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harmful phytophagous insects (66.7-100 %). The laboratory tests revealed that the preparation did 
not exhibit phytotoxicity, moreover, it showed a growth-stimulating effect on the seed germination 
(up to 32 %), as well as the height of seedlings and root length (up to 52 %). The efficacy of the 
preparation against phytopathogenous fungi did not exceed 54 % and was inferior to the preparation 
based on the BtH10 strain 56. The combined use of the biological preparation based on the BtH1 
800/15 strain with the chemical insecticide Decis Extra, CE (emulsion concentrate) on potato 
against H. vigintioctomaculata Motsch. was very efficient (100 %) even if the application rates were 
reduced 2 and 3 times, respectively. This combination of biological and chemical insecticides is eco-
nomically valuable and can be successfully used in potato fields when they are pest-infected, with the 
predominance of larvae of older ages and imago, which allows a significant reduction of the pesticide 
load. Overall, data obtained show that the biological preparation based on the Bacillus thuringiensis 
var. thuringiensis strain 800/15 has multifunctional properties, including entomocidal, antifungal and 
growth-stimulating activities, and is also promising for joint use with chemical insecticides. 

 

Keywords: Bacillus thuringiensis, phytophagous insects, phytopathogens, polyfunctional 
properties, entomocidal, antifungal and growth-stimulating activity 

 

The world market for chemical pesticides has recently entered a slow-
down, while the market for biologicals is on the rise. The two markets are ex-
pected to equate by 2050 [1]. Biologicals are state-of-the-art alternatives to con-
ventional chemical pesticides. They are eco-friendly; safe for humans, warm-
blooded animals, and beneficial organisms; highly selective; effective against spe-
cific pests [2, 3]. 

Crops are increasingly protected by means of biologicals based on the 
genus Bacillus, which is pathogenic to phytophagous insects [4-6], phytopatho-
gens [7-9], and plant pathogenic nematodes [10]. Biologicals based on various 
subspecies of B. thuringiensis Berliner (Bt) take the lead [11-13]. Insecticidal ef-
forts at farms mainly used biologicals based on three pathogenic Bt variants. 
Pathovar A comprises Bt subspecies (var. thuringiensis), whose endotoxin crystals 
have greatest effects on Lepidoptera, Pathovar B comprises Bt subspecies (var. is-
raelensis) that affect Diptera larvae, and Pathovar C comprises Bt subspecies (var. 
tenebrionis, var. darmstadiensis) that affect Coleoptera [4]. There has been discov-
ered Pathovar F (for fungi) that affects plant pathogenic fungi [14]. 

The insecticidal traits of Bt arise from the synthesis of various toxins [15-
17], the most important family of which is Cry, which comprises crystal delta 
endotoxins [18, 19]. In an insect’s intestines, the protein crystal transforms into 
a protoxin, which further becomes a true toxin when exposed to serine proteases. 
The true toxin causes pathological processes and septicemia, a condition that 
enables microorganisms to colonize the pest’s circulatory system, killing it. The 
thermostable water-soluble nucleotide -exotoxin is released by bacteria into the 
environment; this very important substance has a metatoxic effect, as it tampers 
with the host insect’s growth and metamorphosis [4, 20].  

Bt-based biologicals have polyenzymatic traits; they have been discov-
ered to produce a variety of hydrolases, which is seemingly what kills pests (in-
sects and fungi) [21, 22]. Bt antifungal effects are also associated with the syn-
thesis of other lytic enzymes, in particular, proteases and chitinases, which de-
stroy the cell walls of phytopathogenic fungi [23, 24]. Recently, Bacillus bacteria 
have been discovered to synthesize lipopeptide antibiotics that have an antago-
nistic effect [25-27]. 

One aspect to the multifunctionality of Bacillus bacteria is that they can 
promote plant growth [28-30]. They colonize soil rhizosphere and rhizoplane, 
where they produce physiological agents that may activate plant resilience genes 
[31]. R&D of Bt-based biologicals requires finding and selecting active strains 
from natural sources (soil, affected insects, infected tissue and organs of plants); 
strains are selectively engineered to be easy to produce, to have strong broad-
spectrum effects [32]. 

The All-Russian Research Institute of Agricultural Microbiology (ARRI-
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AM) has developed a liquid broad-spectrum biological against mass plant pests, 
which is based on B. thuringiensis var. thuringiensis 800/15 (BtH1 800/15) (Russian 
Patent No. 2514211 dd. April 27, 2014) [33]; it can be easily diluted in water to 
the required concentration and easily disseminated using standard sprayers.  

This paper presents the first study of the plant growth promotion effects 
of the BtH1 800/15-based biological, as well as its antifungal effects against phyto-
pathogenic fungi. The biological has been found to improve germination rate by 
6% to 21%, the seedling height by 4% to 52%, and the root length by 12% to 52% 
in a variety of crops. Its inhibitory efficacy against phytopathogens is up to 54%. 

The goal hereof was to study the multifunctionality of a biological based 
on the strain Bacillus thuringiensis var. thuringiensis 800/15. 

Techniques. Bacillus thuringiensis var. thuringiensis 800/15 (BtH1 800/15) 
was isolated from dead Colorado beetle larvae collected in the Leningrad Re-
gion; the team studied the cultural, morphological, biochemical, and serological 
traits of the strain to classify it per De Barjac and Bonnefoi [34-36].  

Gene sequences encoding 16S rRNA and B-subunits (gyrB) were em-
ployed to define the isolate by molecular phylogenetics. The strain was cultured 
in TY medium for 24 hours, after which 108 bacterial cells were moved to TE 
buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and incubated for 10 minutes 
at 95 C. The resulting DNA was used to amplify the sequences encoding 16S 
rRNA (27f 5´-GTTTGATCMTGGCTCAG-3´ primers), 1492R (5´-TACGG-
YTACCTTGTTACGACTT-3’) (37), gyrB (gyrB_F 5´-CTTGAAGGACTAGA-
RGCAGT-3´, gyrB_Rf 5´-CCTTCACGAACATCYTCACC-3´) [38] by PCR. 
The reaction mixture had a volume of 20 µl, which comprised 1 µl of bacterial 
DNA, 0.5 µl of each primer, and 10 µl of Fermentas-DreamTaq green PCR mas-
ter mix (Thermo Fisher Scientific, USA). PCR was carried out on a T100tm 
Thermal Cycler (Bio-Rad, USA) using the following procedure: 15 minutes at 
95 C (for initial denaturation); 30 s at 94 C (denaturation), 30 s at 55 C 
(annealing), 1 min at 72 C (elongation) (31 cycles); 10 minutes at 72 C (fi-
nal elongation). Sanger sequencing was performed at the Collective Lab for 
Genomic Technologies, Proteomics, and Cell Biology, ARRIAM [39]. BLAST 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to determine the closest strains 
in terms of 16S rRNA and gyrB sequences. 

BtH1 800/15 was deposited in the Russian Collection of Agricultural Mi-
croorganisms (RCAM) as a spore microorganism under the registration number 
611. BtH1 800/15 was cultured in dense nutrient media (meat-peptone agar, 
MPA, and fish agar, FA) at 28-30 C until the spore generation and crystal endo-
toxin synthesis were complete. Microscopy was performed on Day 7 [40] using 
black aniline dye. Strain productivity was measured in yeast-polysaccharide me-
dia by submerged cultivation in Erlenmeyer flasks on an aerated rocker at 220 
rpm and 28 C over 72 hours. 

ARRIAM’s Ecos branch based in Kolpino, St. Petersburg, used this strain 
to produce a liquid biological. Cellular population, entomocidal activity (LC50 
for the larvae of Leptinotarsa decemlineata Say from a natural population), and 
the exotoxin content (LC50 for domestic fly Musca domestica Linn.) were deter-
mined per [32]. 

The antifungal effects of Bt against various plant pathogenic fungi were 
determined by the agar block method in Petri dishes [41]. The biological based 
on BtH1 800/15 was compared against a reference based on BtH10 56. For tests, 
the team used the plant pathogenic fungi Botrytis cinerea Pers. (strain C-5), 
Pythium spp. (strain C-2), Bipolaris sorokiniana (Sacc.) Shoemaker (strain C-20), 
Fusarium avenaceum (Fr.) Sacc. (strain C-8), F. solani App. et Wr. (strain C-15), 
Verticillium dahlia Kleb. (strain 27). Liquid Bt biological (5% concentration) was 
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injected in a molten Czapek medium cooled down to 40 C. Blocks cut out of a 
10-day culture of the fungi were placed on the congealed agar. For control, the 
team used a medium that did not contain the biological. Fungal colony diame-
ters were measured 5 days later. The inhibitory efficacy of Bt was calculated by 
the Abbot’s formula [42]: 

Х =    
 ½ 100, 

where X is the degree of inhibiting fungal colony growth, %; Dc and Dt are the 
diameters of fungal colonies (control and test, respectively), cm. 

The phytoregulatory effects of the BtH1 800/15-based biological were as-
sessed by laboratory germination of seeds in rolls of filter paper at 26 C and a 
humidity of 86%. Tomato (Solanum lycopersicum), cucumber (Cucumis sativus), 
marrow (Cucurbita pepo var. giromontina), beet (Beta vulgaris), pumpkin (Cucurbita 
pepo), and cabbage (Brassica oleracea) seeds were soaked for 3 hours in a liquid 
culture of BtH1 800/15, as well as in a nutrient medium for control. Germination 
was rated in 5 days; seedling and root length was measured in 3 weeks [43]. 

Field tests were carried out at farms in the Leningrad Region, Krasno-
dar Territory, and Primorye Territory in 2014-2017. Vegetating Solanum tu-
berosum plants were treated with a liquid biological suspension while the Colora-
do beetle larvae L1-2 were hatching. In the Krasnodar Territory, soy (Glycine 
max) was treated against red spider mite (Tetranychus urticae L.) in the field, 
while cucumbers were treated against red spider mite and whitefly (Trialeurodes 
vaporariorum West.) indoors. The biological was applied at 15 to 20 l/ha; the 
solution application rate was 200 to 400 l/ha. 

In the Leningrad Region, white cabbage (Brassica oleracea) was treated 
against diamondback moth (Plutella xylostella L.), cabbage butterfly, and small 
white (Pieris brassicae L., P. rapae L.), cabbage moth (Barathra brassicae L.) (10-
15 l/ha); gooseberry (Ribes uva-crispa) was treated against common gooseberry 
sawfly (Pteronidea ribesii Scop.) (20 l/ha). In the Primorye Territory, potato 
was treated against 28-spotted potato ladybird (Henosepilachna vigintioc-
tomaculata Motsch.) with the tested biological, as well as with Decis Extra, CE 
(emulsion concentrate, Decis®, Bayer AG, Germany), both applied in recom-
mended dosages (15 and 0.03 l/ha, respectively), also mixed in a tank with re-
duced dosage (7.5 l/ha and 0.01 l/ha).  

The collected data was processed by analysis of variance at 95% CI [44]. 
For processing, the researchers calculated the means (M) and the standard errors 
of the mean (±SEM). Significance was tested by Student’s t-test at a confi-
dence interval of 95% (p < 0.05). 

Results. Following the conventional approach [34-36], the strain 800/15 
had earlier been described as B. thuringiensis var. thuringiensis. We confirmed its 
taxonomy by molecular systematics. Using BLAST, Bacillus cereus VLS-S-1, Ba-
cillus thuringiensis HC2, Bacillus toyonensis PgBe301 were identified as strains of 
a nearly identical 16S rRNA sequence. Thus, the 16S rRNA locus is too con-
servative for accurate identification of the strain’s taxonomy, but provides prov-
ing the strain to be a Bacillus. 

To clarify the phylogenetic position of 800/15, wwe sequenced its gene 
gyrB that encodes the B-subunit of DNA gyrase. This locus is less conservative 
than 16S rDNA, which helps differentiate phylogenetically close groups. The 
gyrB sequence in 800/15 was found to be closer to that of Bacillus thuringiensis 
ATCC 10792 and Bacillus thuringiensis Bt 407, earlier classified as serotype BtH1 
[37]. Thus, molecular systematics confirmed that 800/15 was indeed B. thurin-
giensis var. thuringiensis. 

The next step was to find whether the BtH1 800/15-based biological was 
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multifunctional. To that end, its samples were first tested for activity. The titer 
was 3.5-3.6±0.2 billion CFU/ml, with the Musca domestica exotoxin concentra-
tion at LC50 being 3.1-3.2±0.1 µl/g of food and the entomocidal activity against 
Leptinotarsa decemlineata larvae at LC50 being in the range 0.26-0.28±0.02%. 

In field tests, the biological killed 70% to 100% of insects, see Table 1. 
Its application improved the yield of potatoes (Leningrad Region, Krasnodar 
Territory) and cabbage (Leningrad Region) as compared to the controls (no da-
ta available).  

1. Efficacy of the liquid Bacillus thuringiensis var. thuringiensis 800/15-based bio-
logical as tested on phytophages in different Russian regions over 2014-2017 

Pest species Geographic location Crop Biological efficacy, % 
Leptinotarsa decemlineata Say. Krasnodar Territory, 

Leningrad Region Potato 95.9-98.8 
Henosepilachna vigintioctomaculata Motsch. Primorye Territory Potato 66.7-70.0 
Tetranichus urticae Koch.) 

Krasnodar Territory 
Cucumber 97.6-98.4 
Soybean 95.8-96.2 

Trialeurodes vaporariorum West. Krasnodar Territory Cucumber 99.8-100.0 
Plutella maculipennis Curt. Leningrad Region Cabbage 80.0-90.1 
Pieris brassicae L. Leningrad Region Cabbage 94.7-95.6 
Pieris rapae L. Leningrad Region Cabbage 84.5-96.7 
Barathra brassicae L. Leningrad Region Cabbage 90.0-92.8 
Pteronidear ribesii Scop. Leningrad Region Gooseberry 70.8-72.4 
N o t e. Efficacies are averaged-based. 

 

Laboratory tests showed the biological was not phytotoxic; on the con-
trary, it promoted plant growth, e.g. it increased the germination rates of: beet 
and cabbage by 6%, cucumbers by 10%, marrows by 21%, tomatoes by 11%, and 
pumpkins by 21%; beet seedlings gained 4% in height, cucumbers gained 8%, 
marrows gained 52%, cabbage gained 36%, and pumpkins gained 38%; root 
length rose by 12% in beet, 19% in cucumbers, 52% in marrows, 28% in to-
matoes, 48% in cabbage, and 42% in pumpkins, see Table 2. The crops re-
sponded differently to BtH1 800/15. Marrows, tomatoes, cabbage, and pump-
kins were stimulated to a far greater extent than beet or cucumbers. Seedlings 
that sprouted from treated tomato, cabbage, pumpkin, and marrow seeds were 
6.4±0.7 to 14±0.75 cm or 36% to 52% higher than controls (4.2±0.65 to 
9.9±0.25 cm); the roots of treated cabbage, pumpkin, and marrow were 7.4±0.55; 
15.9±0.75, or 22.5±0.9 cm longer than the controls (5.0±0.25; 11.2±0.45, or 
14.8±0.75 cm (difference from the controls deemed significant at p < 0.05). The 
biological also proved to significantly boost the pumpkin, cabbage, and marrow 
root growth (by 42-52%). 

The BtH1 800/15-based biological had antifungal effects, albeit weaker 
than those of BtH10 56, see Table 3. On average, the fungi Botrytis cinerea Pers., 
Pythium spp., Bipolaris sorokiniana and Verticillium dahliae were inhibited by 
BtH1 800/15 by 51.15±1.75; 40.35±1.65; 21.55±1.45, and 18.45±0.45%, respec-
tively. A further selection of BtH1 800/15 for antifungal effects requires more 
specific criteria, which will be set forth by further research. 

In the Primorye Territory, the BtH1 800/15-based biological was com-
pared against Decis Extra, CE for protection against 28-spotted potato ladybird. 
Tests showed mixing both agents in lower doses was as efficient as the chemical 
reference, as 100% of the pest was dead on the 10th post-treatment day. Thus, 
combining these agents is appropriate and cost-effective for fields inhabited by this 
pest, predominantly by older larvae and imago.  

Laboratory tests showed that neither at sublethal dosages nor at higher-
than-recommended concentrations in combination did Decis Extra hinder the 
viability of BtH1. 
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2. Bacillus thuringiensis var. thuringiensis 800/15-based biological and its phytoregulatory effects on different crops 

Crop 
Seed germination, %  Seedling height, cm Root length, cm 

controls 
post-treatment 

controls 
post-treatment 

controls 
post-treatment 

total percent of the control total percent of the control total percent of the control 
Beet 92-96 99 106 4.2-5.0 4.8-5.1 104 3.5-4.0 3.8-4.7 112 
Cucumbers 87-90 99 110 4.6-5.3 5.2-5.7 108 4.9-5.2 4.9-5.2 119 
Marrows 77-80 91-96 120 9.7-10.2 11.4-15.7 142 14.0-15.9 14.0-15.9 152 
Tomatoes 88-91 99 111 4.3-4.8 5.6-7.0 152 12.9-14.0 12.9-14.0 128 
Cabbage 92-94 99 106 4.9-5.9 7.1-7.9 136 4.8-5.3 4.8-5.3 148 
Pumpkin 77-80 91-98 120 7.4-8.3 10.4-11.3 138 10.7-11.8 10.7-11.8 142 
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3. Antifungal effects of the strains Bacillus thuringiensis var. thuringiensis (BtH1) and 
Bacillus thuringiensis var. darmstadiensis (BtH10) 

Вид фитопатогенного гриба 
Ингибирование роста колоний гриба 
через 5 сут, % 

BtH1 800/15 BtH10 56 
Botrytis cinerea Pers (штамм С-5) 48,3-54,0 100 
Pythium spp. (штамм С-2) 38,7-42,0 83,2-86,5 
Bipolaris sorokiniana (Sacc) Shoemaker (штамм С-20) 20,1-23,0 74,1-75,3 
Fusarium avenacrum (Fr.) (Sacc) (штамм С-8) 0 50,0-51,2 
Fusarium solani App. et Wr. (штамм С-3) 0 25,2-26,0 
Verticillum dahlia Kleb. (штамм 27) 18,0-18,9 50,7-52,0 
П р и м е ч а н и е. Ингибирующую активность препарата рассчитывали по формуле W.S. Abbot (см. раз-
дел «Методика»). 

 

Combining chemicals and biologicals subjects plants to less stress and is 
a cost-effective solution, as both agents can thus be applied in lesser quantities. 
The synergistic effects of B. thuringiensis-based biologicals in combination with 
chemicals have been noted in research literature. Thus, using B. thuringiensis var. 
israelensis-based bactoculicide in combination with dimilin, a chitin synthesis 
inhibitor, at a quarter to an eighth of the recommended dosage did kill up to 
91.2% Lycoriella solani Winn. while boosting the yield by up to 58.6% [45]. 
Ivantsova evaluated B. thuringiensis var. darmstadiensis-based bacicol in combi-
nation with Fastac®, BASF SE, Germany, at low-toxic dosage; the agents am-
plified each other, and the combination was extremely efficient against mustard 
pests [46]. Bactoculicide has been proven effective against Cricotopus sylvestris 
Fabr. in combinations with Proponit®, Arysta LifeScience S.A.S., France, Basa-
gran®, BASF SE, Germany, 2M-4X MCPA, Bayer AG, Germany, and 
Ordram®, Syngenta AG, Switzerland. The herbicides had no identifiable nega-
tive effects on the viability of B. thuringiensis var. israelensis [47]. 

Thus, the Bacillus thuringiensis var. thuringiensis 800/15-biological has en-
tomocidal, plant growth-promoting, and antifungal effects. It is a promising solu-
tion for combating mass pests affecting a wide range of crops, from potatoes and 
cruciferous crops to berries. Use in combination with a chemical insecticide seems 
appropriate and cost-effective for fields populated with older larvae and imago of 
Leptinotarsa decemlineata Say. and Henosepilachna vigintioctomaculata Motsch. 
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A b s t r a c t  
 

Red raspberry Rubus idaeus L. is a widespread crop including Eurasian continent. This ber-
ry crop is often damaged by the dangerous pest, the raspberry cane midge Resselliella theobaldi 
(Barnes). This insect pest commonly destroys 30-80 % of raspberry canes and decreases berry yield 
5-6-fold. Chemical insecticides predominate in raspberry plant protection against the pest. However, 
the trend of recent years lays in replacement of chemicals for ecologically safe biological agents, espe-
cially for soft fruit plant protection. The entomopathogenic fungus Beauveria bassiana (Bals-Criv.) 
Vuill. is a well-known agent for biocontrol of Diptera insects, including the cane midge. In this paper 
for the first time we have used a Siberian isolate of B. bassiana as a biological agent for regulation of 
Siberian population of this dangerous pest of the red raspberry. The aim of the research was to 
demonstrate capability of Siberian B. bassiana strain to suppress the number of raspberry cane midge 
in the laboratory and in the field conditions for two red raspberry cultivars. B. bassiana strain IC-
1480-25 was isolated from Colorado beetle dead larvae in Novosibirsk region. In the laboratory the 
influence of B. bassiana was studied by counting of adults flying from soil where larvae of last instar 
were treated with entomopathogenic fungus at 106-107 CFU/ml concentration. Laboratory test effi-
cacy was more than 80 %. In 2015-2016 the impact of B. bassiana on R. theobaldi was studied in the 
field conditions (plantation of Siberian Garden, Novosibirsk region). Raspberry cultivars Altai 
Zorenka (cv. 1) and Yellow Giant (cv. 2) differed in the susceptibility to the insect were field tested. 
In order to provide a reliable occupancy of ecological niche by phytophagous insect and to obtain 
reliable results, the artificial cane splits were created before the strain application. The results of field 
test were in line with the laboratory experiments. The B. bassiana activity depended on weather con-
ditions, particularly on humidity. In the more humid 2015, the contrast between two varieties in 
response to B. bassiana was more pronounced. The efficacy of treatment with 107 CFU/ml fungal 
suspension was less than 60 % for cv. 1 and 100 % (all larvae died) for cv. 2. The results of this re-
search evidence that the suppression of raspberry cane midge by the potential biocontrol agent de-
pends on berry cultivar, weather conditions and B. bassiana dose. Larvae number and their mortality 
as well as degree of bark splits occupancy is mainly determined by the differences in raspberry variety 
and their response to weather changes, and also by the impact of weather on insect population. 
These results confirm the data of Russian and foreign researchers that 107 CFU/ml concentration of 
B. bassiana provides a marked effect on Diptera pests. 

 

Keywords: red raspberry, raspberry cane midge, fungus Beauveria bassiana, pest number 
regulation, biological efficacy 

 

Red raspberry Rubus idaeus L. is a widespread crop [1, 2], including in 
Eurasia [3-6]. This berry crop is often damaged by a dangerous pest, the rasp-
berry cane midge Resseliella theobaldi (Barnes) [7-10]. Females lay eggs in fis-
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sures on raspberry canes, whether naturally occurring or resulting from damage, 
after which the hatched larvae destroy the stem tissue. The phytophage can de-
stroy up to 30-80% of raspberry shoots, resulting in 5-6 times lower yield. The 
pest migrated to Western Siberia from the European regions of the former USSR 
on plantings; this happened in the first half of the 1970s at the latest. Here, the 
midge adapted successfully and formed a local population, further spreading 
across the region; it was not detected immediately since the imago is small, and 
the larvae are well-capable of hiding. In the Novosibirsk Region, the midge was 
first discovered in 1983; scientists further studied its harmfulness and researched 
into the opportunities to suppress its population [11]. 

Raspberries are conventionally protected against the midge by chemical 
insecticides [12-14] based on a variety of compounds [15, 16]. However, the use 
of chemicals causes an increasing concern [17] and a discussion of the need to 
minimize pesticide loads while keeping high product quality [18], which draws 
attention to eco-friendly biologicals, especially for the treatment of plantings [19, 
20]. The feasibility of controlling the population of raspberry cane midge was 
first shown for the Russian biological based on Bacillus thuringiensis subsp. is-
raelensis, which had been developed to control the populations of dipterans [20]. 
However, for the order Diptera, which includes raspberry cane midge, the most 
appropriate biological population control agent is the entomopathogenic fungus 
Beauveria bassiana (Bals-Criv.) Vuill. [21-24]. Earlier laboratory tests prove 
three strains of Beauveria bassiana isolated in different geographical locations to 
have a >90% efficacy against raspberry cane midge [25]. Since the midge affects 
the inner cortex of canes (primary cortex parenchyma and the non-corked peri-
derm), the ability of B. bassiana to colonize the insides of plants is crucial [26-29].  

This paper is the first to demonstrate the effectiveness of a local B. bassi-
ana isolate as a bioagent for controlling the Siberian population of raspberry 
cane midge.  

The goal hereof was to test the siberian strain of beauveria bassiana as a 
suppressor of raspberry cane midge larvae in laboratory and field tests on two red 
raspberry varieties. 

Techniques. Experiments were carried out in 2015 and 2016. B. bassiana 
strain IC-1480-25 from the collection of Issledovatelsky Tsentr LLC was isolated 
from dead Colorado beetle larvae in the Novosibirsk Region. To culture the 
strain, the team prepared various nutrient media (pH 6.5), poured 500 ml of 
each in a 2,000-ml Erlenmeyer flask, closed the flasks with cotton and gauze 
plugs, and sterilized in an autoclave at 121 C over 40 minutes. Post-
sterilization pH was 6.3. Nutrient media were cooled to 25 C and inoculated 
with a culture grown in potato glucose agar, and then incubated in a thermo-
static shaker at 25 C over 8 to 10 days. 

To assess the effects of the bioagent on raspberry cane midge larvae, a 
suspension of fungal conidia (106 and 107 CFU/ml) was placed in 125-ml plastic 
cups, each pre-filled with 100 g of soil sampled from under raspberry plants. Ex-
periments were run four times. For control, the soil in cups was treated with 
25 ml of water. During the experiment, the soil was moisturized systematically 
with 10 ml of water per cup by manually spraying it on the surface [24]. After 14 
to 20 days of room-temperature incubation, 20 ready-to-pupation third-instar R. 
theobaldi larvae were placed onto each sample; the larvae had been extracted 
with a brush from raspberry cane fissures of the same plantation where the soil 
had been sampled prior to the experiment. The cups were covered with nylon 
smeared with Polyfix entomological glue by ITs Khimtek LLC, Russia; this 
would cause mature insects born from the pupae to stick to the nylon surface; 20 
days later, the team counted the imagoes that had left the soil. 
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Biological efficacy (BE, %) was calculated by Abbott’s formula: BE = 
(K1ŁKc)Ł(K0ŁK2)

1Ł100, where K0 is the number of living specimens before 
treatment (experiment), K1 is the number of living specimens after treatment 
(experiment), Kc is the number of living specimens before treatment (control), 
K2 is the number of living specimens after treatment (control). 

In-field effects of B. bassiana on midge larvae were evaluated at experi-
mental sites of the Siberian Garden, Novosibirsk Region, in 2015 and 2016 for 
two cultivars: Zorenka Altaya, which is relatively resilient to midge, and Zheltyi 
gigant, which is not. The fungal suspensions were applied at concentrations of 
106 and 107 CFU/ml. For reference, the team used the Iskra-M chemical by 
Tekhnoexport, Russia, while untreated raspberry canes were evaluated as con-
trols. Larvae populations per fissure and larvae mortality rates were counted to 
assess the efficacy of the bioagent. 

To enable the phytophage to fill the niche more reliably for more signifi-
cant results, fissures had been made in canes on purpose. To that end, a 10-cm 
cut was made in each cane at 30 to 50 cm above ground with a dissecting nee-
dle, which would attract midge females. A 1 to 2-mm epidermis strip was exfoli-
ated from the fissure to make a pocket for imagoes to lay eggs; canes were treated 
with the fungal suspension on the same day. For treatment, the experimenters 
used Orion-Kwazar back-carried sprayers (Kwazar Corporation Sp. z o.o., Po-
land); the application rate was 500 to 1,000 l/ha. Five or 6 labeled canes were 
cut two weeks after treatment to count larvae populations per fissure as well as 
their mortality rates. 

Statistical processing was done in ANOVA and Microsoft Excel 2010 
with means (M) and standard errors of the mean (±SEM) calculated. Signifi-
cance was assessed by Student’s t-test at p < 0.05 [30].  

Results. Laboratory experiments run to test B. bassiana effects on 
raspberry cane midge at two concentrations revealed a statistically significant 
(p < 0.05) reduction in the flown-out imago numbers against the controls. Thus, 
the biological efficacy of both concentrations (106 and 107 CFU/ml) was at least 
80%, see Table 1.  

1. Hatching of Resseliella theobaldi (Barnes) imago when exposed to the ento-
mopathogenic fungus Beauveria bassiana (Bals-Criv.) Vuill. (lab test) 

Group 
Imago hatching 

Biological efficacy, % average number per 
group (M±SEM) 

against the original  
larvae population, %  

Comttol  14.3±0.7   
B. bassiana, ½106 CFU/ml 2.8±0.6 13.8 80.5 
B. bassiana, ½107 CFU/ml 1.3±0.5 6.3 91.0 

 

These results are consistent with the data on the laboratory performance 
of Beauveria (107 CFU/ml) isolated by Borisov [25] in three remote locations in 
Russia and Ukraine.  

Laboratory test results were confirmed in field tests in 2015 and 2016, 
see Table 2. In 2015, treating Zorenka Altaya canes with B. bassiana at two 
concentrations resulted in a statistically significant drop in larvae populations 
(p < 0.05), with a maximum of 1 living larva per fissure. Biological efficacy 
thus reached 54.0% to 57.6%. The chemical Iskra M reduced the living popula-
tion to 0.4 specimens per fissure with a 94% mortality rate and a 70.0% biologi-
cal efficacy. Zheltyi gigant contained living larvae only if treated with B. bassi-
ana at 106 CFU/ml. The higher concentration of 107 CFU/ml killed all the lar-
vae. The biological efficacy of this concentration (107 CFU/ml) was high, alt-
hough still below that of the chemical. Experiments were repeated in 2016; for 
Zorenka Altaya, the results were nearly the same. Zheltyi gigant did not demon-
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strate as drastic difference between the two concentrations as it had done a 
year earlier, see Table 2. It seems that cultivars might differ in attractiveness 
for the pest, which affects the effects of B. bassiana. Fungal agents are known 
to act differently depending on weather, in particular on the humidity. The 
heavier rainfall in 2015 might have boosted the efficacy of the fungal agent for 
Zheltyi gigant plants.  

2. Resseliella theobaldi (Barnes) specimens per cortex fissure when exposed to Beau-
veria bassiana (Bals-Criv.) Vuill. and to a chemical insecticide (M±SEM, SKhA Si-
berian Garden, Novosibirsk Region) 

Group 
Larvaes 

Mortality, % Biological efficacy, % 
total number alive 

2015  2016  2015  2016  2015  2016 2015  2016 год 
Cv. Z o r e n k a  A l t a y a  

Control 6.0±0.9 14.6±0.1 4.3±0.1 10.4±0.2 28.3 28.8   
B. bassiana, ½106 CFU/ml 5.1±0.7 5.2±0.2ab 0.8±0.2a 1.0±0.3ab 84.3 80.8 54.0 52.0 
B. bassiana, ½107 CFU/ml 5.7±0.7 5.5±0.2ab 0.7±0.3a 0.9±0.2ab 87.7 83.6 57.6 54.9 
Iskra-М, 0.2 % (st) 6.8±1.0 7.4±0.1ac 0.4±0.2a 0.1±0.1ac 94.1 98.8 70.2 70.0 

Cv. Z h e l t y i  g i g a n t   
Control 9.1±2.8 16.8±0.2 8.2±0.1 13.0±0.2 9.9 22.6   
B. bassiana, ½106 CFU/ml 11.9±3.3b 3.4±0.4ab 6.1±0.2a 1.0±0.3a 48.5 70.6 39.5 48.0 
B. bassiana, ½107 CFU/ml 7.7±2.9 2.7±0.5ab 0 0.7±0.3a 100.0 74.1 77.1 51.5 
Iskra-М, 0.2 % (st) 5.0±3.7 8.0±0.4ac 0 0 100.0 100.0 90.1 77.4 
N o t e. a — difference from control is statistically significant at p < 0.05, b — difference from standard (st) is 
statistically significant at p < 0.05, с — difference from the preparation of lower is statistically significant at p < 0.05.  

 

The results are consistent with those of other studies [22, 24, 31-33], 
which prove that Beauveria must be applied at a minimum of 107 CFU/ml to be 
effective against Diptera. Notably, these papers only present laboratory tests. 
Thus, in vitro infestation of Mexican fruit fly Anastrepha ludens (Loew) larvae, 
pupae, and imagoes with Brazilian, Mexican, and Ecuadorian strains of B. bassi-
ana killed only the mature insects in numbers [22]. In laboratory tests, contact 
and oral transmission of Beauveria (108 CFU/ml) to mature olive fruit fly Bac-
trocera oleae (Gmelin) killed 50% of the specimens [24]. Three B. bassiana strains 
were lab-tested on the pupae of onion fly Delia antiqua (Meigen) (Dip-
tera: Anthomyiidae). At 107 CFU/ml, the fungus killed 35.4% to 52.5% of the in-
sects. In vitro tests also demonstrated the effects of B. bassiana on the puparia 
and imago of Ceratitis capitata (Wiedemann) (Diptera: Tephritidae). B. bassiana 
strain Bb-1333 caused a >50% mortality [31]. Beauveria has been isolated from 
the same insect species in Brazil [32]. The authors have not found any publica-
tions on the effects of this fungal biocontrol agent on raspberry cane midge, 
whether in vivo or in vitro. B. bassiana is known for its ability to spread under 
the cortex [34], which likely contributes to its action against raspberry cane 
midge as shown by this study.  

Thus, the paper presents lab and field test results to demonstrate that the 
population of raspberry cane midge Resseliella theobaldi can be controlled by the 
Siberian strain of Beauveria bassiana. It shows that the suppressive effects de-
pend on the raspberry cultivar, the weather, and the concentration of B. bassi-
ana, which must be at least 107 CFU/ml in suspension. The difference in larvae 
populations and mortality, as well as in their presence in cane cortex fissures, 
mainly depends on the cultivar, its reaction to weather, and the weather effects 
on raspberry cane midge population.  
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A b s t r a c t  
 

Rice is mainly produced in countries with a favorable climate for culture, lying between the 
equator and 45° latitude, but in recent years, interest in expanding of rice-growing to the north in-
creases. In Russia, the terrotory of rice growing in Krasnodar region is located at the northern border 
of the crop area. For this reason, in certain years ripening of rice coincides with unfavorable weather 
conditions that cause an increase in the growing period, which leads to a decrease in the productivity 
of plants, delay in harvesting and losses of a significant part of the yield. In this regard, there is a 
need to develop ways to accelerate ripening without reducing the productivity of plants. Such a 
technique is artificial leaf senescence, a purposeful regulation of metabolism at the final stages of 
plant development with the use of chemicals. Artificial senescence should be used in case of delayed 
ripening, which is most often observed in late crops (due to postponement of sowing because of 
weather conditions), thinned crops or crops receiving excessive nitrogen nutrition. Although at the 
present time, this technique is little used, mainly due to the long warm period in the long-term cycle 
of temperature fluctuations, the probability of a period with adverse weather conditions for ripening 
and harvesting rice in the coming years is high. The effectiveness of this method depends on the 
composition of the chemical agents, on the terms of treatment and the weather conditions. In addi-
tion, to apply this technology to modern rice varieties, it is necessary to estimate its effectiveness and 
adjust relevant protocols regarding the grain ripening peculiarities. In the present work, we compared 
some physiological indices of the modern Russian intensive rice variety Khazar plants during ripen-
ing, as well as the yield structure and total yielding, as influenced by the composition and timing of 
the chemicals used under different weather conditions during three years of the observation. It was 
shown, that the most suitable chemicals are aqueous solutions of ammonium nitrate (15 kg/ha) with 
the addition of manganese (400 g/ha) or selenium (200 g/ha). Modified selenium solution should be 
used if it is necessary to start harvesting in 14-20 days. Treatment of plants with a solution modified 
by manganese stimulates the synthesis and attraction of assimilates in the grain, which is 
accompanied by a not so rapid completion of ontogenesis, but a significant increase in yield. The 
treatment of rice crops should be carried out during the stage of milk-wax ripeness of the grain. In 
the “cold” years, this technilogue allows faster (by 5-6 days) and more (up 0.69-7.39 %) loss of 
panicle moisture compared to untreted control plants, but also increases yield by 4.2-9.3 %. In the 
years with favorable weather conditions for rice ripening, artificial senescence provides slight decrease 
in panicle moisture (by 0.66-2.78 %), but greater increase in yielding (by 7.88-14.73 %). The study 
of the mechanism of the observed effects can broaden our knowledge about the crop biology and 
varietal specificity and can be useful in developing technologies for adapting rice plants to north-
growing with the use of a new generation chemicals which should be safe for humans and the 
environment, and in breeding for accelerated maturation under the northern conditions. 

 

Keywords: Oryza sativa L., rice, artificial senescence, accelerated maturation, foliar applica-
tion, urea, ammonium nitrate, Mn, Se 
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Rice is one of the major crops feeding more than half of the world’s 
population. Rice is mainly produced in countries with a favorable climate for 
culture, lying between the equator and 45° latitude (South and Southeast Asia 
yielding up to 90 % of global paddy rice production, primarily China, India, In-
donesia, Thailand, Japan, as well as Brazil and the USA) [1, 2]. In Europe, rice 
is grown in Spain, Italy [3, 4], Greece, and Turkey [5]. In Russia, culture area is 
limited from up north (42-47° north latitude) with concentration of its major 
commercial crops in Krasnodar Region (44-45° north latitude) [6]. Recently, 
there was growing interest in expanding geography of rice planting. Thus, ac-
cording to researchers, successful growing of rice on experimental fields in the 
southwestern province of Ontario in Canada at the territory with fairly cold hu-
mid continental climate points to a good chance for such country to become a 
rice producer [7]. Submersion of agricultural fields for rice crops may also fulfill 
ecologic function creating wetlands as a habitat for waterfowl [7] and ponds for 
fish farming (similar experience was successful in Krasnodar Region in the 
1980s). The issue of rice planting northerning becomes even more important 
both due to the possibility of global warming, as well as shifting from the period 
of warmth to the period of cold in the longstanding fluctuation of temperatures.  

During plant ontogenesis, competition between organs for metabolites 
consistently succeeds (shoot—root, leaf—flower, leaf—fruit) [8, 9]. There is a 
physiologically active center (storage center) to which the largest amounts of as-
similatory products are going. At the last stages of plant development, competitive 
relations in the leaf-fruit system favors the latter, and plastic substances are trans-
ported to them. Before cropping, a cascade of signal processes is run in the leaves 
metabolism with the sharp shift towards strengthening of hydrolytic reactions re-
sulting in the protein and starch breakdown into simpler compounds (amino acids 
and sugar) which are attracted by generative organs, the fruits and seeds [10-12]. 
However, assimilatory products, as we know, are not fully attracted, and the ex-
tension of the vegetative development period in plants, often occurring under 
unfavorable weather conditions, is accompanied by a usage of these products for 
vegetative growth to the detriment of crop [13, 14]. 

One of the ways to control plant performance is based on a purposeful 
regulation of outflow of plastic substances from leaves and stems to generative 
organs. Such agricultural approach accelerating maturing and increase in 
productivity of agricultural crops was called artificial senescence. Artificial senes-
cence of grain crops results in slow extinction of leaves similar to essential senes-
cence [15]. Mode of action of artificial senescence agents involves acceleration 
of metabolism in plant tissues and increase in the outflow speed of plastic sub-
stances from the leaves and stems to the panicle (spike). The result is better 
filled grain, reduced blind-seed disease, and an increased grain weight [16]. The 
more abundant kernel setting during earlier vegetation periods, the more signifi-
cant is additional yield [17-20]. Artificial senescence has large perspectives for 
seed-growing (especially thinned) crops with expressed tillering as it stimulates 
maturing of caryopsis at side shoots, which results in seeds with lesser metrical 
heterogeneity and higher cropping properties [21]. 

Theoretic and practical aspects of artificial senescence have been devel-
oped at crops of white cabbage [22], maize [16], buckwheat [17], potato [23], 
sunflower [24], and soya [25-27]. Geographic position of Russia with its climatic 
conditions determines the increased interest in artificial senescence unlike other 
countries. In 1970-1980, it was quiet often used in Kuban to accelerate rice ma-
turing. The most effect was achieved upon use of aqueous solution of urea or 
superphosphate with addition of 2,4-dichlorophenoxyacetic acid (2,4-D) as a 
growth regulator. It should be noted that along with acceleration of maturing 
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artificial senescence had promoted the increase of yield and enhancement of rice 
grain quality [21].  

We have proposed physiologically justified way to increase rice crop 
productivity in conditions of risk rice planting. The novelty of method is in de-
velopment of the technology of use of new mixtures for artificial senescence 
since previously applied technical regulations became obsolete due to changing 
of the cultivar set and ban on use of 2,4-D amine salt (main component of pre-
viously applied mixture for artificial senescence). The priority of studies was set 
out for authors by patent P. 2580162 (RF) MKIZ А01G 16/00. А 01 No. 59/00. 
Federal State Funded research Institution “All-Union Research and Develop-
ment Establishment of Rice” (RF) (authors: Sheudzhen A.H., Bondareva T.N., 
Haritonov E.M., Doroshev I.A., Ladatko M.A., Gish T.H.. Appl. 02.07.2014. 
Publ. 10.04.2016. Bul. No. 10).  

The purpose of research was to study the dynamics of moisture and accu-
mulation of dry substance by rice plants under the influence of various artificial 
senescence agents for physiological justification of their effective concentrations 
and modes of application ensuring the accelerated grain maturing.  

Techniques. Years of the investigations (2009-2011) varied in hydrother-
mal conditions of vegetation periods. Field plot experiments were carried out in 
the irrigation system of Krasnoye Experimental Elite Seed-Production Enterprise 
(Krasnoarmeyskii District, Krasnodar Territory). The soil was meadow-cher-
nozem, weakly-leached, weakly-humid, and heavy loamy on alluvial deposits. In-
tensive middle-late Khazar rice (originated by All-Union Rice Research Institute) 
was grown under growing scheme as follows: perennial grasses as predecessors; row 
planting; 1.0-1.5 cm depth of seeding-down; seeding rate of 7 mln/ha; fertiliza-
tion (N90P60K45), shortened flood-irrigation.  

Artificial senescence was initiated 10 days after the beginning of anthesis 
of main panicle (milky stage) and at the beginning of milk-wax stage of grain 
ripeness by sprinkling plants with water solution of urea (20 kg/ha) and ammo-
nium nitrate (15 kg/ha) with addition of manganese (400 g/ha) and selenium 
(200 g/ha). Manganese sulphate was used for manganese, and sodium selenite 
for selenium. The rate of working solution was 400 l per ha.  

Experiments were arranged in four replications, with 20 m2 total plot area 
(10 m2 sample plot) per test and dactyl scheme of plot location.  

Dynamics in plant moisture and dry weigh after artificial senescence was 
determined at each plot in plants selected with 7-day interval from 0.25 m2 plots 
in four replications (1 m2 in total). 

Plant maturing was assessed by changes in moisture and dry weigh of 
leaves, stems, and panicles upon weighting after 6-hour drying (106 С). Crop 
productivity was determined by recalculation of the grain weigh from the sample 
plot adjusted by standard moisture and purity, 1000-grain weigh was evaluated 
according to GOST 10842-89, blind-seed disease was estimated by a portion of 
unfilled spikelets out of their total number in panicle.  

Data are presented as means (M) and standard error of means (±SEM). 
The obtained results were assessed by dispersion analysis by F-criterion and LSD 
at 5 % significance level [28].  

Results. At the first stage, we had compared over 50 variants of composi-
tions of macro- and micro-fertilizers, plant growth regulators, and desiccants 
(data are not shown). Of these, aqueous solution of urea (20 kg/ha) and ammo-
nium nitrate (15 kg/ha) modified by manganese (400 g/ha) or selenium (200 
g/ha) were the most effective. Selection of agents for artificial senescence was 
based on the fact that, according to majority of researchers, the main compo-
nent of such agents should be nitrogen in amido or ammonium form [29], and 
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nitrogen fertilizers, the urea, ammonium nitrate, and carbamide-ammonium mix-
ture are more often used for these purposes.  

Effect of nitrogen treatment on leaf senescence and crop productivity 
may vary depending on variety, dosage, application mode, and planting condi-
tions [30]. Maturation acceleration in rice upon artificial senescence with nitro-
gen fertilizers is attributed to action of nitrogen found in plants in approximate 
30 minutes after leaf treatment. Such nitrogen serves as additional source of nu-
trition and is involved in synthesis of organic compounds, due to which N con-
tent in leaves significantly increases. This leads to an “overfill” of leaf cells by 
plastic substances and free ammonium ions which are involved in nitrogen me-
tabolism in plant. It results in accelerated biosynthesis of assimilates and their 
outflow from vegetative organs to caryopsis. At the same time, degradation of 
chloroplast [31, 32], weakening of photosynthesis and breath intensity due to 
ammonium poisoning of plant takes place. With filling of caryopsis, not used 
(residual) nitrogen in ammonium form is accumulated in cells, which inhibits 
functional activity of glutamine synthetase and glutamine oxoglutarate ami-
notransferase (glutamate synthase), the enzymes providing incorporation of am-
monium ions in amino acids and amides [33]. Accumulation of ammonium in 
plant cells [29] which is able to cause destructive processes is considered the 
cause of accelerated ontogenesis [34, 35]. 

For more effective senescence, 2,4-D or such important micro elements 
for a plant as boron, selenium, and manganese are added to the nitrogen fertiliz-
er [29, 36-38]. Role of 2,4-D is to facilitate absorption of ammonium ion or 
urea molecule through epidermis to leaf mesopfyll, mobilization and strengthen-
ing of assimilate outflow from rice caryopsis. Manganese is a cofactor of carbohy-
drate metabolism of enzymes. When supplied to a plant, it is intensively transport-
ed to shoots and is used in oxidation and restoration reactions [39-41]. A number 
of Mn-stabilizing proteins involved in photosynthesis is found in plants [40, 42, 
43]. Main function of Se in plants is participation in regulation of activity of gly-
colitic and respiratory enzymes [44-46]. Presence of selenium is essential for bio-
synthesis of formate dehydrogenase, the enzyme of formic acid oxidation decom-
position. This element activates fumarase (fumarate-hydratase) playing a catalytic 
role in dehydration of malic acid in Krebs cycle, and nitrate reductase producing 
ammonium from nitrate in the course of assimilation. Glutathione reductase, one 
of the key antioxidant enzymes, also needs selenium [47, 48]. At the same time, 
high concentrations of this micro element may negatively affect metabolism and 
constraint vegetation period [44, 49]. For rice plants, critical level of selenium is 
19 µg/g dry weight [50]. 

During 2009-2011, hydrothermal pattern varied when potential senescent 
agents were tested. In 2009, air temperature during sowing and young growth of 
rice plants (May to decade I of June) was at the level of long-term annual average 
values, exceeded them by 1.0-4.3 С during vegetative growth (June to beginning 
of August), and in August (filling of caryopsis) was by 0.6-1.3 С lower than 
long-term annual average. In 2010, air temperature during rice vegetation had 
abnormally increased: starting from the decade III of May, it exceeded the long-
term annual average values by 3-6 С. In decades I and II of May in 2011, sig-
nificant precipitation was fallen, and average daily air temperatures were slightly 
lower than long-term annual average values, due to which sowing took place 
later than optimal. In the same year, during plantling period (May to decade I 
of June) air temperature was by 0.8-1.8 С higher than long-term annual aver-
age, during vegetation growth exceeded it by 1.0-1.6 С, and in the decade III of 
August to September, during filling of caryopsis, exceeded it by 0-1.0 С. In 
general, temperature was favorable for growth, development, and rice crop for-
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mation (except for changes in sowing terms for later terms).  
The effects of senescence agents directly depend on temperature, and, 

thus, we interpreted our findings accounting for weather conditions in a year. An 
optimal term for artificial senescence was established (earlier treatment significant-
ly reduces the period of caryopsis filling, as a result, the kernels are filled insuffi-
ciently whilst the later treatment do not have the expected effect and merely in-
crease the cultivation costs). We compared two treatment terms, i.e. in 10 days 
after flowering of main panicle and during milk-wax ripeness of grain. 

Effectiveness of the chemicals was assessed by a reduction of moisture of 
vegetative organs and panicles with compulsory further estimation of the grain 
weigh per panicle and per plant, 1000-grain weigh and crop productivity. Such 
indicators characterize physiological state of plants during maturing and final 
result of changes caused by chemicals. In this paper we provided results for one 
middle-late variety; however, one should take into account that response to 
chemical senescence varies in varieties of different genotypes and, especially, of 
different vegetation periods. Thus, additional research is required when technolo-
gy is adapted to other varieties and weather conditions.  

In 2009, upon 10 day-scheme, moisture of panicles during the 1st week 
had reduced slower than upon natural maturation, which is lawful since the 
chemical used is based on nitrogen fertilizer. Due to its effect on plant, the pani-
cle moisture was 0.3-2.0 % higher than in control (Table 1). During the 2nd week, 
the panicle moisture actively reduced (with urea-based chemical it was 2.1-4.2 % 
lower than in control, with ammonium nitrate by 6.2-8.4 %). In further days, 
moisture loss slightly decelerated, but after all its speed remained higher under 
effect of chemicals based on ammonium nitrate (especially with addition of Se 
and Mn). Thirty days after treatments moisture of panicles in such plants was 
2.3-2.8 % lower than in control.  

Main purpose of artificial senescence is to promote attraction of assimi-
lates from vegetative organs to caryopsis [10]. In 1 week after application of the 
chemicals, plant dry weigh exceeded the control by 0.02-0.24 g, or by 1.4-
17.0 %. During the next week, when most intensive moisture loss was observed, 
under the effect of urea and ammonium nitrate solutions, both in pure form and 
with addition of manganese, dry weigh of panicles was 2.7-5.8 % lower than in 
control, while addition of selenium made it 0.5-3.6 % higher. Panicle weigh by 
the end of vegetation did not significantly differ from control only in treating 
with the urea-based chemicals. Ammonium nitrate, both separately and together 
with trace elements, even reduced this indicator by 7.0-9.7%. It was due to ef-
fect of the chemicals on the rate of assimilation product remobilization to pani-
cle: during the 1st week this rate was higher than in control with further gradual 
decrease. 

The productivity reduced due to altered period of maturation, to the 
most extent (by 14.3 and 12.7 %) under the effect of the chemicals with Se. 
Negative consequences of effect of other chemicals were not so significant, but the 
trend was manifested quietly clear. Thence, artificial senescence promptly after 
flowering is unreasonable and may be applied only in the critical situation to 
save at least some part of crop. 

Artificial senescence at the beginning of milk-wax ripening (15 days after 
flowering) had revealed the following trends. During maturing of caryopsis, 
moisture of leaves and stems in plants had insignificantly changed. It is due to 
both development biology of rice plants in which, unlike wheat and other grain 
crops, leaves and stems continue functioning at kernel maturing, as well as to 
cultivation technology. Rice growing at flooded fields distorts stem moisture val-
ue as the plant has leaves and leaf sheaths, dying-off degree of which (and, con- 
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1. Dynamics of grain maturing and yield of rice (Oryza sativa L.) Khazar cv. after artificial senescent during milky ripeness stage (M±SEM, Krasno-
dar Territory, 2009-2011) 

Group 
Moisture, % Dry weigh, g/plant Dry matter accumulation, g/(plantŁdays) 

Yield, t/ha 
Day 6 Day 12  Day 30  Day 6 Day 12  Day 30  Days 0-6 Days 7-12  Days 13-30  

Control (no treatment) 40.6±0.81 40.4±1.01 19.8±0.46 1.42±0.10 2.24±0.11 2.59±0.16 0.052±0.018 0.117±0.005 0.018±0.001 12.6±0.4 
Urea 42.6±0.85 38.3±0.96 22.3±0.52 1.44±0.06 2.30±0.12 2.61±0.15 0.055±0.019 0.123±0.005 0.016±0.002 12.5±0.5 
Urea + Mn 42.4±0.84 37.3±0.93 20.7±0.49 1.48±0.07 2.37±0.12 2.64±0.12 0.062±0.022 0.127±0.005 0.014±0.001 12.8±0.3 
Urea + Se 41.1±0.82 36.2±0.91 19.0±0.44 1.66±0.09 2.23±0.13 2.48±0.11 0.092±0.033 0.081±0.003 0.013±0.003 10.8±0.2 
Ammonium nitrate 42.8±0.86 34.2±0.86 17.5±0.41 1.55±0.07 2.33±0.14 2.40±0.15 0.073±0.028 0.111±0.005 0.004±0.0002 12.3±0.4 
Ammonium nitrate + Mn 41.2±0.82 33.8±0.85 17.2±0.40 1.54±0.06 2.35±0.12 2.41±0.11 0.072±0.025 0.116±0.005 0.003±0.0004 12.7±0.3 
Ammonium nitrate + Se 38.3±0.77 32.0±0.80 17.0±0.39 1.58±0.07 2.16±0.11 2.34±0.12 0.078±0.027 0.083±0.003 0.009±0.0005 11.0±0.4 

LSD05    0.11 0.14 0.17    0.40 

 
 

2. Rate of dry matter accumulation, g/(plantŁdays), in panicles of rice (Oryza sativa L.) Khazar cv. after artificial senescent during milk-wax ripeness 
stage (M±SEM, Krasnodar Territory) 

Group 
2009  2010  2011  

Days 0-5  Days 6-12  Days 13-19 Days 20-28 Days 0-7  Days 8-14  Days 15-21 Days 22-28 Days 29-35 Days 0-7  Days 8-14  Days 15-21 Days 22-28 
1  0.058±0.003 0.046±0.002 0.027±0.002 0.057±0.003 0.054±0.003 0.020±0.001 0.033±0.002 0.021±0.001 0.016±0.001 0.057±0.002 0.034±0.002 0.029±0.002 0.059±0.002 
2 0.080±0.005 0.049±0.002 0.043±0.003 0.040±0.002 0.056±0.003 0.034±0.002 0.019±0.001 0.046±0.002 0.029±0.002 0.084±0.003 0.047±0.003 0.046±0.003 0.020±0.001 
3 0.078±0.005 0.067±0.003 0.044±0.003 0.028±0.002 0.063±0.003 0.030±0.002 0.023±0.001 0.053±0.002 0.016±0.001 0.094±0.001 0.054±0.003 0.031±0.002 0.019±0.001 
4 0.082±0.005 0.061±0.003 0.039±0.002 0.029±0.002 0.057±0.003 0.029±0.002 0.026±0.001 0.040±0.002 0.006±0.000 0.079±0.003 0.061±0.003 0.024±0.001 0.024±0.001 
5 0.072±0.004 0.064±0.003 0.039±0.002 0.023±0.001 0.047±0.002 0.041±0.002 0.016±0.001 0.043±0.002 0.027±0.002 0.081±0.003 0.047±0.003 0.047±0.003 0.026±0.001 
6 0.074±0.004 0.071±0.004 0.034±0.002 0.043±0.003 0.061±0.003 0.030±0.002 0.017±0.001 0.057±0.003 0.016±0.001 0.087±0.003 0.056±0.003 0.034±0.002 0.047±0.002 
7 0.072±0.004 0.069±0.003 0.037±0.002 0.032±0.002 0.050±0.003 0.036±0.002 0.014±0.001 0.043±0.002 0.026±0.002 0.083±0.003 0.056±0.003 0.020±0.001 0.019±0.001 

LSD05 0.006 0.003 0.004 0.004 0.003 0.002 0.001 0.001 0.002 0.002 0.003 0.003 0.001 
N o t e. 1 — control (no treatment), 2 — urea, 3 — urea + Mn, 4 — urea + Se, 5 — ammonium nitrate, 6 — ammonium nitrate + Mn, 7 —  ammonium nitrate + Se.  
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3. Productivity and yield structure in rice (Oryza sativa L.) Khazar cv. after artificial senescent during milk-wax ripeness stage (M±SEM, Krasnodar 
Territory)  

Group 
2009  2010  2011  

Y, t/ha GWP, g EG, % W1000, g Y, t/ha GWP, g EG, % W1000, g Y, t/ha GWP, g EG, % W1000, g 
1  11.44±0.34 3.19±0.18 0.9±0.1 27.88±1.39 4.82±0.29 2.06±0.12 6.3±0.4 26.95±0.81 8.62±0.34 2.41±0.13 19.9±1.0 28.85±1.15 
2 11.49±0.34 3.24±0.18 1.8±0.1 29.85±1.49 4.84±0.29 2.14±0.13 5.2±0.4 27.08±0.81 8.90±0.36 2.56±0.14 18.8±1.1 28.89±1.16 
3 11.66±0.35 3.29±0.19 1.7±0.1 29.98±1.50 4.86±0.29 2.17±0.13 5.2±0.4 27.20±0.80 9.30±0.37 2.62±0.14 17.3±1.0 29.20±1.17 
4 11.08±0.33 3.21±0.18 1.6±0.1 28.98±1.45 4.23±0.25 2.08±0.12 5.6±0.4 26.02±0.78 8.36±0.33 2.55±0.14 16.7±1.0 29.01±1.16 
5 11.58±0.35 3.20±0.18 1.6±0.1 29.12±1.46 5.40±0.32 2.42±0.15 5.2±0.4 27.10±0.81 8.94±0.36 2.61±0.14 19.4±1.2 29.03±1.16 
6 11.92±0.36 3.39±0.19 1.6±0.1 29.25±1.46 5.53±0.33 2.43±0.15 5.9±0.4 27.15±0.81 9.42±0.38 2.81±0.15 17.5±1.1 29.37±1.17 
7 11.61±0.35 3.09±0.18 1.6±0.1 29.00±1.45 5.20±0.31 2.30±0.14 5.2±0.4 27.00±0.81 8.54±0.34 2.41±0.13 18.9±1.1 28.401.14 

LSD05 0.35 0.19  1.49 0.38 0.27  0.74 0.38 0.2  1.12 
N o t e. 1 — control (no treatment), 2 — urea, 3 — urea + Mn, 4 — urea + Se, 5 — ammonium nitrate, 6 — ammonium nitrate + Mn, 7 —  ammonium nitrate + Se; Y — урожайность, GWP — 
grain weigh per panicle, EG — empty grains, W100 — 1000-grain weight 
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Dynamic of panicle moisture (from the left) and dry weigh (from the right) in rice (Oryza sativa L.) 
Khazar cv. after artificial senescent during milk-wax ripeness stage in 2009 (А), 2010 (B) and 2011 
(C):   — control (no treatment),  — urea,  — urea + Mn,  — urea + Se,  — ammo-
nium nitrate,  — ammonium nitrate + Mn,  — ammonium nitrate + Se (Krasnodar Territory). 

 

sequently, water saturation) varies. Nevertheless, it could be stated that with 
plant maturing differences in moisture of vegetative organs between the control 
and artificial senescence variants had increased, however did not exceed 1-2% in 
general. Addition of micro elements to urea and ammonium nitrate solution had 
resulted in more reduction of stem moisture than at their sole use. 
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Urea-based preparations had stronger dried leaves promptly after appli-
cation, while ammonium nitrate-based preparations acted later. Upon the at-
tainment of full ripeness, leaf moisture in all variants was 0.5-5.9 % lower than 
in control, and added micro elements had strengthened water loss by leaves. 

During all years of research, we had not noted valid differences for dry 
weigh of leaves between the control and treated plants, but with total trend to-
wards reduction of such value in the latter case. Stem weight in treated plants 
was higher than in control.  

Final stage of grain maturation is a complex biochemical process related 
not only to supply of assimilation products to kernels, but to biosynthesis of re-
serve substances from low molecule compounds. Upon maturing, stable reduc-
tion of moisture with increase of dry matter weight and total number of cells 
both in germ and in epidermis [51]. 

At early maturing stages, water is removed from seeds first metabolically 
and then physically, due to evaporation [52, 53]. Therefore, moisture reduction 
in kernels serves an easily accounted maturing parameter [54]. From the biologi-
cal point of view, it is generally understood to account seeds able to enable new 
generation. Technical ripeness occurs slightly later. Conventionally, full ripeness 
is fixed at moisture of panicles of 30 % of raw mass. 

At artificial senesces during milk-wax ripeness stage, moisture of panicles 
reduced unevenly and was mainly determined by temperature mode (Fig.). From 
the treatment to water removal from rice check, panicle moisture had decreased 
at 0.87 % per day (0.790.97 %) in 2009, at 0.76 % per day (0.730.79 %) in 
2010, and at 0.90 % per day (0.850.96 %) in 2011, with 0.77; 0.71 and 0.80 % 
per day, respectively, for control. The process was mostly extensive during the 1st 
and 2nd weeks after the treatment, in average 1.47 and 0.89 % per day. After-
wards, panicle moisture reduction rate decreased to 0.46-0.50 % per day. In 2009 
and 2011, when weather conditions delayed ripening, differences from control in 
the rate of water loss by rice panicles increased.  

According to our observations, effect of urea-based and ammonium ni-
trate-based chemicals slightly varies. During the 1st week after treatments, pani-
cles rapidly lost water due to ammonium nitrate-based preparations, within the 
2nd week — due to urea-based preparations; afterwards, until the full ripeness the 
effects of the preparations were approximately equal. By the time of water re-
moval from rice field for harvesting, panicle moisture in treating with ammoni-
um nitrate chemicals was lower compared to urea. It was due to uneven absorp-
tion rate of preparations to leaves due to specificities of absorption mechanisms for 
amide and ammonium nitrogen. Ammonium nitrate penetrates more rapidly to a 
plant, and its action starts slightly earlier. More energy spent on involvement of 
ammonium nitrate in metabolism also impacts the effectiveness of chemicals. 
Mn and Se strengthened the effect of ammonium nitrate and urea, to a greater 
extent with the use of selenium due to its effect on water regime of plant. It 
should be noted that increase of selenium concentration in a solution acceler-
ated water loss by panicles and, accordingly, allows earlier harvesting (data are 
not shown). 

In 2009 and 2011, when air temperature during grain filling were close to 
long-term average annual values, panicles of threated plants attained 30 % mois-
ture 1-6 days earlier than in control. Afterwards, they lost water faster, and before 
water release from rice checks the panicle moisture was 0.69-7.39 % lower than in 
control. If the air temperature in this period was significantly higher than long-
term average annual values (in 2010), then panicles of treated plants reached 30% 
moisture 4-10 days earlier. However, in furtherance the rate of water loss by con-
trol plants increased, and the differences between all the plants were smoothed 
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comprising only 0.66-2.78% by the time of draining water from checks.  
During maturing, panicle weigh achieves maximum at full grain ripeness. 

Artificial senescence ensured dry matter accumulation in grain. During the 1st 
week after treatment dry increased with the rate of 0.072-0.082 g/(plantŁday), 
which is 24.1-41.4 % higher compared to control. In furtherance, until termina-
tion of grain filling, dry matter accumulation tended to gradual reduction. In 
control accumulation of dry matter by panicles had increased during the last 
week prior to termination of grain filling (Table 2). 

During the first 2 weeks of milk-wax ripeness, dry weight of panicles in-
crease faster with slight deceleration of the process later, and by termination of 
maturing it accelerated again, especially, in control. Upon initiation of artificial 
senescence by chemicals, dry weight of panicles increased during the 1st week by 
35.4%, during the 2nd week by 20.3%, during the 3rd week by 10.6%, and during 
the 4th week by 12.2%. During the same time, in control plants the values in-
creased only by 27.4; 14.8; 10.8 and 18.4%, respectively (see Fig.). 

In 2009, which we had conventionally denoted as cold (with drop of 
temperature during grain filling period), differences in dry weigh from control in 
1 week after treatment reached 5.3-6.4 % for urea (both separately and with Mn 
and Se) and 3.7-4.3 % for ammonium nitrate. During the next week, the differ-
ence increased up to 5.9-11.4 % for urea and up to 9.1-11.9 % for ammonium 
nitrate, and during the last week of grain filling the flow of assimilates in control 
plants was 1.3-1.6 times faster^ as a result, the differences were 1.0-5.8 % lower. 
In 2010 at beginning of grain filling, daily temperatures had risen to 40 С. Be-
cause of combination of temperature and chemicals, differences between plants 
in panicles dry weigh were significantly less than in 2009, i.e. 0.7-3.6 % for the 1st 
week, 5.3-8.6 % for the 2nd week, and insignificant for the 3rd week. However, in 
furtherance in treated plants, assimilates started to be intensively remobilized to 
caryopsis, and differences from control increased to 4.5-13.9%. In 2011 when 
temperature during grain filling period was close to 2009 more significant posi-
tive effect of chemicals was found at identical trends of dry matter accumulation 
by panicles. The rate of panicle dry weigh increase in treated plants during the 1st 
and 2nd weeks was 38.2-79.4% higher than in control, from 14th to 21st day was 
58.6 and 62.1% higher for urea and ammonium nitrate, only 6.9-17.2% higher 
for manganese modification, and decreased by 17.2 and 31.0%m respectively, for 
selenium modification. During the 4th week, remobilization of assimilates to 
panicles was 1.3-3.1 times slower than in control. Due to such dynamics of dry 
matter accumulation, dry weight of panicles in treated plants was higher than in 
control, in 1 week by 9.3-13.0%, in 2 weeks by 14.0-21.5%, and at full ripeness 
by 2.9-13.0%. In other words, should it be necessary to start harvesting much 
earlier, chemically induced artificial senescence could have enabled to save crop. 

Our findings evidence that ultimately urea and ammonium nitrate had not 
significantly differed in the effect on rice grain maturation, regardless of the differ-
ent moisture and dry weigh dynamics in panicles. Manganese-modified aqueous 
urea and ammonium nitrate solutions ensure better grain filling. Selenium accel-
erates water loss by panicles, which slows down the dray matter accumulation at 
the end of milk-wax ripening period. 

Unconditionally, chemically induced intensive outflow of assimilates 
from vegetative organs as well as faster or higher water loss are advantageous and 
ensure less costs at harvest and during post-harvesting manipulations. However, 
in case of favorable weather conditions after chemically induced artificial senes-
cence the shortened period of grain filling may result in crop lost. Thus, when 
choosing chemicals, we should prefer those unable to reduce crop under favora-
ble temperature as compared to untreated crops. In cold 2009, we had noted in-
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significant reduction in productivity caused by urea in combination with Se (Table 
3), while ammonium nitrate-based preparations showed the best result. The 
preparations increased grain yield as a whole, and for ammonium nitrate + Mn 
the grain yield was significantly higher. The yield has grown due to an increase 
in grain weight per panicle and 1000-grain weights. In 2010, abnormally high air 
temperatures during the grain filling period were critical for yield formation. 
Urea solutions (separately and with Mn) did not block the negative consequenc-
es, and rice productivity did not differ from control. Urea solution with Se had 
reduced productivity by 12.2%, mainly due to lower 1000-grain weight. Ammo-
nium nitrate promoted crop formation which was 7.9-14.7 % higher than in 
control. To a lesser extent, yield was favored by ammonium nitrate with Se. In 
2011, temperature was lower than long-term annual average values and precipi-
tations in May delayed sowing; however, maturing occurred at air temperature 
close to long-term average, with deviations of 0-1.0 С. In 2011, urea and am-
monium nitrate had not significantly influenced rice productivity, but upon use 
of solutions modified by manganese, crop yield gain was statistically significant 
(НСР05 = 0.38 t/ha) as compared to control and comprised 7.9 and 9.3 %, 
while Se showed a trend to reduce grain yield. At the same time, reduction of 
grain moisture at harvest under artificial senescence is worth attention. There-
fore, at least because the cost of chemically induced plant senescence is not 
higher than that of grain drying to standard moisture, this approach is beneficial. 

Induced plant senescence provides purposeful regulation of metabolism 
at final stages of plant ontogenesis, especially in risky zones of rice cultivation. 
And although recently induced rice senescence is used little [55, 56], which is 
mainly due to longstanding warm period in the long-term cycle of temperature 
fluctuations [57], further period with adverse weather conditions for rice ripening 
and harvesting is very likely, so the demand for this approach will grow. Univer-
sal nature of this agricultural technology deserves attention since it enables, if nec-
essary, to promptly adjust the time of harvesting for a particular variety of any 
ripeness group. To effectively apply such method on modern rice varieties, one 
should first study grain maturation under artificial senescence. Novel chemical 
inducers of artificial senescence should be also safe for humans and environment 
[39]. The studies to just terms of plant treatment to induce artificial senescence 
are among key points [40]. According to our data, in these investigations the 
amount of effective temperatures (for rice over 15 С) should be referred to [40].  
Thus, it was shown than effectiveness of chemically induced artificial senescence 
of a middle-late rice variety depends on composition of the chemicals, terms of 
treatment, and weather conditions. The method should be used under matura-
tion delay which more often occurs in late, thinned crops or crops with excessive 
nitrogen nutrition. The most suitable chemicals are aqueous ammonium nitrate 
solutions (15 kg/ha) with addition of manganese (400 g/ha) or selenium (200 
g/ha). Selenium-modified solution should be used if harvesting should start in 14-
20 days; an increase of selenium concentration in the solution accelerates water 
loss by panicles and reduces the time prior to harvesting. Treatment with man-
ganese-containing solution promotes synthesis of assimilates and their remobi-
lization to grain, which is followed by not so fast termination of ontogenesis as 
upon selenium-modified solution, but leads to a significant yield growth due to 
increase of grain yield per plant. Artificial senescence induced at the end of rice 
flowering is unreasonable as fast termination of vegetation reduces yield. The 
optimal time for treatment with chemicals is the beginning of milk-wax ripeness 
stage. In years when air temperature is lower or close to long-term annual average 
values, artificial senescence not only promotes faster (by 5-6 days) and higher (by 
0.69-7.39%) water loss by panicles, but also increases grain yield by 4.2-9.3%. In 
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years with favorable weather conditions, the method ensures reduction of panicle 
moisture to time of water release from rice check only by 0.66-2.78 %, but in-
creases productivity by 7.9-14.7 % due to additional supply of nitrogen to plants. 
Provided sufficient period of favorable temperatures for use of such nitrogen, the 
additional nutrition promotes increase of productivity of shoots of 2-3rd orders. 
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A b s t r a c t  
 

Daily short-term temperature drop (DROP) and “periodic drought” (non-lethal water defi-
cit) are used for plant height control as techniques inhibiting plant growth as an alternative to the use 
of retardants (chemical growth control). However, it is not known which of these two techniques is 
more effective and whether their combined effect can be stronger. In this paper taking cucumber as 
an example we have shown for the first time that a temperature drop technique is more effective 
than “periodic drought”. Temperature drops combined with “periodic drought” retard plant growth 
and enhance plant tolerance, but depending on the relative air humidity may decrease values of some 
physiological and morphological parameters. The aim of this work was: (a) a comparative as-
sessment of the effectiveness of DROP treatments and “periodic drought”, and (b) the study of 
the combined effects of these two techniques on plant growth and tolerance to chilling tem-
perature and water stress. Cucumber plants (Cucumis sativus L.) were exposed daily to a temper-
ature of 10 С for 2 hours at the end of the night (DROP treatment) for 6 days. The plants were 
watered daily or watered after the drying of the substrate (once every 2-3 days) creating “periodic 
drought” (drought treatment). Control plants were watered daily and not exposed to low-temperature 
treatments. All experiments were carried out at a low (30 %) or high (80 %) relative air humidity 
(RH). After the termination of the DROP treatments, plants from each treatment (control, 
DROP, drought, DROP + drought) were subjected to a cold test in the darkness for 1 day at a 
temperature of 4 С. The plant height, length of leaf petioles, the area and number of leaves and 
plant dry mass were determined. The compactness of the plants was determined as the plant dry 
weight or leaf area per unit stem length (in mg/cm or cm2/cm). Plant tolerance to low tempera-
ture and water stress was estimated by relative electrolyte leakage from leaf tissues and the intensi-
ty of lipid peroxidation, as assessed by the content of malonic dialdehyde. Differences between the 
treatments means were tested with one-way ANOVA followed the least significance difference 
(LSD) test with p < 0.05 level of significance. The obtained results indicate that DROP-treated 
plants had more dry mass and leaf area per unit length of the stem compared to those treated by 
“periodic drought”. However, DROP treatments were effective in increasing plant compactness 
only under high (80 %) RH, while low (30 %) RH leveled out the effects of a temperature drop. 
“Periodic drought” can produce small, but not truly compact plants due to a more significant 
decrease in the leaf area and plant biomass compared to plant size. Thus, a temperature drop is a 
more effective technique compared to “periodic drought” that can be used to control plant growth 
and obtain compact plants. The combination of DROP treatments with “periodic drought” also 
increases plant compactness and besides enhances plant tolerance to water stress induced by low 
temperature. However, for a number of parameters (number of leaves, compactness of plants at 
low RH), the combination of DROP treatments and “drought” led to a worse result than the ap-
plication of only the first of these two agro-practices. 

 

Keywords: chilling temperature, water stress, plant growth, tolerance, release of electro-
lytes, lipid peroxidation 

 

For many years, the use of chemical regulators with a retardant effect 
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was considered the most effective way to control the linear growth of plants [1, 
2]. However, over the past 30 years, new legal restrictions on their use have been 
constantly introduced in the world due to the risk of environmental pollution 
and the potential danger of chemical residues to human health. This has become 
a significant incentive to conduct research in order to find new methods and 
techniques for managing the growth of greenhouse crops [5-8]. In this case, nat-
ural factors affecting plant growth, such as temperature, light (intensity and 
spectral composition), photoperiod, relative air humidity (RH), CO2 concentra-
tion, as well as planting density and container size, were used. The results of 
manipulation of these factors and their analysis showed that not all methods that 
effectively reduce the height of plants are applicable in terms of commerce. The 
most promising method in practical terms was the control of plant growth by 
changing the temperature and parameters of the moisture regime [2, 4, 9, 10]. 
So, in the mid-1980s, it was found that with the help of lower daytime tempera-
ture, it is possible to reduce the height of plants of many species [3, 5, 7]. How-
ever, the practical use of this feature is limited to periods with low air tempera-
ture during the year. A little later in greenhouses, a more economical method of 
daily short-term temperature reduction was applied, called "temperature drop" 
(in Europe) and "temperature dip" or "cool morning pulse" (in the USA), which 
inhibited the growth in height of many crops [7, 11, 12]. Usually, in this case, 
the temperature is reduced at the end of the night, and in the morning, an addi-
tional influx of energy is provided using the backlight in order to raise the tem-
perature after the drop.  

Similarly to the low-temperature effect, the so-called "periodic drought" 
(non-lethal water deficit) is also used in crop production to inhibit plant growth 
as another alternative to retardants [13-16]. It is believed that in this case not 
only the height of plants is decreased, but also their resistance is increased, so 
that they better tolerate possible stresses, for example, during transportation, sale 
or after planting in the ground [17]. Water stress is mainly used in the green-
house production of seedlings of flower beds [14, 17, 18], in which the height is 
an important quality indicator, since excessive growth leads to increased trans-
portation costs and greater sensitivity to storage conditions [15, 16].  

Therefore, both daily short-term temperature drops (DROP effects) and 
water stress ("periodic drought") can inhibit the linear growth of plants. Howev-
er, the literature does not contain data on which of these two agricultural meth-
ods is more effective. It is also unclear whether the effect can be enhanced by 
their combined use, since the mechanisms of action of these factors on plants 
are not the same.  

In this report, for the first time, the authors showed the great effective-
ness of the DROP method using the example of cucumber plants. A decrease in 
temperature, combined with periodic drought, also inhibits linear growth and at 
the same time increases the resistance of plants to water deficiency, but worsens 
some physiological and morphological characteristics depending on the relative 
humidity (RH).  

The purpose of the work was to study the separate and combined influ-
ence of two natural factors (temperature and humidity) as ways to influence the 
linear growth and plant resistance in a greenhouse.  

Techniques. Cucumber plants (Cucumis sativus L., Zozulya F1 hybrid) 
were grown in pots (250 ml) with sand in an environmental chamber (Vötsch VB 
1014, Vötsch Indusrietechnik GmbH, Germany) under watering with a nutrient 
solution (in mg/l: 226 N, 55 P, 370 K, 180 Ca, 40 Mg, 45 S, 17 Na, 52 Cl, 2.5 
Fe, 0.6 Mn, 0.35 B, 0.3 Zn, 0.15 Cu and 0.05 Mo, pH 6.2-6.4); air temperature 
23 C, photosynthetically active radiation (PAR) 150 μmol/(m2Łs), photoperiod 
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12 h. All experiments were carried out at relatively high (80%) or low (30%) 
RH. From the 6th day after the soaking of the seeds, when the cotyledonary 
leaves developed, different watering regimes were applied – daily or after drying 
of the substrate (sand) (1 time in 2-3 days), thereby creating the conditions of 
the so-called "periodic drought" ("drought" option). From the 14th day after the 
soaking of the seeds, when the first true leaf was in the phase of active growth 
and reached half the final size, some plants with different irrigation regimes were 
exposed to a temperature of 10 °C for 2 h (plus 30 min to decrease and 30 min 
to increase temperature) at the end of the night period (DROP variant) for 6 
days. The temperature was decreased and increased at a rate of 0.4 C/min. The 
control variant was plants receiving daily watering and not exposed to low tem-
perature. In total, two series of experiments under conditions of different RH – 
high (80%) or low (30%) were conducted, in each of which there were 4 variants 
with the following conditions: 1st option — constant temperature 23 C, daily 
watering (control); 2nd option — DROP exposure, daily watering (DROP); 3rd 
option — constant temperature 23 C, "periodic drought" ("drought"); 4th op-
tion — DROP exposure, "periodic drought" (DROP + "drought"). 

Upon completion of DRO exposure, 6 plants from each variant (control, 
DROP, "drought", DROP + "drought") were exposed to a temperature of 4 C 
in the dark chamber with RH of 90-100% within 24 hours ("cold test"), after 
which they were placed for 24 hours in a chamber with a temperature of 23 C. 

All measurements were carried out 1 day after the completion of 
DROP exposure or 1 day after the completion of the cold test. The height of 
the plants, the length of the leaves petioles, the area and number of leaves 
reaching a length of 10 mm or more, and the dry biomass of the plants were 
determined. The compactness of plants was calculated as the ratio of the dry 
mass of the plant to its height (mg/cm) or as the ratio of the area of leaves to 
the height of the plant (cm2/cm) [19]. 

The resistance of leaves to low temperature and water stress was estimat-
ed by the relative release of electrolytes (RRE) from leaf tissue, which was de-
termined using an Expert-002 conductivity meter with a probe for micro-
volumes UEP-P-S (Econix-Expert, Russia), and the intensity of lipid peroxida-
tion, estimated by the content of malondialdehyde (MDA) according to the 
method of Heath and Packer [20]. 

Each experiment was repeated twice. The figures show the average values 
(M) for n  6 and their standard errors (±SEM). The difference between the 
mean values was determined on the basis of the analysis of variance (according 
to the LSD criterion) using the Statistica software (v. 8.0.550.0, StatSoft Inc., 
USA) and was considered statistically significant at p < 0.05. 

Results. The study showed that both DROP exposure and "periodic 
drought" reduce the height of the plant and the length of leaf petioles at high 
and low RH (Fig. 1, A, B, Table). In the case of the combination of DROP and 
"drought", the effect was more intensive, which led to an even greater decrease 
in the height and length of leaf petioles. It should be noted that the table shows 
the values of the indicators as a percentage of the control variant, but under the 
conditions of low RH, the biometric parameters of the control variant plants 
(plant height, leaf petiole length, leaf area, and dry plant weight) were halved, 
and the number of leaves was reduced by a third.  

 The leaf area did not decrease as a result of DROP exposure (with daily 
watering) at high RH and decreased by 10% at low RH. "Drought" led to a sig-
nificant (p < 0.05) decrease in the leaves area by 23 and 25% under conditions 
of a correspondingly high and low RH (see Fig. 1, B, Table). In the case of the 
combined action of DROP and "drought", the effect was intensified (decrease in 
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the leaf area by 41%, p < 0.05) only under the conditions of low RH. DROP ex-
posure and "drought" did not affect the rate of leaf development; however, when 
these factors were combined, the number of leaves decreased by 20 and 27%, re-
spectively (p < 0.05) under the conditions of high and low RH (see Table). 
 

 

Fig. 1. Plant height (A), leaf petiole length (B), area (C), dry weight (D) and compactness (D, E) of 
the control (1), subjected to DROP exposure (2), "drought" (3) and the combined action of DROP 
and "drought" (4) plants of the cucumber (Cucumis sativus L., Zozulya hybrid F1) at a relative hu-
midity of 80% or 30% (pot trials). Different letters indicate the statistical significance of differences 
in mean values at p < 0.05. 
 

Indicators of growth, development, and resistance of cucumber plants (Cucumis sativus 
L., Zozulya hybrid F1) under the DROP exposure, "periodic drought" and their combi-
nation (% of the control variant) (pot trials) 

Показатель 
Options of the experiment 

RH 80% RH 30 % 
DROP “drought” DROP + “drought” DROP “drought” DROP + “drought” 

Plant height 90* 97 83* 95 92* 87* 
Petiole length 92* 90* 71* 83* 79* 61* 
Leaf area 103 77* 79* 90* 75* 59* 
Number of leaves 100 100 80* 103 94 73* 
Dry weight of plants 112* 87* 95* 98 69* 59* 
Compactness  

acc. to biomass 
 

124* 
 

89* 
 

114* 
 

103 
 

75* 
 

68* 
acc. to leaves area 113* 80* 100 94 82* 71* 

MDA content 95 48* 34* 100 93 83* 
RRE 102 57* 21* 65* 76* 65* 
N o t e. Indicators of control plants were taken as 100%. Absolute values of the indices of the control plants are 
shown in Figs. 1 and 2. The content of malondialdehyde (MDA) and the relative release of electrolytes (RRE) are 
given for plant leaves after a cold test. RH — relative humidity. 
* Differences with control are statistically significant at p < 0.05. 
 

The dry weight of plants under the influence of DROP exposure in-
creased by 12% compared to the control variant (p < 0.05) at high RH and did 
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not differ from the control variant at low RH (see Fig. 1, D, Table). "Drought" 
reduced the dry weight of plants under the conditions of high and low RH by 13 
and 31%, respectively (p < 0.05). In the case of the combined action of DROP 
and "drought", the dry mass decreased by 5% (p < 0.05) at high RH and by 41% 
(p < 0.05) at low RH. Under the influence of DROP exposure and at a high 
RH, the ratio of dry biomass to plant height increased (by 24%, p < 0.05), as 
well as the ratio of leaf area to plant height (by 13%, p < 0.05); at low RH, 
these indicators did not differ from the control variant (see Fig. 1, D, E, Table). 
"Drought" in all variants of the experiment led to a decrease in the compactness 
of plants. The combination of DROP and "drought" caused an increase in the 
ratio of dry biomass to plant height by 14% (p < 0.05) only under the conditions 
of high RH, and at low RH compactness was even lower than in the case of us-
ing these methods separately. 

 

 

Fig. 2. The content of MDA (A, B) and the relative release of electrolytes (RRE) (C, D) before cold 
testing (A, C) and after it (B, D) in the control (1), subjected to DROP exposure (2), "drought" (3) 
and the combined action of DROP and "drought" (4) in cucumber plants (Cucumis sativus L., Zozulya 
hybrid F1) ) at a relative humidity of 80% or 30% (pot trials). Different letters indicate the statistical 
significance of differences in mean values at p < 0.05. 

 

The MDA content, which indicates the intensity of lipid peroxidation, 
was 11 and 17% lower (p < 0.05) in the leaves of plants subjected to DROP ex-
posure, at high and low RH, respectively (Fig. 2, A). "Drought" reduced the 
content of MDA by 11% (p < 0.05) only under the conditions of high PH, 
without affecting this indicator at low PH. In the case of the combined action of 
DROP and "drought" and high RH, there was a greater decrease in the content 
of MDA (by 27%, p < 0.05), while at low RH it was 17% (p < 0.05), as in the 
case of a separate DROP exposure. The values of RRE at high RH in plants un-
der the influence of DROP were 15% lower (p < 0.05) than the control, but in 
the variants "drought" and DROP + "drought" these values did not differ signifi-
cantly from the control (see Fig. 2, B). At low PH, DROP effects did not affect 
the RRE, but separate "drought" and DROP + "drought" led to an increase in 
the RRE by 20 and 15%, respectively (p < 0.05). 

After the cold test (4 C for 1 day), visually fixed cold injuries (leaf ne-
crosis) in all experimental variants were more pronounced in plants grown under 
conditions of high RH (Fig. 3). The leaves of the control plants were the most 
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injured, and the plants subjected to the combined action of DROP and 
"drought" were the least injured (see Fig. 3). The MDA content in the leaves of 
plants subjected to DROP exposure did not differ from the control plants (see 
Fig. 2, B, Table), irrespective of the RH. The leaves of plants subjected to the 
"drought" effect had a significantly lower (52%) MDA content at high RH and 
comparable to the control at low RH. In the DROP + "drought" variant, the 
MDA content was 66 and 17% lower than in the control plants, at high and low 
RH, respectively.  

 

 

Fig. 3. The first and second true leaves of the control plants (Control) and plants subjected to DROP 
exposure (DROP), "periodic drought" ("drought") and DROP + "drought" at relative humidity (RH) 
30% (A) or 80% (B) after a cold test (4 C for 1 day) of cucumber (Cucumis sativus L., Zozulya hy-
brid F1) (pot trials). 

 

After the cold test, the RRE was at the control level in plants exposed to 
DROP at high RH, and 24% less at low RH. In the "drought" and DROP + 
"drought" variants, the RRE decreased significantly at high RH – by 43 and 
79%, respectively, and at low RH – only by 24-35% (see Fig. 2, D, Table). 

The results of the study showed that under the conditions of high RH 
and normal watering, DROP exposure has a pronounced morphogenetic effect, 
reducing the linear dimensions of plants. At the same time, the dry weight of 
plants increases slightly, which leads to an increase in the ratio of dry weight to 
plant height. The ratio of the leaves area to plant height also increases, that is, 
plants become more compact. A similar effect was previously shown when wa-
tering tomato seedlings using cold water (5 C and 15 C), which led to an in-
crease in the ratio of dry weight to plant height by 28 and 32% compared with 
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the variant in which watering was carried out using water at a temperature of 
27.5-30.5 C [21]. The compactness of plants, which is defined not only as a 
decrease in the linear dimensions of plant organs but also as the ratio of the dry 
mass of the plant to its height [19], increased as a result of a decrease in plant 
height while maintaining the biomass accumulation rate, as in the authors' ex-
periment. 

At low RH, the authors observed a significant inhibition of all growth pro-
cesses, both linear growth and biomass accumulation; however, the relative de-
crease in plant height was greater than the decrease in dry weight, which also led 
to an increase in the ratio of plant biomass to its height under normal watering. 
Under these conditions, DROP exposure did not give an additional effect. Conse-
quently, it can be concluded that low RH levels the effect of DROP in terms of 
plant compactness. The low RH in the authors' experiments led to a significant 
decrease in plant height, which contradicts the opinion of some authors [22, 23] 
about the weak effect of RH on plant growth in height, but is consistent with the 
findings that there is a positive correlation between shoot length and RH [24-26]. 
However, it should be noted that although growth retardation occurs at a low RH, 
and the ratio of the plant's dry mass to its height increases, this method can hardly 
be an alternative to retardants due to a significant reduction in the leaves area and 
plant biomass. 

"Periodic drought" also had a pronounced morphogenetic effect on 
plants, which involves a decrease in the height and length of leaves petioles, but, 
unlike DROP exposure, "drought" reduced the leaves area and dry weight of 
plants. As a result, the ratio of the dry mass of the plant to its height and the 
ratio of the leaves area to plant height decreased. Similar results, when "drought" 
reduced the linear sizes of plants, but did not increase their compactness, were 
also observed in other species [19]. Other side effects of using water stress to 
control plant growth are also noted in the literature: a decrease in the rate of 
photosynthesis, a decrease in branching, an increase in the dispersion in terms of 
height of plants, deterioration of decorative properties (for example, due to a 
change in the angle of inclination of leaves), later and less abundant flowering 
[16, 27, 28]. 

The combined effect of DROP and "drought" increased the inhibition 
of linear growth compared to their separate application, but due to a decrease 
of the leaves area and dry mass of plants, this led to an increase in the ratio of 
dry mass of plant to its height by only 14% (p < 0.05) and only under condi-
tions of high RH, while the increase in this indicator under the influence of 
DROP exposure under normal watering was 24% (p < 0.05). In addition, in 
the case of the combined action of DROP and "drought", a delay in the devel-
opment of leaves was observed. 

It should be noted that, according to the authors' data, both DROP ex-
posure and "periodic drought" do not lead to either an increase in the lipid pe-
roxidation rate, estimated according to the MDA content, or to an increase in 
the permeability of cell membranes, characterized by the RRE index. The results 
of the cold test showed that plants subjected to the combined action of DROP 
and "drought" were the most cold-resistant. It is likely that their increased re-
sistance to low temperature is due to greater resistance to water stress caused by 
the action of low temperature. Many papers have shown that cooling affects 
thermophilic plants indirectly through water stress by disrupting plant water me-
tabolism [29]. In such cases, the primary cause of cold damages in thermophilic 
species is the fall of turgor as a result of the violation of the stomatal conduct-
ance control and water loss during transpiration with reduction of the ability of 
the roots to compensate for these losses. After returning to normal conditions, 
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necrotic spots appear on the dried parts of the leaves, which was observed in the 
authors' experiments, especially in control plants grown under the conditions of 
high RH. It was also previously reported that drought hardening prevents cold 
damage in thermophilic plants [30]. The higher resistance of plants to low tem-
perature in the variant of combining DROP exposure and "drought" is apparent-
ly due to their better ability to regulate stomatal conductance under stress. 

Thus, the obtained data indicate the effectiveness of DROP exposure for 
the inhibition of linear growth of plants with a simultaneous increase in the ratio of 
the leaves area and plant biomass to its height under the conditions of high RH, 
that is, DROP makes plants more compact. Under the conditions of low RH, these 
effects are leveled. Despite the fact that the watering regime, under which the con-
ditions of "drought" are created, leads to a decrease in the size of plants, it reduces 
the ratio of the leaves area and plant biomass to its height. Therefore, it can be 
concluded that DROP exposure as an agricultural method is more effective than 
"periodic drought" and can be used to control the growth and obtain more compact 
plants as an alternative to retardants. The combination of DROP exposure with 
"periodic drought" also provides more compact plants, while increasing their re-
sistance to water stress induced by low temperature. However, for a number of pa-
rameters (number of leaves, plant compactness under conditions of low RH), the 
combination of DROP exposure and "drought" has worse results than in the case of 
using only the first of these two methods. 

 
R E F E R E N C E S  

 
1. Rademacher W. Plant growth regulators: Backgrounds and uses in plant production. J. Plant 

Growth Regul., 2015, 34: 845-872 (doi: 10.1007/s00344-015-9541-6). 
2. Bergstrand K.-J.I. Methods for growth regulation of greenhouse produced ornamental pot- and 

bedding plants — a current review. Folia Hort., 2017, 29(1): 63-74 (doi: 10.1515/fhort-2017-
0007). 

3. Heins R.D., Erwin J.E. The history of DIF and the use of a morning temperature dip to control 
plant height. Minnesota Commercial Flower Growers Bulletin, 1991, 40: 1-4. 

4. Runcle E. Non-chemical height control techniques. Greenhouse Product News, 2014, 8: 58. 
5. Moe R. Control of plant morphogenesis and flowering by temperature alterations. Flowering 

Newsletter, 1993, 15: 30-34.  
6. Bachman G.R., McMahon M.J. Day and night temperature differential (DIF) or the absence of 

far-red light alters cell elongation in ‘Celebrity White’ petunia. Journal of the American Society 
for Horticultural Science, 2006, 131: 309-312 (doi: 10.21273/JASHS.131.3.309). 

7. Runcle E. Controlling height with temperature drops. Greenhouse Product News, 2009, 4: 50. 
8. Poorter H., Bühler J., van Dusschoten D., Climent J., Postma J.A. Pot size matters: a meta-

analysis of the effects of rooting volume on plant growth. Functional Plant Biology, 2012, 39: 
839-850 (doi: 10.1071/FP12049). 

9. Currey C.J., Lopez R.G. Non-chemical height control. Greenhouse Grower, 2010, 11: 24-30. 
10. Dean J. Using temperature to control growth. Greenhouse Management, 2011, 6: 1. 
11. Myster J., Moe R. Effect of diurnal temperature alternations on plant morphology in some 

greenhouse crops: a mini review. Scientia Horticulturae, 1995, 62(4): 205-215 (doi: 
10.1016/0304-4238(95)00783-P). 

12. Moe R., Heins R.D. Thermo- and photomorphogenesis in plants. In: Advances in floriculture 
research. Report no 6/2000. E. Strømme (ed.). Agricultural University of Norway, Spekter, Oslo, 
2000: 52-64. 

13. Hendriks L., Ueber E. Alternative methods of regulating the elongation growth of ornamental plants: 
a current assessment. Acta Horticulturae, 1995, 378: 159-167 (doi: 10.17660/ActaHortic.1995.378.20). 

14. Latimer J.G., Severson R.F. Effects of mechanical and moisture-stress conditioning on growth 
and cuticle composition of broccoli transplants. Journal of the American Society for Horticultural 
Science, 1997, 122: 788-791 (doi: 10.21273/JASHS.122.6.788). 

15. Liptay A., Sikkema P., Fonteno W. Transplant growth control through water deficit stress — a 
review. HortTechnology, 1998, 8(4): 540-543 (doi: 10.21273/HORTTECH.8.4.540). 

16. Carvalho S.M.P., van Noort F., Postma R., Heuvelink E. Possibilities for producing compact 
floricultural crops. Report 173. Wageningen UR Greenhouse Horticulture, Wageningen, 2008. 
Available http://library.wur.nl/WebQuery/wurpubs/fulltext/11685. No date. 



 

536 

17. Latimer J.G., Oetting R. Greenhouse conditioning affects landscape performance of bedding 
plants. Journal of Environmental Horticulture, 1998, 16: 138-142. 

18. Brown R.D., Eakes J., Behe B.K., Gilliam C.H. Moisture stress: An alternative method of 
height control to B-nine (daminozide). Journal of Environmental Horticulture, 1992, 10: 232-235. 

19. van Iersel M.W., Nemali K.S. Drought stress can produce small but not compact marigolds. 
HortScience, 2004, 39(6): 1298-1301 (doi: 10.21273/HORTSCI.39.6.1298). 

20. Heath R.L., Packer L. Photoperoxidation in isolated chloroplasts. I. Kinetics and stoichiometry 
of fatty acid peroxidation. Arch. Biochem. Biophys., 1968, 125(1): 189-198 (doi: 10.1016/0003-
9861(68)90654-1). 

21. Chen J.J., Sun Y.W., Sheen T.F. Use of cold water for irrigation reduces stem elongation of 
plug-grown tomato and cabbage seedlings. HortScience, 1999, 34(5): 852-854 (doi: 
10.21273/HORTSCI.34.5.852). 

22. Mortensen L.M. Effects of air humidity on growth, flowering, keeping quality and water rela-
tions of four short-day greenhouse species. HortScience, 2000, 86: 299-310 (doi: 10.1016/S0304-
4238(00)00155-2). 

23. Eveleens B.A., Heuvelink E., Van Noort F.R. Invoed van EC en RV op de groei en kwaliteitvan 
Kalanchoe. Wageningen UR Glastuinbouw, Bleiswijk, 2007. 

24. Armitage A.M., Kowalski T. Effect of irrigation frequency during greenhouse production on the 
postproduction quality of Petunia hybrida Vilm. Journal of the American Society for Horticultural 
Science, 1983, 108: 118-121. 

25. Mortensen L.M. Effect of relative humidity on growth and flowering of some greenhouse plants. 
Scientia Horticulturae, 1986, 29(4): 301-307 (doi: 10.1016/0304-4238(86)90013-0). 

26. Gislerød H.R., Nelson P.V. Effect of relative air humidity and irradiance on growth of Den-
dranthema grandiflorum (Ramat.) Kitamura. Gartenbauwissenschaft, 1997, 62: 214-218. 

27. Hanssen S.W., Petersen K.K. Reduced nutrient and water availability to hibiscus rosa-sinensis 
Cairo Red as a method to regulate growth and improve post-production quality. European Jour-
nal of Horticultural Science, 2004, 69: 159-166. 

28. Runcle E. Height control for vegetable transplants. Greenhouse Product News, 2010, 2: 50. 
29. Janowiak F. Effect of water saturated atmosphere on chilling injuries of maize seedlings (Zea 

mays L.). Acta Physiologiae Plantarum, 1989, 11(2): 89-96. 
30. Starck Z., Choluj D., Gawronska H. The effect of drought hardening and chilling on ABA con-

tent in xylem sap and ABA – delivery rate from root of tomato plant. Acta Physiologiae Planta-
rum, 2004, 20(1): 41-48 (doi: 10.1007/s11738-998-0041-1). 



538 

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

2019, V. 54, ¹ 3, pp. 538-547 
(SEL’SKOKHOZYAISTVENNAYA BIOLOGIYA) ISSN 0131-6397 (Russian ed. Print) 

ISSN 2313-4836 (Russian ed. Online) 
 
 
UDC 635.656:581.148.5:575.1::576.3 doi: 10.15389/agrobiology.2019.3.538eng  

doi: 10.15389/agrobiology.2019.3.538rus 
 

INTEGRITY OF NUCLEAR DNA AND PHYSIO-BIOCHEMICAL 
INDICATORS OF Pisum sativum L. SEEDS UNDER ACCELERATED  

AGING 
 

G.V. FILIPPOVA1, E.V. FILIPPOV1, I.A. PROKOPIEV1, A.A. SHEIN1,  
A.N. NEUSTROYEV2 

 
1Institute for Biological Problems of Cryolithozone, Siberian Branch RAS, 41, prosp. Lenina, Yakutsk, 677980 Russia, 
e-mail nureeva@yandex.ru ( corresponding author), edy73@mail.ru, ilya.a.prokopiev@gmail.com, bg98saa@gmail.com;  
2Safronov Yakutsk Research Institute of Agriculture, Siberian Branch RAS, 23/1, ul. Bestuzheva-Marlinskogo, Ya-
kutsk, 677001 Russia, e-mail anneystroevyniisx@mail.ru 
ORCID: 
Filippova G.V. orcid.org/0000-0002-2024-6062 Shein A.A. orcid.org/0000-0002-3922-5608 
Filippov E.V. orcid.org/0000-0003-0269-8943  Neustroyev A.N. orcid.org/0000-0002-8527-0178 
Prokopiev I.A. orcid.org/0000-0001-8755-7140  
The authors declare no conflict of interests 
Acknowledgements: 
The study has been carried out within a framework of State task IBPC SB RAS for 2017-2020, No. АААА-А17-
117020110056-0.  
Received September 22, 2018   

 

A b s t r a c t  
 

Currently, much attention is paid to understanding the roles of DNA and the main mech-
anisms for ensuring stability of the genome in maintaining seed viability during aging. It is also 
shown that significant oxidative damage to DNA occurs during seed swelling, and active DNA resto-
ration processes are a factor that facilitates the initiation of DNA replication and rapid germination 
of seeds. Our objective was to study, on the example of two pea varieties and their hybrid, the effect 
of accelerated seed aging on the level of DNA damage (by DNA comet method) and biochemical 
indicators (lipid peroxidation, peroxidase activity, content of low-molecular antioxidants) in cells of 
embryos during seed swelling to find a relationship between these parameters and the changes in 
physiological parameters of seed germination. It is shown that accelerated aging leads to changes in 
pea seed germination capacity which are varietal specific, as well as in the biochemical indicators 
studied. The least resistant to the accelerated aging was Melkosemyannyi 2 variety, and the seeds of 
Saryal variety were medium-resistant. The seeds of a hybrid of these varieties were the most resistant 
which may be due to the effect of heterosis. Seed aging causes a significant increase in DNA damage 
assessed as DNA per cent in the tail of the comet and/or atypical comets. The longer the seeds were 
under aging conditions, the higher was DNA fragmentation in cells of the embryos upon swelling. 
Under 24 weeks of accelerated aging, there was a 1.6-3.3 % increase in DNA found in the tail of the 
comet, and the number of atypical comets in the embryo cells increased 17-40-fold depending on 
the variety (hybrid) as compared to control. Probably, a significant reduction of seed physiological 
parameters was caused by higher degree of nuclear DNA fragmentation, decreased enzymatic antiox-
idants activity (in particular, activity of peroxidases) and intensified oxidation in embryos. Intensifi-
cation of oxidative processes is expressed as a 2.5-fold excess of lipid peroxidation in germs of a rap-
idly aging variety which is accompanied by low seed germination. It is assumed that the increase in 
the degree of DNA damage is a consequence of the depletion of antioxidant and repair enzymes and 
indicates a slowdown or lack of regenerative processes in the embryos of aging seeds. 

 

Keywords: Pisum sativum, pea, seeds, accelerated aging, germination energy, lipid peroxi-
dation, peroxidase, low-molecular antioxidants, DNA comet 

 

The seeds’ property to stay in a state of physiological dormancy for a 
long time, to endure adverse conditions while maintaining the viability, and to 
germinate successfully is the necessary condition for the beginning of the plant’s 
life cycle and subsequent reproduction [1, 2]. It is considered that the preserva-
tion of seeds’ viability for a certain time largely depends on the genetic charac-
teristics of the species, as well as on the storage conditions. Among the factors 
influencing on the rate of seeds’ aging, the temperature and humidity are con-
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sidered the most significant [3, 4]. In addition, the longevity of seeds is condi-
tioned by their quality which, in turn, is determined by the growing and ripening 
conditions, size of seeds, etc.  

However, a long-term storage inevitably leads to the delay in sprouting, 
reducing of germination or to the complete loss of viability [5, 6]. The main 
causes of seeds’ aging and death include the excessive formation of reactive oxy-
gen species (ROS), inactivation of enzymes, destruction of proteins and lipids, 
breach of the membranes’ integrity and degradation of DNA [6-9].  

Currently, much attention is paid to investigating of the role of damaging 
DNA and of the main mechanisms of maintaining the genome’s stability in the 
preserving of the seeds’ viability while aging. The experimental material confirm-
ing the intensification of the processes of oxidative damage to DNA while the 
seeds swelling even their quality is high is being accumulated, and the actively 
going processes of DNA recovery are considered as a factor contributing to the 
initiation of replication and to the rapid germination of seeds [10]. The most 
common damages to the DNA molecule are single-strand and double-strand 
breaks, as well as the changes in the structure of purine and pyrimidine bases. 
The slowdown of sprouting and reduction of germination of aging seeds are 
deemed to be related to the long-term repair of DNA and delayed replicative 
synthesis of DNA [11, 12].  

The investigation of the seeds’ physiological and biochemical characteris-
tics, predicting their longevity and storability are mainly performed using the 
methods of accelerated aging under the conditions conducive to increasing the 
seeds’ moisture and while exposing to high temperature [13, 14]. Under the influ-
ence of precisely these factors, as a rule, seeds lose their viability in a short time.  

The investigation of the interrelation between the embryo genome’s in-
tegrity and seeds’ quality is of great interest. However, the information on the 
quantitative assessment of the degree of damage to DNA and its influence on the 
seeds’ germination capacity available in the scientific literature is quite poor. This 
is probably due to the little experience in application of the DNA comet method 
on plants while it is widely and efficiently used in the in vivo and in vitro systems 
for evaluating the genotoxic effects when affecting of various factors of physical 
and chemical nature on human and animal cells and on microorganisms.  

In our information release, we described the genotoxic effects and func-
tions of prooxidant and antioxidant systems accompanying the seeds’ aging in 
two varieties of edible pea (Pisum sativum L.) and their intervarietal hybrid, 
which is important for understanding the physiologic-biochemical changes and 
for predicting the recovery processes under the conditions of long-term storage. 
As the result, we have not only confirmed the fact of damages to DNA, but also 
described them quantitatively, which partially completes the lack of information 
about the role of damage to DNA in the seeds’ aging.  

The objective of this work is to investigate the influence of accelerated 
aging of pea seeds on the indices of their viability, oxidative processes and stabil-
ity of the nuclear DNA structure in the embryos’ cells while germination (in the 
swelling phase). 

Techniques. The seeds of three samples (Saryal and Melkosemyannyi 2 
varieties and their hybrid Saryal ½ Melkosemyannyi 2) of edible pea (Pisum sa-
tivum L.) have been gotten in the conditions of the experimental station located 
on the valley side of the Lena river’s middle reach. The plot’s soil is taiga cryo-
genic, yellowish, solodized soil, typical for the agricultural zone of Central Ya-
kutia. The growing season has been assessed as arid (HTI [hydrothermal index] 
= 0.76) and as the most consistent with the long-time average annual data of 
observations for Central Yakutia (HTI = 0.72).  
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The seeds were germinated in the containers filled at 2/3 of the height 
with the sterile quartz sand with the particles size of 0.5-2.0 mm and 80% mois-
ture capacity. The seeds were impressed into the sand with the tamper to the 
depth equal to their thickness and germinated in the dark at 20 С. The germi-
nation energy was determined on the 4th day, the germination value – on the 
8th day. The seeds’ moisture was evaluated gravimetrically (MB45 device by 
Ohaus, Switzerland). The seeds of 10-g samples had been ground for 60 seconds 
using the rotary grinding system and had been dried for 20 minutes at 150 С.   

The values of seeds’ germination and moisture of the initial samples, 
which have been determined before the beginning of the experiment, were 95-
97% and 7% respectively. The accelerated seeds’ aging was provoked according 
to the description [13]. The seeds were moistened in the thermostat at 37 С and 
relative air humidity of 98%. The value of final seeds’ moisture of each sample 
was 13.5%. The control of seed moisture was performed gravimetrically as de-
scribed above. The comparative samples (controls) were the seeds which have 
not been subjected to additional moistening.  

For biochemical and molecular studies the embryos tissues were used. The 
pea seeds were laid out in Petri dishes in a single layer and filled with distilled wa-
ter at 2/3; after the seed swelling for 12 hours the embryos were isolated.   

The spectrophotometric measurements have been performed using the 
UV-2600 device (Shimadzu, Japan). The total content of low molecular weight 
antioxidants (LMWA) was determined according to the technique [15] based 
on the oxidation of antioxidants with iron chloride (III) with its reduction to 
iron chloride (II), the amount of which was measured basing on the change in 
staining intensity when the addition of o-phenanthroline (extinction coefficient 
 = 52.8 mM1Łcm1 at  = 510 nm). The peroxidase activity (POC, EC 1.11.1.7) 
was evaluated basing on the increase of the optical density due to the formation 
of the stained product of the o-dianisidine oxidation ( = 30 mM1Łcm1 at 
 = 460 nm) for 1 min [16]. The intensity of peroxidation of lipids (LPO) was 
evaluated basing on the accumulation of the stained complex of malondialde-
hyde (MDA) with thiobarbituric acid ( = 155 mM1Łcm1 at  = 532 nm) [17].  

The DNA fragmentation degree in the isolated embryos was determined 
using the alkaline version of the DNA comet method (gel electrophoresis of sin-
gle cells) with some modifications [18], which makes it possible to make the 
quantitative evaluation of the damages to DNA (single-stranded and double-
stranded breaks, alkaline-labile purine and pyrimidine sites) [19]. After the peri-
od of seeds swelling, the isolated embryos were placed on ice in the Petri dishes 
of 60 mm diameter, coated with 250 μl of cold sodium phosphate buffer (pH 
7.5), and then the incisions were accurately made on the embryos with the sharp 
razor blade. The dishes were kept in the ice in tilted position so that the nuclei, 
which become released from the embryos’ cells into the buffer, accumulate in 
the dish lower part. The nuclei containing suspension was purified from major 
impurities using the nylon mesh filter with the holes size of 20 μm. Then 60 μl 
of the resulted suspension was placed in the test tubes with 240 μl of the 1% so-
lution of low-melting agarose and applied on the glass slides previously coated 
with high-melting agarose. After the agarose solidification at the temperature of 
4 С, the micropreparations were placed in the alkaline buffer for electrophoresis 
(300 mM of NaOH, 1 mM of EDTA, pH > 13) for 20 min for causing the DNA 
denaturation and single stranded breaks in the alkaline-labile sites. The electro-
phoresis has been performed for 20 min at the field density of V = 1 V/cm and 
the current strength of  300 mA, then the preparations were washed with sodi-
um phosphate buffer (pH 7.5), fixed in the 70% ethanol solution and dried. 
Immediately prior to the microscopy (LabMed-2L fluorescence microscope, 
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Russia), the preparations have been stained with SYBR Green I fluorescent 
stainer (Sigma-Aldrich, USA; concentration 20 μg/ml) for 30 min and examined 
at ½200 magnification using the excitation and cutoff filters (490 and 530 nm 
respectively). The obtained images of DNA comets were analyzed using the 
CASP 1.2.2 software (http://casplab.com/download). The percentage of DNA in 
the comets’ tail (the share of DNA in the comet tail in the total amount of 
DNA in the comet in %) has been used as the indicator of DNA damage degree. 
The atypical DNA comets with the absent or practically absent head and with a 
wide diffuse tail were put into the separate category and their number per 100 
DNA comets was calculated [20]. 

All measurements have been performed in 4 replicates. The experiment 
results are presented in the form of arithmetic mean (M) and its standard error 
(±SEM). The samples were compared using the one-way analysis of variance 
(ANOVA), the statistical significance of the differences with control was deter-
mined using the Dunnett’s test for multiple comparison at the significance level 
of p < 0.05. The calculation was made using the AnalystSoft package, StatPlus v. 
2007 (AnlystSoft Inc., Germany). 

Results. The brief description of the varieties and their hybrid used in the 
experiment is given in Table 1. The Melkosemyannyi 2 was originated in the 
Bashkir Research Institute of Agriculture (Ufa city) in 1961, and since 1963 it 
has been included in the State Register of Selection Achievements Authorized 
for Use. The Saryal variety was originated in 2002 in the Yakutsk Research In-
stitute of Agriculture (Yakutsk city) by the method of individual selection for 
lodging resistance and early ripening on the base of an anonymous sample 
(USA), in 2015 it was transferred to the State Variety Testing, and since 2019 it 
has been included in the State Register of Selection Achievements Authorized 
for Use. The Saryal ½ Melkosemyannyi 2 hybrid was created in the same insti-
tute in 2004 and currently is undergoing the station tests in the breeding nurse-
ries of the Yakutsk Research Institute of Agriculture. 

1. Studied forms of edible pea (Pisum sativum L.) 

Variety, hybrid Maturing rate 
1000 grains weight, g 
(M±SEM) 

Seeds 
size shape color  

Melkosemyannyi 2 Mid early 141±1.4 Small Spherical White matte 
Saryal Mid early 277±3.0 Large Round White matte 
Saryal ½ Melkosemy-
annyi 2 Mid early 201±2.0 Medium Rounded White matte 

 

2. Germination energy and germination rate of the edible pea (Pisum sativum L.) 
seeds depending on the period of exposure to the factors determining the acceler-
ated aging (M±SEM) 

Exposure, weeks Germination energy, % Germination rate, % 
V a r i e t y  Saryal 

0 (control) 86±6 97±3 
6 84±7 86±7 
12 60±9* 82±8* 
24 22±8* 22±8* 

V a r i e t y  Melkosemyannyi 2 
0 (control) 78±8 96±4 
6 48±10* 94±5 
12 30±9* 46±10* 
24 8±3* 8±5* 

 H y b r i d  Saryal ½ Melkosemyannyi 2 
0 (control) 62±9 95±4 
6 74±9 99±1 
12 66±7 84±7 
24 26±8* 32±9* 

* Differences with the control are statistically significant at p < 0.05 (ANOVA, Dunnett’s criterion for multiple 
comparisons). 
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According to existing concepts, seeds aging conditioned by the oxidation 
processes in the seed dormancy period, which increases in the swelling period, 
leads to metabolic changes which, depending on the damage degree, is expressed 
in the slowdown of germination, reducing the viability and death of seeds [7]. 

The pea varieties and hybrid used in our researches initially (control) dif-
fered in the energy of seeds germination (Table 2). The Saryal variety had a high 
value (86%), the other two samples had a slightly lower values, 78% for 
Melkosemyannyi 2 and 62% for the hybrid. The germination of the investigated 
seeds was in the range of 95-97%. 

In the course of accelerated aging after the 6-week exposure, the de-
crease in germination energy by 30% (p < 0.05) was noted only in the Mel-
kosemyannyi 2 variety, that, however, have not affected the germination value 
which did not significantly differ from the control. In this variety, the exposure 
for 12 weeks led to the decrease in germination energy by another 18%, in ger-
mination value by 50% (p < 0.05). In the Saryal variety, the decrease in these 
indices relative to control (by 26 and 18%, respectively) also occurred. The sig-
nificant changes in physiological parameters were observed after 24 weeks under 
conditions determining the artificial aging. In the Melkosemyannyi 2 variety the 
germination energy and germination value decreased to 8%, in the other two 
samples the germination energy was about 24%, in the Saryal variety the germi-
nation value decreased 4.4 times and in the hybrid 3.0 times as compared to the 
control. Thus, among the investigated samples, the seeds of the Melkosemyannyi 
2 variety showed themselves as rapidly aging, the seeds of the Saryal variety had 
moderate resistance and the seeds of these varieties’ hybrid showed the high re-
sistance that may be conditioned by the heterotic effect. Our data on the variety-
specific peculiarity of changing of physiological parameters in the course of seeds 
aging are consistent with the results of other researchers [21, 22].  

During the storage, seeds are characterized by low moisture content 
which leads to their insignificant metabolic activity, while the autooxidation pro-
cesses generate free-radical products of reactions [23]. Seed swelling is the most 
critical stage of seeds germination, which leads to the release of ROS (reactive 
oxygen species) formed both during the storage and due to the increased respira-
tory activity [7]. We have investigated the accumulation of MDA (malondialde-
hyde) (as the end product of lipids peroxidation) in the embryos’ cells of the 
aging pea seeds after the 12-hour swelling (Fig. 1, A). 

In the embryo cells of the seeds of two samples characterized by medium 
and high resistance to aging, a 1.5-fold increase in MDA accumulation as com-
pared to the control (in the Saryal variety after 6 weeks, in the hybrid after 12 
and 24 weeks) has been detected. In the Melkosemyannyi 2 variety, such increase 
has not been noted that (taking into account the highest aging rate in this sample) 
does not exclude the intense lipids peroxidation (LPO) in the period between 0 
and 6 weeks. At the same time, after 24 weeks of exposure to aging factors, in this 
variety, the LPO intensity was 2.5 times higher than in the control. 

It should be noted the absence of the linear dependence of LPO on the 
duration of accelerated aging. 

It is deemed that low molecular weight antioxidants play a decisive role in 
the inactivation of ROS under the conditions of increasing oxidative stress that is 
conditioned, among other factors, also by the depletion of the pool and/or of the 
enzymatic antioxidants’ activity in the course of long-time oxidative exposure [7, 
24]. We have determined the LMWAs content (Fig. 2) and the peroxidase’s activi-
ty (see Fig. 1, B) in the embryos’ cells while the seeds’ swelling at different time 
points during the artificial aging. Peroxidase is a bifunctional enzyme participating 
in peroxidation or oxidation and in the release of ROS. Also, this protein is related 
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with the cell elongation and growth limiting reactions [25, 26]. 
The POA activity in 

the embryo cells of the rapid-
ly aging seeds of the Mel-
kosemyannyi 2 variety decre-
ased as the exposure period 
extends, in 6-12 weeks 2 times, 
and after 24 weeks 4 times as 
compared to the control (see 
Fig. 1, B). Initially, LMWAs 
content decreased 1.5 times (6 
weeks), and by the end of the 
24th week it increased 1.5 
times compared to the con-
trol (see Fig. 2). In the Sary-
al variety which showed the 
medium aging rate (among 
the investigated samples) the 
enzyme activity decreased by 
60-65% for 6-24 weeks. At 
the same time, the LMWAs 
amount decreased by 23% 
(p < 0.05) only at the last term 
of accelerated aging. The hy-
brid, which was the most re-
sistant, was characterized by 
the statistically significant 
2.5-fold decrease of peroxi-
dase activity (POA) only af-
ter 24 weeks of aging, while 
the LMWAs content was 1.4 
times higher than in the con-
trol over the entire observa-
tion period.  

Thus, the pea seed 
aging led to the decrease in 
peroxidase activity in the em-
bryo cells of the swollen seeds. 
The change in the LMWAs 
content in the investigated 
pea samples under the condi-
tions of increasing oxidative 
stress was multidirectional. 

As the result of breach 
of the oxidation-reduction ba-
lance, which is conditioned 
by the excessive generation of 
ROS and decrease of the en-
zymatic activity, the breach 
of the DNA structure’s integ-

rity is initiated [7, 10]. Using the alkaline version of the DNA-comet method in 
our researches made it possible to make the quantitative comparison of the nu-
clear DNA fragmentation degree in the embryo cells in the swelling period be-

Fig. 1. The accumulation of malondialdehyde (MDA) (A) and 
peroxidase activity (POA) (B) in the embryos’ cells of the 
swollen seeds of pea (Pisum sativum L.) depending on the pe-
riod of exposure to the factors determining the accelerated 
aging: a — the control or the value indistinguishable from it; 
b — the value differing from the control; c — the value dif-
fering both from a and b (the differences are statistically sig-
nificant at p < 0.05 according to the Dunnett’s test for mul-
tiple comparisons). 

Fig. 2. Content of low molecular weight antioxidants 
(LMWA) in the embryos’ cells of the swollen seeds of pea 
(Pisum sativum L.) depending on the period of exposure to the 
factors determining the accelerated aging:  a — the control or 
the value indistinguishable from it; b — the value differing 
from the control; c — the value differing both from a and b 
(the differences are statistically significant at p < 0.05 accord-
ing to the Dunnett’s test for multiple comparisons). 
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tween the control samples and the seeds subjected to accelerated aging (Table 3). 
In the control samples, the share of DNA in the comet’s tail was 9-22%. The 
seed aging led to the statistically significant (p < 0.05) increase of the DNA 
damage degree compared with the control: in the Saryal variety by 13% since 
the 24th week of exposure, in the Melkosemyannyi 2 variety by 2.2-31.2% since 
the 12th week and in the hybrid by 3.5-20.5% since the 6  week. The comets 
with the absent or practically absent head and with a wide diffuse tail (the so-
called “ghost cells” or “hedgehogs”) have also been detected. The appearance of 
such atypical DNA comets is deemed an indicator of irreversible processes, i.e. 
cell death related to the strong oxidative stress, or of the formation of apoptotic 
cells being at the stage of chromatin fragmentation [27-29]. 

3. The degree of damage to nuclear DNA in the embryo cells of pea Pisum sativum 
L. seeds depending on the period of exposure to the factors determining the ac-
celerated aging (M±SEM) 

Exposure, weeks DNA in the comet’s tail, % Atypical DNA comets, % 
V a r i e t y  Saryal 

0 (control) 22.3±1.8 1.0±0.3 
6 18.0±2.5 4.7±0.5* 
12 20.7±2.9 10.5±0.5* 
24 35.3±0.8* 17.0±1.7* 

V a r i e t y  Melkosemyannyi 2 
0 (control) 17.4±0.5 1.5±1.0 
6 19.1±2.9 10.4±2.0* 
12 19.6±0.1* 10.3±1.9* 
24 48.6±2.7* 60.5±3.0* 

H y b r i d  Saryal ½ Melkosemyannyi 2 
0 (control) 8.7±0.6 0.5±0.2 
6 12.2±1.8* 2.4*±0.6 
12 13.1±1.3* 7.5*±0.9 
24 29.2±1.8* 17.0±0.5* 

* Differences with the control are statistically significant at p < 0.05 (ANOVA, Dunnett’s criterion for multiple 
comparisons). 

 

The experiment showed the increase of the share of atypical comets in 
all the investigated samples of pea as the period of exposure to the factors of ac-
celerated seeds aging extends. After the 24-week artificial aging, the number of 
atypical comets increased 17-40 times relative to the control depending on the 
variety. The comparison of the obtained data showed that when the atypical 
comet share increased to 10%, the seed germination energy decreased by 25-
30% while the germination value either did not differ from the control or de-
creased slightly. This fact may testify about going of repair processes in the em-
bryos’ cells at the seeds’ hatching stage and is consistent with the results of the 
researches [30, 31], in which it has been shown that under the effect of peroxide 
in the concentration which does not cause a cytotoxic effect, the repair of dam-
aged DNA regions is possible. The further increase of DNA fragmentation led to 
the decrease of the seeds’ germination energy and germination value, which tes-
tified about a certain critical level of damages to DNA and a significant decrease 
of the influence of DNA repair processes.  

Thus, the results obtained in this work testify that the accelerated aging 
exerts different influence on the germination value and germination energy of 
the seeds, as well as on the biochemical characteristics of the embryo cells of the 
investigated varieties and inter-variety hybrid of edible pea. The Melkosemyan-
nyi 2 variety showed the lowest resistance to the artificial aging conditions; the 
seeds of the Saryal variety showed medium resistance. The seeds of the inter-
variety hybrid showed the highest resistance, which is probably owing to the 
heterosis effect. The influence of accelerated aging for 24 weeks led to the 1.6-
3.3-fold increase of the DNA share in the comet tail while the number of 
atypical comets in different samples (varieties and hybrid) increased 17-40 times 
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compared to the control. The significant decrease in the physiological charac-
teristics in the less resistant pea variety, which has been caused by the aging 
conditions,  could be conditioned by the high degree of the nuclear DNA frag-
mentation, decrease of the antioxidant enzyme activities (in particular, of pe-
roxidase), and by the increasing intensification of oxidative processes (exceeding 
the control value of lipids peroxidation by 2.5 times in the rapidly aging variety 
together with low germination) in the embryo cells. Based on the obtained data, 
it can be assumed that the increase of the DNA damage degree in the investi-
gated pea varieties occurs due to the “depletion” of enzymatic antioxidant and 
repair systems and testifies about the slowdown or loss of restoration processes 
in the embryo cells of aging seeds. 
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A b s t r a c t  
 

Currently, Kok Sagyz is considered to be the most promising source of natural rubber. In 
many countries significant investments in the development of rubber production technologies based 
on the use of this plant are being made. Ensuring a high percentage of rapid and uniform germina-
tion is important for Kok Sagyz cultivation. In this research we have obtained results significantly 
extending the idea of temperature as a factor affecting the characteristics of Kok Sagyz seeds germi-
nation, which is important for this rubber plant reproduction practice. The aim of our study was to 
determine a practical and simple method to improve the germination of Taraxacum kok-saghyz seed. 
An orthogonal array design L9 (34)] was used to optimize three factors: concentration of KMnO4 
solution (0.07 %, 0.1 %, and 0.2 %), soaking time (1, 2, and 4 h), and germination temperature 
(4/17, 17, and 23 С). Germination parameters, including germination percentage, T50 (time 
taken for 50 % of seeds to germinate), germination index, and vigor index, were evaluated. Using 
analysis of variance, the optimum conditions for germination were determined, i.e. 2 h of soaking 
time in 0.07 % KMnO4 solution and a germination temperature of 23 С. The optimum conditions 
were subsequently validated. Under the optimized conditions, we achieved a germination percentage 
of 71 %, a T50 value of 11 days, and germination and vigor indices of 7.22 and 14.40, respectively. 
Moreover, we found that in addition to moisture, temperature was the main factor influencing the 
germination of T. kok-saghyz seeds. Solution composition and concentration and soaking time had 
little or no effect on germination.  

 

Keywords: germination percentage, germination uniformity, KMnO4, potassium permanga-
nate, Taraxacum kok-saghyz Rodin, Russian dandelion 

 

Taraxacum kok-saghyz Rodin (Russian dandelion) is a perennial herba-
ceous plant. The root contains about 2.89 to 27.89% (mass fraction) of natural 
rubber, molecular weight of which is 2180 [1, 2] and 25-40% (mass fraction) of 
inulin [3]. It can also be studied as a model plant for revealing mechanism of 
rubber synthesis [4]. Now it is developing as one of the most promising natural 
rubber plants, which attracts huge investments in many countries [1, 2, 5]. 

Securing a high percentage of rapid, uniform and otherwise germination 
was  important for T. kok-saghyz production [6]. It is well known that T. kok-
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saghyz seed enters dormancy during the after-harvest ripening period and so how 
to break dormancy effectively is the key point to achieve high percentage of rap-
id and uniform germination. Stratification, prechilling [6], soaking and chemi-
cals methods were found and applied. And relation of temperature, moisture, 
and several other factors to germination had been revealed [6]. When applying 
these methods, we found at least 24 hours of pretreatment were needed, which 
caused some inconveniences.  

Some studies showed that KMNO4 (Potassium Permanganate) can steri-
lize and break seed dormancy [7-9]. So what about effect of KMNO4 solution 
on seed germination of T. kok-saghyz? Moreover, most of previous studies main-
ly focus on effect of methods on germination percentage of T. kok-saghyz seeds, 
except other germination indices. While germination uniformity, germination 
index and so on, are also important for seed germination and seedling growth 
afterwards.  

In this study, we'll try to find a practical method to improve seed germi-
nation of T. kok-saghyz with KMNO4 solution. And answer one question, what 
effects of temperature, concentration of solution, soaking time are on seed ger-
mination of T. kok-saghyz? These findings will contribute to facilitating its use as 
a natural rubber plant. At the same time, this work aims to demonstrate the po-
tential of orthogonal array designs for establishing efficient seed germination 
protocols. 

Our subjective was to optimize the conditions for the germination of Rus-
sian dandelion seeds using KMnO4 solution, and also to investigate the effect of 
temperature, solution concentration, and time for soaking on germination. 

Techniques. Seeds used in all germination tests were harvested from 
k-445 accession of T. kok-saghyz which provided by Vavilov All-Russian Insti-
tute of Plant Industry. Seeds were extracted from physiologically ripe fruits of 
plants cultivated in an open trial field of Heilongjiang Academy of Sciences 
(45°34'59.9''N，126°34'18.8''E) on June, 2014, when plants were one year of age. 
The region is characterized by a typical continental climate with black soil. Har-
vested seeds were air-dried for about two weeks and then hand threshed to min-
imize seed damage. Round hole sieves (0.45 mm diameter) and a seed blower 
were used to clean seeds. Seeds were stored for 5 months under room tempera-
ture before being treated. Seeds were pre-tested for viability with 1% concentra-
tion of TTC solution for 30 min [10].  

Depending on the experiment, seeds were germinated in Petri dishes 
(9.0½2.5 cm) on two layers of filter paper which remained moist. One hundred 
seeds after being soaked in solutions were placed evenly on filter paper. Seeds for 
each treatment were sown under different temperatures depending on designs. 
The Petri dishes were watered regularly to keep the seeds moistened. 

The main effects of such three factors studied at three levels were evalu-
ated using an orthogonal array design L9 (34) method consisting of nine treat-
ments. For each treatment, three replicates (three Petri dishes, with 50 seeds per 
Petri dish) were performed. Four factors, concentration, soaking, temperature, 
blank (for estimating data errors) with three possible levels (level 0, L0; level 1, 
L1; level 2, L2) for each factor were evaluated for their effect on the germina-
tion of T. kok-saghyz seeds. The levels for each factor were as follows: 

(a) Concentration: L0 = 0.07% (mass fraction) concentration of KMNO4 
solution; L1 = 0.1% KMNO4; L2 = 0.2% KMNO4. 

(b) Soaking time: L0 = soaking seeds in KMNO4solution for 1 hour; 
L1= soaking seeds in KMNO4 solution for 2 hours; L2 = soaking 
seeds in KMNO4 solution for 4 hours. 
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(c) Temperature: L0 = seeds germinated at 23 С after being soaked in 
KMNO4 solution; L1 = seeds germinated at 17 С; L2 = seeds ger-
minated at 17 С for 16 hours, and then switch to 4 С for 8 hours. 

Seed germination was evaluated for 20 days after the seeds were placed 
in Petri dishes for the first experiment, aiming to determine the levels of differ-
ent factors for improving germination of T. kok-saghyz. For the experiments 
aimed at validating the improved treatment, the seed germination (Petri dishes) 
was evaluated for 14 days since the seeds were placed in the germination cabinet. 
Seeds were considered germinated when the radicle was 1 mm or greater.  

The following 4 parameters, which evaluate germination process, includ-
ing time, rate, homogeneity and synchrony [11], were considered for an analysis of 
variance (ANOVA) statistical evaluation: (a) Germination percentage (%) = (total 
number of germinated seeds/number of total seeds) ½ 100%; (b) Germination 
uniformity, expressed as T50, namely the time for 50% seeds getting germinated. 
(c) Germination index: ∑(sum of germinated seeds per day/days of germination 
counted from the first day of testing). (d) Vigour index: germination index ½ radi-
cle length (mm), reflects growth velocity and biomass comprehensively. 

The effect of each factor on the characteristic properties were deter-
mined by analysis of variance (ANOVA) and Duncan's multiple range test.Data 
analyses was made by SPSS (version 19.0, IBM, USA) in which multivariate 
method of general linear model was applied. The range analysis was employed to 
discriminate the comparative significance of each factor in OAD. To make re-
sults more clearly and intuitive, the average scores of the summations of level1-3 
of three factors were shown in line plus symbol shape in graph. To further iden-
tify the reliability of the OAD results, additional experiments under the optimum 
condition of the corresponding parameters plus some control experiments were 
performed, with three replications of every treatment. 

Results. Seed germination indices we estimated are sufficient for a com-
prehensive assessment of the ongoing processes of growth and biomass accumu-
lation. For three values of each of the factors, a three-way variance analysis 
L9 (34) was finally designed (Table 1). 

1. Orthogonal array matrix L9 (34) to optimize seed germination of   Taraxacum kok-
saghyz Rodin  

Treatment  
Factors  

solution KMnO4 (%) time, h temperature, С Blank 
1 1 (0,07 %) 3 (4) 3 (23) 1 
2 2 (0,1 %) 2 (2) 3 (23) 2 
3 3 (0,2 %) 1 (1) 3 (23) 3 
4 3 (0,2 %) 2 (2) 1 (4-17) 3 
5 1 (0,07 %) 1 (1) 1 (4-17) 1 
6 1 (0,07 %) 2 (2) 2 (17) 2 
7 2 (0,1 %) 1 (1) 2 (17) 2 
8 2 (0,1 %) 3 (4) 1 (4-17) 3 
9 3 (0,2 %) 3 (4) 2 (17) 1 

 

Seeds viability test indicated that 81.57% of seeds were viable.  
Impact of three factors on seed germination of T. kok-saghyz. 

Concentration of KMNO4 solution had significant effect on vigour index of seed 
germination of T. kok-saghyz (p < 0.05), while no significant effect on germina-
tion percentage, germination uniformity, and germination index (p > 0.05). 
Soaking time had no significant effect on all indices of seed germination of 
T. kok-saghyz (p > 0.05); Temperature produced significant effect on all indices 
of seed germination of T. kok-saghyz (p < 0.05), and highly significant effect on 
vigour index (p < 0.01) (Table 2). 
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2. Degrees of freedom, the F-ratio and its probability obtained from the ANOVA 
analyses for the effects of treatments and for the orthogonal comparisons between 
three levels for each factor tested on the Taraxacum kok-saghyz Rodin seed ger-
mination parameters  

Source Dependent variables df Square value F Sig. 
Concentration Germination percentage（%） 2 34.111 1.415 0.414 

Germination uniformity（days） 2 4.370 1.489 0.402 
Germinability 2 3.356 5.446 0.155 
Germination index 2 10.414 36.596 0.027 

Time Germination percentage（%） 2 15.444 0.641 0.610 
Germination uniformity（days） 2 0.961 0.328 0.753 
Germinability 2 0.200 0.325 0.755 
Germination index 2 2.487 8.738 0.103 

Temperature Germination percentage（%） 2 707.111 29.327 0.033 
Germination uniformity（days） 2 230.633 78.583 0.013 
Germinability 2 14.339 23.266 0.041 
Germination index 2 38.644 135.793 0.007 

Error Germination percentage（%） 2 24.111 
Germination uniformity（days） 2 2.935 
Germinability 2 0.616 
Germination index 2 0.285 

 

Establishing an improved seed germination treatment. As far 
as germination percentage was concerned, the bigger is the better. When con-
centration of KMNO4 increased, germination percentage decreased; more or less 
soaking time in KMNO4 solution was not adequate for germination percentage; 
4 С-17 С treatment was better than 4 С treatment, but not as good as 23 С 
treatment. So the best conditions for germination percentage of T. kok-saghyz 
were 1.0% KMNO4 concentration, 2 h soaking time and 23 С treatment (Fig. 1). 

 

Fig. 1. Effects of three levels of factors on the Taraxacum kok-saghyz Rodin seed germination (de-
scription of the experimental design see in the section Techniques).  

 

T50 (time for 50% seeds germinated) stands for germination uniformity. 
So the smaller one is the better. When concentration of KMNO4 increased, 
germination uniformity increased; soaking time increased, germination uniformi-
ty increased; 23 С treatment was better than 4-17 С and 17 С treatments. So 
the best conditions for germination uniformity were 0.07% of KMNO4 concen-
tration, 1 h of soaking time and 23 С of germination temperature (see Fig. 1). 
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As far as germination index was concerned, the bigger is the better. 
When concentration of KMNO4 increased, germination index decreased; 2 h of 
soaking time was better than 4 h, which was better than 1 h; 23 С of germina-
tion temperature was better than 17-4 С treatment, which was better than 4 С 
treatment. So the best conditions for germination index were 0.07% concentra-
tion of KMNO4 solution, 2 h of soaking time, 23 С of germination temperature 
(see Fig. 1). 

As far as vigour index was concerned, the bigger is the better. When 
concentration of KMNO4 increased, vigour index decreased; 2 h of soaking time 
was better than 4 h, which was better than 1 h; 23 С of germination tempera-
ture was better than 17-4 С treatment, which was better than 4 С treatment. 
So the best conditions for vigour index were 0.07% concentration of KMNO4 
solution, 2 h of soaking time, 23 С of germination temperature (see Fig. 1). 

As above showed, when concentration was 0.07%, germination tempera-
ture was 23 С, all of the germination indices of T. kok-saghyz were the best; 
While when soaking time was 2 h, all of the germination indices were the best 
too, except germination uniformity, but considering soaking time in KMNO4 
solution had no significant effect on all indices of seed germination of T. kok-
saghyz (see Table 2), 2 h of soaking time could be recognized as the best. We 
finally concluded that all germination indices of T. kok-saghyz were the best 
when seeds of T. kok-saghyz were soaked into 0.07% (mass fraction) concentra-
tion of KMNO4 solution for 2 h, and then made germinated under 23 С. 

Validation of the improved germination treatment. The im-
proved germination protocol was not among the treatments tested in the orthog-
onal array design. To validate the proposed treatment for its germination in Petri 
dishes, wedesigned and implemented the validated experiment. Some works [13, 
14] suggested that low temperature (usually 0-5 С) may increase germination 
uniformity of seeds, so we set two low-temperature treatments to determine ef-
fect of low temperature on germination of T. kok-saghyz seeds and compare re-
sults of two different time-disposal treatments. Levitt and Hamm [12] suggested 
that a certain concentration of KNO3 solution can improve germination per-
centage and other indices through promoting physiological maturation of seeds, 
so we also set a 3% KNO3 treatment to compare the results between proposed 
treatments. Finally, we took distilled water treatment as the control (Table 3). 

3. Validating experiment design to test suggested protocol for the Taraxacum kok-
saghyz Rodin seed germination  

Treatment Solution Concentration, % Soaking time, h Temperature  
1 KMnO4 0.07 2 23 С 
2 KMnO4 0.07 2 One week under 4 С, then under 23 С 
3 KMnO4 0.07 2 Two weeks under 4 С, then under 23℃ 
4 KNO3 3.00 24 23 С 
5 Distilled water  2 23 С 

 

The proposed treatment 1 had the highest germination percentage 
(71%), compare to other treatments; KNO3 solution increased germination per-
centage of T. kok-saghyz seeds, but not as high as the proposed treatment, with 
significant difference. 

One-week of 4 С-disposal increased germination percentage, with no 
significant difference from control, namely distilled water treatment. Two-week 
of 4℃-disposal didn’t increase germination percentage, with significant differ-
ence from one week of 4 С -disposal (Fig. 2). 

One-week 4 С-disposal decreased germination uniformity (increased 
time of T50) significantly compared to other treatments, up to 17 days, while 
there were no significant differences among other treatments. 
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Fig. 2. Validation experiment — 
effect of treatments on germina-
tion of the Taraxacum kok-saghyz 
Rodin seeds: 1, 2, 3, 4, 5 — treat-
ments (see Table 3). 

 
Compared to con-

trol, the four treatments 
didn’t affect germination in-
dex significantly (see Fig. 2). 
Considering the five treat-
ments (all germinated under 
the same temperature), we 
may make a conclusion: ger-
mination temperature maybe 
the only factor which affects 
germination index of T. kok- 

saghyz seeds, while no matter what kinds of pretreatments, including sorts of 
solution pre-soaked orthe concentration of the solution, or the seeds of pre-
stored under low temperature or not. 

Vigour indexes of the proposed treatment were the highest, up to 14.40; 
One-week 4 С disposal treatment got the lowest vigour index, while two-week 
of 4 С disposal treatment increased vigour index apparently, up to the same 
level as the proposed treatment ( = 0.05); KNO3 treatment also decreased vig-
our index significantly, compare to the control. 

In this study, we have shown that temperature had significant effect on 
all seed germination indices of T. kok-saghyz, thus we can state that temperature 
is the main impact factor on seed germination of T. kok-sazhyz besides moisture. 
The other factors, nature of solution, concentration of solution and soaking time 
had slight or none effect on seed germination of T. kok-saghyz. The conclusion 
is consistent with Levitt and Hamm’s studies [12] in some ways. So if we kept 
T. kok-saghyz seeds certain moisture and made them germinated at suitable tem-
perature (23 С), we can get desired results in most cases. 

The best seed germination conditions for T. kok-saghyz is 0.7% concen-
tration of KMNO4 with 2 h of soaking time, 23С of germinated temperature, 
which was validated later. Under the condition, germination percentage can be 
up to 71%, germination uniformity (period for 50% seeds germinated) is about 
11 days, germinability is about 20, germination index is about 7.22, vigour index 
is about 14.40. Germination percentage in our investigation were not as high as 
previous studies [6, 12], as well as germination uniformity. The most possible 
reason is seed quality. Because we found almost all the left seeds without germi-
nation were empty. And in validating experiment, treatment 4 applied KNO3 
solution to break seed dormancy as Levitt and Hamm [12] suggested, the results 
were not those their expected. So the only possible reason is seed quality, the 
maturity, which made some empty seeds and less physiological ripen seeds. And 
so the method needs more seeds with high quality to validate. Seeds used in the 
present study were one-year old, so how about two-year old seeds or more. Is 
the proposed method still applicable? We need more experiments to answer 
these questions. 

According to Roberts [15], there are three separate physiological pro-
cessed in seeds affected by temperature: first, temperature, together with mois-
ture content, determines the rate of deterioration in all seeds; secondly, tem-
perature affects the rate of dormancy loss in dry seeds and the pattern of dor-
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mancy change in moist seeds; and, thirdly, in non-dormant seeds temperature 
determines the rate of germination. So before discussing effect of temperature on 
seed germination, we have to answer one question: are T. kok-saghyz seeds 
dormant? T. kok-saghyz seed enters dormancy during the after-harvest ripening 
period. Seed dormancy refers to a state in which the viable seeds fail to germi-
nate when provided with conditions normally favorable to germination such as 
adequate moisture, appropriate temperature regime and light [16]. Our validating 
experiment showed that treatment 1 got about 71% of germination percentage, 
significantly higher than the control (54% of germination percentage) under the 
same other conditions. This means about 17% seeds were dormant and necessary 
to be stimulated by KMNO4 to germinate. So we can state that most of one-year 
old T. kok-saghyz seeds are not dormant, only a small amount of seeds (about 
17%) are dormant. Therefore, temperature determines the rate of germination of 
T. kok-saghyz seeds. 

It has been known for a long time that pretreatment of seeds with Oxi-
dants such as KMNO4, H2O2 leads to breaking seed dormancy [17]. In the pre-
sent study, we found seeds under KMNO4 treatments didn't go moldy, compare 
to those under no KMNO4 treatments with about 15% of moldy rate. So we 
stated that KMNO4 has two effects on T. kok-saghyz seeds, one is to improve 
seed germination by breaking seed dormancy. KMNO4 can remove seed coat 
obstacle, and provide oxygen and Manganese elements, which can strengthen 
respiration and trophism for germination. Anothereffect is to avoid seeds going 
moldy by sterilization. Because we found most of the moldy seeds were blank, so 
KMNO4 increased seed germination of T. kok-saghyz mainly by breaking seed 
dormancy. The concentration should be controlled no more than 0.1% and 
0.07% is better, otherwise vitality of germinated seeds maybe decreased. 

We suggest 23 С is the optimal temperature for seeds germination of 
T. kok-saghyz. T. kok-saghyz seeds don’t germinate at all at 4 С. The conclu-
sion is not subject to Levitt and Hamm [12], whose investigation showed seeds 
germination percentage can be up to 71% after pretreatment. As seeds were 
soaked in KMNO4 solution for 4 hours, they lasted not long as that of Levitt 
and Hamm’s investigation. Because the longest soaking time of seeds were 4 h, 
far less than that in the soaking time of seeds in Levitt and Hamm [12] studies. 
So the sole reason maybe is that seeds at 4 С need more moisture to germinate 
than that under other temperatures to lessen the effect of low temperature. 

In the present study, 4-17 С treatment showed better than single 17 С 
treatment on all germination indices, which is consistent with Hegarty's study [18], 
which showed that seeds may germinate faster than would be predicted on the 
basis of thermal time alone in fluctuating temperature environments [19]. So may-
be 4-23 С alternative treatment improve seeds germination better more than sin-
gle 23 С treatment. Related experiments can be carried out in the future. 

Thus, our findings demonstrate that temperature is the main impact factor 
on seed germination of T. kok-saghyz, besides moisture. Nature, concentration of 
solutions and soaking time had none or slight effect. The best germination condi-
tions for one-year old seeds of T. kok-saghyz are soaking in 0.7% KMNO4 solu-
tion for 2 h before germinating at 23 С. The method need to be validated in field 
plot. The 23 С is the optimal temperature for seed germination of T. kok-saghyz, 
4 С is not. Most of one-year old seeds of T. kok-saghyz are not dormant. These 
conclusions shall be truly verified by high-maturity seeds. 
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A b s t r a c t  
 

The conditions for growing donor plants in androgegesis in vitro are considered from the 
point of view of the influence of physical factors on the plants (illumination, length of daylight, tem-
perature, nutrition of plants). A priori it is believed that any period of the year (season) is suitable for 
plant tissue culture in vitro, and this is the main advantage of in vitro technologies compared to 
traditional ones. Seasonality is taken into account only when comparing donor plants grown in the 
field and under controlled conditions. However, we have not found reports on the study of using 
procedure of anther in vitro culture throughout the year. This paper is the first to show that, under 
uniform conditions of donor plants growing, the frequency of callus formation and regeneration of 
rice (Oryza sativa L.) plants from anthers in vitro culture differs depending on the month (season) 
when explants were collected. The aim of the studies was to study the seasonal dependence of in 
vitro androgenetic responses of O. sativa when growing donor plants in a climatic chamber condi-
tions. The 5-9 plants of O. sativa subsp. japonica Kato, the Cascade variety, were planted monthly 
during a year and grown in a climatic chamber (at 24 С and 21 С, 15000 lux, 60 % humidity and 
photoperiod of 14 light/10 dark hours) to be the test anther donors. The anthers from naturally 
grown plants served as controls. As a result, the seasonal dependence of callus formation in the rice 
anther culture in vitro was revealed. The peak intensity of callus formation occurs in May and June 
(15.5-28.3 %). When growing donor plants under artificial conditions at both temperatures, in the 
best period for anther culture in vitro (May-June) callus formation was higher than in the control. 
The use of the climatic chamber makes it possible to obtain consistently high values of the intensity 
of callus formation in some months, which is not always possible in the natural conditions. The tem-
perature of donor plant growing affects the frequency of rice callus formation and the regenerative 
capacity. The temperature which is lower than optimal for rice plants (21 С) allows for different 
frequency of callus formation throughout the year, whereas the rice-comfortable temperature (24 С) 
leads to a large seasonal dependence and callus formation from May to September and in December 
and January. At 21 С vs. 24 С, four times more calluses with green regenerants are formed (31.6 % 
vs. 8.8 %), with an increase in the fraction of doubled haploids up to 28.1 % and their number per 
callus up to 16.6. A moderate correlation was found between the share of calli with green rege-
nerants and the average number of doubled haploids per callus (r = 0.59 at p = 0.05). This means 
that with an increase in the number of calli with green regenerants, which is observed at 21 С, the 
total yield of doubled haploids also increases. As to the number of haploids, no such dependence was 
found. Thus, greenhouses and climatic chambers may serve not only for growing donor plants by 
researchers, but also for practical use of the most favorable periods for anthers culture technique. 

 

Keywords: Oryza sativa L., androgenesis in vitro, callus formation, regeneration, doubled 
haploids, seasonality 

 

An in vitro rice anther culture has been used for genetic researches and 
breeding purposes since 1968 [1]. The works for obtaining doubled rice haploids 
has been successfully carried out for five decades, however, the breeding of new 
varieties, hybrids, and lines requires the optimization of anthers cultivation con-
ditions because a significant dependence of callus formation and regeneration on 
the parent plant’s genotype is known. It is considered a key problem in the 
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plants androgenesis in vitro including that in rice [2-4]. Nevertheless, there are 
also a number of other factors which influence on the androgenesis process: the 
conditions of donor plants growing, shock treatment of anthers before introduc-
tion into the in vitro culture, compositions of culture media and conditions of 
anthers and calli culturing [5-7]. 

The conditions of donor plants growing are considered from the stand-
point of their exposure to the physical factors (light intensity, daylight duration, 
temperature, plants nutrition) [5, 8]. It is believed that any period of the year 
(season) is suitable for the in vitro culture of the plants’ cells and tissues that 
constitutes the main advantage of this technology compared to traditional agri-
cultural production [9]. However, experienced researchers know that in certain 
periods of a year in vitro cultures grow and develop better than in other ones. 
Some rare experimental data on the plants’ seasonal development in the in vitro 
conditions began to appear. Thus, the propagation by cutting of the Sequoiaden-
dron giganteum (Lindl.) J. Buchholz in spring (March-May) contributes to the 
longer preservation of more number of living cuttings [10]. The summer period 
was the most favorable for the essential oil rose grown in the foothill zone of the 
Crimea. In this period, the number of developing explants in five varieties 
reached 92-97%, and in autumn this value was minimal, 40-72% [11]. For roses 
grown on the southern coast of Crimea the best period for selecting and intro-
ducing the explants into the culture were February-March, when the meristems 
development frequency reached 92-100%, in the autumn-summer period this 
value did not exceed 10-20% [12]. The authors conclude that such morphoge-
netic reaction is conditioned by the physiological state of the plant’s organ and 
of the explant secreted from it [12]. We have not found any reports related to 
the anthers introduction in the in vitro culture in all periods of the year. The 
seasonality factor is considered solely when comparing the donor plants grown in 
the field and indoor conditions.  

Some researchers introduce the anthers in the in vitro culture year-round 
without any stable result, but in most cases they try to time the cultivation by 
the end of spring. There are many information releases about using greenhouses 
and climate chambers for growing the donor plants for the rice anther culture 
[13, 14]. The main advantage of using indoor growing is the possibility to regu-
late the growing conditions [5, 6] and the aseptic purity of anthers introduced 
into the culture [5, 15]. In all such works, the emphasis is laid on the parent 
plants’ growing conditions and not on the seasonality.  

In the consideration of the problems related to the donor plant growing 
conditions there is also no the clear-cut answer to the question how to get the 
maximum output of doubled haploids. The relevant researchers are unanimous 
in the opinion that the conditions must be different for different species, genera, 
and families [4, 16]. In most cases, the researches try to create the maximally 
favorable conditions for the growth and development of the parent plants of rice 
[2, 6] both in the field [17-19] and indoor [13, 14] conditions.  

There are some evidences that the stressful conditions of the parent 
plants growing favorably influence the callus formation or shoots regeneration 
processes. In the anthers of the rice plant growing in a dry season there are more 
microspores capable of androgenetic responses [6]. In the plants grown at 18-20 
С, the frequency of calli production and regeneration of green shoots were 
more than 2 times higher than when growing at 26-28 С, and the albinos for-
mation was lower [as cited in 20]. The frequency of green regenerants formation 
turned out to be higher when growing the donor plants in the culture room at 20 
С than when growing in open space [21]. All these experimental data have also 
been obtained regardless of the seasonal dependence.  
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This research for the first time showed that the intensity of the callus 
formation and regeneration of rice plants varies depending on the month when 
the anthers were introduced in the in vitro culture while the donor plants’ grow-
ing conditions were uniform throughout the year. The most favorable period for 
the introduction of anthers in the in vitro culture was May-June. The lower 
temperature of 21С made it possible to obtain callus with different intensities 
throughout the year, and when the temperature of 24 С which is optimal for 
rice, the higher seasonal dependence was observed.  

The objective of this work was to investigate the seasonal dependence of 
the androgenetic responses of rice plants Oryza sativa L. when the donor plants 
growing in vitro in the controlled conditions of climatic chamber under two 
temperature schedules. 

Techniques. The anthers of rice O. sativa subsp. japonica Kato Cascade 
variety were used in the researches (Chaika Far East Federal Research Center 
for Agrobiotechnology). The 5-9 donors planted in the ground on Day 15 of 
every month of the year were placed into the climatic chamber MLR-352H 
(Sanyo, Japan) under the following conditions: temperature 24 С (in 2015) and 
21 С (in 2016), light intensity 15,000 lux, humidity 60%, photoperiod 
(light/dark) 14/10 hours. Donor plants grown in pots in the open space were the 
control. In the control, anther cultures were derived from 400 anthers in August 
2015 and 2016.  

Rice anthers prior to culture were exposed to low positive temperatures 
(5 °C) for 7 days by placing the panicles into the cylinders with water. For cul-
ture, induction culture medium N6 was used [2]. A total of 400 to 702 anthers 
per month were used.  

The anthers were cultured at 25-27 С in the dark until the 1-5 mm calli 
formation. Then it was transplanted to the N6-рк medium [23] for the shoots 
regeneration. The conditions in the culture room were the following: light inten-
sity 4,000 lux, temperature 22-25 С, daylight/dark duration 16/8 hours. For the 
rooting the MS medium [24] with the half-amount composition of macrosalts 
was used as modified by Goncharova [20]. 

The regenerants with a developed root system were planted in pots and 
continued to grow in the culture room until the seeds formation. All regenerated 
plants were divided into groups of haploids (the plants without seeds and with 
very small flowers), doubled haploids (the plants with seeds), tetraploids (the 
plants with few very large seeds having the apparent keel and ribbing on the flo-
ral squames), the plants without seeds (which have formed flowers of normal 
size, but not seeds on two or more panicles), and the plants which died during 
early growth. 

The data statistical processing was made using Statistica 10 software 
(StatSoft Inc., USA). The mean values (M), standard errors of means (±SEM) 
and the correlation coefficient (r) were determined. The difference between the 
variants was evaluated by Student’s t-test at the significance level of at least 5%.  

Results. For 24 С and 21 С, 5,172 and 7,278 anther cultures were initi-
ated, 12,450 in total. The seasonal dependence was detected at both tempera-
tures of the parent plants growing; the maximum frequency of callus formation 
occurred in May under 24 С (Fig. 1, A) and in May-June under 21 С (see Fig. 
1, B). However, the temperature which is low for the rice plant made it possible 
to get the callus every month with more or less intensity (1.0-15.5%). At the op-
timum temperature of 24 С in the early spring and late autumn periods, the 
callus formation did not occurred. The monthly callus formation averaged to 
4.5% for 24 С and to 3.9% for 21 С without statistically significant differences. 
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Fig. 1. Callus formation (%) in rice (Oryza sativa spp. japonica) Cascade variety depending on the 
month of anther culture initiation and on the temperature of growing donor plants: A — 24 С, B — 
21 С. 

 

1. Calli with green and albinos regenerants in rice (Oryza sativa spp. japonica) Cas-
cade variety depending on the month depending on the month of anther culture initia-
tion and on the temperature of growing donor plants 

Month 
Call, % 

Green regenerants/albinos 
with green regenerants albinos 

T e m p e r a t u r e  24 С 
May  13.7 37.1 3.5 
June 7.7 23.1 20.5 
July 5.9 26.5 0.8 
August (control) 12.8 25.5 1.3 
August 5.6 16.7 0.9 
September 0 33.3 0 
December  15.9 15.9 24.3 

Average (M±SEM) 8.8±2.1 25.4±3.0 7.3±3.9 
T e m p e r a t u r e  21 С 

January  33.3 16.7 20.0 
February  21.4 21.4 23.7 
March 50.0 16.7 18.3 
April  20.0 20.0 7.6 
May  33.3 22.2 18.4 
June 56.3 59.8 5.4 
July 23.1 7.7 9.8 
August 33.3 52.4 2.3 
August (control) 0 40.0 0 
September 22.2 38.9 8.0 
October 60.0 20.0 44.0 
November 50.0 16.7 21.1 
December 20.0 26.7 50.0 

Average (M±SEM) 31.6±5.0 27.6±4.3 17.6±4.2 
N o t e. The mean values (M) of the share of the calli with green regenerants for 24 С and 21 С differ statistical-
ly significantly at p = 0.01. 

 

The callus frequency in the control was different in 2015 and 2016. 
Thus, the conditions of 2015 were typical for parent plants’ growth that led to 
the higher callus formation (11.7%) (see Fig. 1, A). In 2016, we collected pani-
cles in hot period that could be a negative stressor for the callus formation which 
amounted to 1.4% (see Fig. 1, B), and led to the complete absence of shoot re-
generation. Under growing donor plants in a chamber at both temperatures dur-
ing the best time of the anther culture initiation (May-June), the callus for-
mation was higher than in the control. Thence, using the climatic chamber 
made it possible to get a stable high callus formation in certain months, which is 
not always possible under the natural conditions of growing anther donors.  

Donors grown under 24 С produced 8.8% calli capable of green regenerant 
formation, at 21 С the average value was 4 times higher (t = 3.35, p = 0.004), up 
to 31.6 % (Table 1). Therefore, the temperature which is low for rice plant not 
only allows callus formation throughout the year, but also influences the fre-
quency of calli with morphogenetic responses. There was tendency to a 2-fold 
decrease of albinism. Note that when using other methods to increase shoot re-
generation from anthers, e.g. different regeneration media, the number of green 
regenerants also increases due to the greater output of calli capable of morpho-
genetic responses [23]. 
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Albinism of calli is a problem for plant regeneration in cereal crops [4, 
6]. In our research, the albinos were several times less frequent than green re-
generants (see Table 1); they appeared only at the initial stage of morphogenesis 
and could be easily removed from the callus. The next passage of callus aggre-
gates with green initials allowed tens and hundreds of green regenerants to de-
velop normally. 

2. The average number of rice (Oryza sativa spp. japonica) Cascade variety green re-
generants per callus depending on the month of anther culture initiation (M±SEM) 

Month Calli  Haploids  Doubled  haploids  Tetraploids  Dead  plants Seedless plants  
T e m p e r a t u r e  24 С 

May  17 54.1±13.3 14.8±3.9 0 11.2±3.5 0.3±0.2 
June 1 157 4 0 44 0 
July 2 16.0±10.0 13.5±9.5 0 2.5±1.5 0 
August (control) 6 17.2±15.4 3.7±1.8 0 1.7±0.8 0 
August 1 14 0 0 1 0 
December 7 54.9±24.4 28.0±11.3 1.6±1.6 11.1±8.9 1.4±0.8 

Average 5.7±2.5 10.9±5.6 4.6±2.4 0.3±0.3 11.9±6.7 0.3±0.2 
T e m p e r a t u r e  21 С 

January  2 90.5±0.5 1.0±0.0 0 8.5±0.5 0 
February  3 33.0±31.5 28.3±27.3 0.3±0.3 9.7±2.9 4.3±4.3 
March 6 17.3±9.4 23.5±17.9 0 14.2±7.8 0 
April  5 27.4±13.3 9.6±5.6 0 9.8±7.2 0.2±0.2 
May  17 31.9±8.4 19.7±6.9 0.5±0.5 5.4±1.0 1.9±1.2 
June 52 28.0±5.4 10.9±2.5 0.3±0.3 8.9±1.4 2.4±0.6 
July 3 3.7±2.0 9.7±7.3 0 3.0±2.1 0 
August (control) 7 21.3±13.4 5.9±2.4 0 4.1±1.8 1.4±1.0 
September 4 34.0±21.1 18.5±11.2 0 9.8±1.4 1.0±0.6 
October 3 3.3±1.3 61.7±30.9 0 7.0±3.4 1.3±0.7 
November 6 12.0±5.7 12.3±7.0 0 3.3±3.3 0.8±0.4 
December 3 51.7±24.1 15.0±10.0 0 15.0±9.0 0 

Average 9.3±4.1 27.2±6.7 16.6±4.3 0.1±0.1 8.2±1.1 1.1±0.4 
N o t e. The average values for doubled haploids at two temperatures differ statistically significantly at p = 0.05; 
the differences in mean values of the haploids number are statistically insignificant. 

 

 
Fig. 2. Regeneration of rice (Oryza sativa spp. japonica) Cascade variety depending on the month of 
anther culture initiation for donor plants growing temperatures of 24 С (A) and 21 С (B): a — hap-
loids; b — doubled haploids; — dead plants; d — plants without seeds; e — tetraploids. 

 

The average amount of regenerants of various types per callus depending 
on the temperature of donor plant growing is shown in Table 2. There were no 
statistically significant differences between haploids and doubled haploids as per 
months. The statistically significant difference (t = 4.26, p = 0.0001) was only 
between the average values of doubled haploids in June and October for 21 С of 
growing donor plants. The average values of doubled haploids differed (t = 2.39, 
p = 0.05) between 24 С and 21 С temperatures (see Table 2). There was mod-
erate correlation between the portion of the calli with green regenerants and the 



562 

average number of doubled haploids per callus (r = 0.59, p = 0.05). It means that 
as an increase in the number of calli with green regenerants occurred at 21 С, the 
total output of doubled haploids also increased. Such dependence by the number 
of haploids has not been revealed.  

For 24 С and 21 С the total number of produced regenerants amount-
ed to 2,464 and 5,798, respectively. The maximum number of regenerants was in 
May-June period in accordance with the callus formation intensity (Fig. 2). For 
24 С, a regenerative ability slightly increased in December. 
 

 
Fig. 3. Groups of regenerants of rice (Oryza sativa spp. japonica) Cascade variety depending on the 
month of anther culture initiation for donor plants growing temperatures of 24 С (A) and 21 С (B): 
a — haploids; b — doubled haploids; — dead plants; d — plants without seeds; e — tetraploids. 

 

The number of regenerants of different types was not the same for differ-
ent temperatures of growing donor plants. At 24 С, haploids were always the 
greatest in number, throughout the year up to 65.3% and from 50.0 to 93.3% as 
per months (see Fig. 3, A). Doubled haploids amounted 20.3% on average per 
year and varied from 0 to 42.2% as per months. At 21 С, throughout the year 
haploids averaged 52.6%, ranging from 4.6 to 90.5%, and doubled haploids 
reached 28.1%, ranging from 1.0 to 84.1% (see Fig. 3, B). That is, as the tem-
perature used to grow donors decreased, the number doubled haploids increased. 
This was due to the increase in the average number of regenerants from callus. 
In certain months (March, July, October and November), if the donor plants 
were exposed to lower temperature (21 С), doubled haploids prevailed over 
haploids (see Fig. 3). 

No dependence has been found for nonviable regenerants, tetraploids, 
and sterile plants of non-haploid origin. Seasons of the year and the temperature 
of the donors growing did not affect the frequency of their appearance. Appar-
ently, their formation in callus was spontaneous. 

The found seasonal dependence of androgenetic responses in rice is well 
consistent with the general biological laws. Spring and early summer is the most 
favorable period for active germination of seeds and vegetative propagation of 
plants. Obviously, even under controlled growing donors, callus formation in 
anther culture and regeneration intensify precisely in this period. The propaga-
tion by cutting of other plants in vitro is also most successful in spring [10-12]. 
Indoor growing (in greenhouses, climatic chambers) not only ensures the con-
trolled conditions for growing donor plants, which is often practiced by re-
searchers [5, 6], but also enables using favorable time to initiate anther culture. 
Pershina et al. [25] note the negative response of some wheat varieties in anther 
culture when growing donor plants in a greenhouse. Perhaps, given the seasonal 
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dependence of androgenic responses, the result could be positive. 
The low temperature during the donor plants growing (21 С) is an addi-

tional stressor which stimulates the androgenetic responses of the rice plants and 
made it possible to get the regenerants throughout the whole year, while more 
favorable temperature (24 С) is effective only during certain months. Shock 
temperatures (4-12 С) of anther pretreatment can switch the program of micro-
spore development in cereals from gametophytic to sporophytic [2, 5, 7]. The 
extremely low temperature of donor growing enhances this effect in rice. A 
number of researches show that creating the better conditions for the donor 
plants’ growth and development is not necessary as it is commonly believed. A 
stress including the temperature stress enhances the callus formation and regen-
eration [as cited in 20, 21].  

Thus, there is the seasonal dependence of callus formation in rice anther 
culture, with the maximum frequency in May to June. The temperature of donor 
plant growing influences callus formation intensity and regenerative ability. The 
temperature which is lower than the optimal for the rice plants (21 С) ensures 
callus formation with different intensity throughout the whole year, while at the 
optimal temperature (24 С) the callus formation is possible only from May to 
September and in December to January. The anthers of donor plants grown at 
21 С produce practically 4 times more calli with green regenerants (31.6%) as 
compared to those at 24 С (8.8%). The number of doubled haploids increases 
up to 28.1% and averages up to 16.6 per callus. 
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A b s t r a c t  
 

Plant pathogenic pectobacteria (Pectobacterium genus) are well-known all over the world as 
the causal agents of the cultural plant diseases called soft rots. Rot symptoms are related to the ex-
tensive plant tissue maceration due to the production by microorganisms of the plant cell wall de-
grading enzymes. Most of the pectobacteria-secreted enzymes catalyze the cleavage of homogalac-
turonan. This polysaccharide, that is a linear homopolymer, consists of galacturonic acid residues 
and is the most abundant (by mass) pectic polysaccharide of plant cell walls. The knockout of genes 
of homogalacturonan-degrading enzymes is known to lead to reduced virulence of pectobacteria. In 
addition, the modification of another pectic compound — rhamnogalacturonan I also occurs in the 
course of infection process caused by pectobacteria. This compound is a ramified heteropolymer, the 
backbone of which consists of alternate rhamnose and galacturonic acid residues, and side chains are 
represented by galactose or arabinose residues. However, the role of pectobacterial enzymes for 
rhamnogalacturonan I degradation in the development of soft rots has not been previously ascer-
tained. The present study is dedicated to the investigation of the necessity of P. atrosepticum 
SCRI1043 enzymes degrading rhamnogalacturonan I for a full development of soft rots in the plants 
infected by pectobacteria. By directed mutagenesis, we have obtained mutant forms of P. atrosepti-
cum SCRI1043 deficient in genes encoding rhamnogalacturonyl hydrolase (genome locus eca3749) 
that cleaves the backbone of rhamnogalacturonan I, and galactanase (genome locus eca0852) that 
breaks side chains of this polymer. For the target gene knockout, mutant loci were constructed by 
overlap-extension PCR. Most of the original gene was replaced by kanamicin-resistance cassette. The 
obtained construction was ligated into a mobilized suicide vector and the resulting plasmid was trans-
ferred into donor E. coli СС118 strain cells. The recombinant plasmid with the mutant locus was 
introduced into P. atrosepticum SCRI1043 cells by three-parental mating. The P. atrosepticum 
SCRI1043 clones, in which the original locus was replaced by the mutant one, and the donor plasmid 
was eliminated, were selected on the selective media. The mutant strains P. atrosepticum 
SCRI1043∆3749 and P. atrosepticum SCRI1043∆0852 caused significantly less damage to the plant tis-
sues of Brassica rapa spp. pekinensis Cha Cha cv. compared to parental wild-type strain. Herewith, the 
strain mutant in eca0852 locus encoding galactanase, the enzyme that cleaves side chains of rham-
nogalacturonan I, was least virulent. The reduction in virulence, in this case, was not related to the 
suppression of homogalacturonan-degrading enzyme activity or less motility of bacteria. Thus, we have 
demonstrated that, first, rhamnogalacturonan I-degrading enzymes may be attributed to virulence fac-
tors of phytopathogenic pectobacteria, and second, the hydrolysis of the sides chains of rhamnogalac-
turonan I contributes more to the process of tissue maceration than the decay of the polymer backbone. 
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Members of Pectobacterium genus are one of the most harmful plant 
pathogens in the world [1]. These microorganisms cause diseases in plants called 
soft or wet rot [2, 3]. Key determinants of pectobacteria pathogenity are extracel-
lular enzymes that degrade cell wall polysaccharides, of which enzymes destructing 
polygalacturonic acid (homogalacturonan) that are more diverse. Such polymer, 
mainly contained in medial plates, is the most spread pectin polysaccharide of 
plant cell walls [4]. Its destruction in the course of infection results in tissue 
maceration [2, 3, 5]. Numerous researches had shown that mutant forms of pec-
tobacteria, in which secretion of polygalacturonan-destructing enzymes is absent 
or reduced, cannot cause symptoms of soft rots [6-8]. 

Along with genes encoding the homogalacturonan-destructing enzymes, 
pectobacteria genome has genes of degrading enzymes of other pectin polysac-
charide, the rhamnogalacturonan I (RGU I). Unlike homogalacturonan (linear 
homopolymer consisting of residues of galacturonic acid), RGU I is a branched 
heteropolymer. Its backbone consists of the alternate rhamnose and galacturonic 
acid residues, and side chains attached to rhamnose are galactose or arabinose 
residues [4]. 

In our previous studies we had shown that RGU I plays an important 
role in pectobacteria colonization in vessels of primary xylem, where microor-
ganisms form special biofilm-like multiple cell structures which we call bacterial 
emboli [9]. As apart from biofilms, in which extracellular matrix is mainly repre-
sented by bacterial exopolysaccharides [10-12], primary matrix of bacterial em-
boli is formed from RGU I [13]. Such polymer is released from plant cell walls 
due to receptive plant response, and forms certain microcosm for construction of 
bacterial emboli. With maturing of bacterial emboli, RGU I, as part of extracel-
lular matrix, is replaced by extracellular pectobacteria polysaccharides [14]. It 
denotes dynamic transformation of RGU I at development of infection. Howev-
er, for pectobacteria the role of RGU I degradation enzymes in pathogenesis was 
not demonstrated yet. 

We had established for the first time that destruction of RGU I during 
the infection largely contributes to development of soft rot symptoms caused by 
Pectobacterium atrosepticum. 

Purpose of present research is to verify the need for RGU-I destructing 
enzymes for development of soft rots in plants infected by pectobacteria.  

Techniques. Pectobacterium atrosepticum strain SCRI1043 (earlier called 
Erwinia carotovora ssp. atroseptica SCRI1043) [15] (by courtesy of E.A. Niko-
laychik) (Collection of Belarus State University), Escherichia coli and mutants 
at eca0852 (∆eca0852) and eca3749 (∆eca3749) loci were cultured at 28 C in 
Luria-Bertani (LB) medium [16] containing 10 g/l peptone, 5 g/l yeast extract, 
10 g/l NaCl (рН 7.5). When necessary, kanamycin (30 µg/ml), streptomycin 
(100 µg/ml), tetracycline (12.5 µg/ml) were added. 

The target enzyme sequences were searched for by BLASTp algorithm 
in PDB (Protein Data Bank Europe, https://www.ebi.ac.uk/pdbe/) and Uni-
Prot (https://sparql.uniprot.org/). Phylogenetic tree was plotted by nearest neighbor 
method; bootstrap support was indicated on tree branches. Molecule phylogenetic 
analysis was conducted with MEGA 6.0 software (https://www.megasoftware.net/). 
Biochemical description of enzymes was taken from CAZy database (Carbohy-
drate-Active enZyme, http://www.cazy.org/). 

Mutant locus for knockout of eca0852 and eca3749 genes was established 
using overlap extension polymerase chain reaction (PCR) method. Most part of 
gene coding area was removed and insertion in lieu of it kanamycin resistance cas-
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sette was inserted as a marker for selection of mutant cells. The obtained structure 
was ligated into suicidal mobilizable vector pKNG101 (generously provided by 
Professor L.N. Moleleki, Pretoria University, RSA); the resultant plasmid was 
electroporated into cells of donor strain E. coli СС118. Recombinant mutant loci 
as part of obtained plasmid were introduced into P. atrosepticum SCRI1043 by tri-
parental crossing. Cells with recombinant plasmid were selected on streptomycin- 
and kanamycin-containing media. Afterwards, cells, in which the second recombi-
nation took place with replacement of the target gene and elimination of donor 
plasmid, were selected on the sucrose-containing medium. It was followed by 
sampling clones resistant to kanamycin and sensitive to streptomycin. Mutation 
was verified by PCR method, and nucleotide sequence of mutant locus was de-
termined as described above [8]. 

Virulence of pectobacteria mutants was assessed as the weight of affected 
(macerated) leaf tissues of cabbage (Brassica rapa spp. Pekinensis) Cha Cha cv. 
inoculated with microorganisms. Pectobacteria were grown in LB medium until 
the late logarithmic growth phase. Afterwards it was collected by centrifuging 
and resuspended in 10 mM magnesium sulphate solution less stressful for plants 
than sodium chloride [17]. Inoculum concentration was adjusted to 1½107-
3½107 CFU/ml by serial dilution. Leaf surface was sterilized by Belizna bleach-
ing solution (0.8% active chlorine) and by 70% ethanol. Next, leaves were rinsed 
by sterile water with small cuts made, in which 10 µl of bacterial suspension 
(1½105-3½105 CFU/ml) or sterile magnesium sulphate solution was injected. 
Infected leaves were placed in Petri dishes and incubated at 28 C for 48 hours. 
Macerated plant tissues were extracted by scalpel and weighted. Results were 
obtained in minimum 10 biological replications and visualized in form of box-
plots plotted by graphic package ggplot2 (https://ggplot2.tidyverse.org/). To assay 
pectate lyase activity, bacterial cells were cultured in synthetic D5 midium of the 
following composition with pectin as a sole source of carbon: 13.6 g/l KH2PO4, 
1.0 g/l NH4Cl, 0.3 g/l MgSO4 (added as 100½ stock solution after sterilization), 
1.4 g/l NaOH, 2 g/l pectin, pH 7.5. 

Pectate lyase activity was assayed as per described methodology [18]. 
Cell-free supernatant of cultures (50 µl) grown in D5 midium within 24 hours at 
28 C in a thermostat shaker-incubator (Orbi Safe, Sanyo, Japan) at 160 rpm/min 
was mixed with 450 µl of reaction mixture (pH 8.5) containing 50 mM Tris-
HCl, 0.1 mM CaCl2 and 0.05% polygalacturonic acid, incubated at 37 С dur-
ing 5 min. Absorption was measured at  = 235 µm (spectrophotometer Solar 
PB2201B, ZAO SOLAR, Belarus). Quantity of enzyme catalyzing conversion of 
1 µM substrate per minute was taken as a unit of activity. Specific activity was 
expressed in u/mg protein. 

Swarming motility was assessed upon culturing pectobacteria in semi-
liquid D5 midium containing 0.4% Pronadisa agar (Laboratorios CONDA, S.A., 
Spain) and 2 g/l of sucrose or pectin. At early stationary growth stage, 3 µl of 
bacterial culture was inoculated in semi-liquid agar and incubated at 28 С 
with measuring of macro colony diameter in 24 hours. 

Statistical analysis was conducted by standard mathematic methods (cal-
culation of mean M and standard deviation ±, comparison of means by Stu-
dent’s t-test) in Microsoft Excel 2000. Package ggplot2 was used for visualization 
of values of macerated tissue mass; confidence level of differences (p-value) was 
calculated by nonparametric Wilcoxon’s test. Differences were statistically signifi-
canet at p < 0.05. 

Results. Used strains of bacteria, plasmids, and primers are characterized 
in Table 1. 
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1. Strains, plasmids, and primers used for creation of mutant strains of Pectobacte-
rium atrosepticum (Pba) deficient in genes encoding rhamnogalacturonyl hydro-
lase and galactanase 

Name Description 
S t r a i n s  

Pectobacterium atrosepticum SCRI1043 Wild type [15] 
SCRI1043∆3749 Mutant of SCRI1043 with Km resistance cassette insertion in chromosome 
SCRI1043∆0852 Mutant of SCRI1043 with Km resistance cassette insertion in chromosome 
Escherichia coli CC118 Host of suicidal vector pKNG101 (ara, leu) araD lacX 74 galE galK 

PhoA20 thi-1 rpsE rpoB argE (am) recA1, SmR (19) 
НН26/pNJ5000 Mobilizing strain for conjugative delivery of suicidal vector pKNG101 into 

cells Pba, TetR [20] 
P l a s m i d s  

pKD4 Matrix for PCR-amplification of kanamycin resistance cassete, KmR [21]  
pKNG101 Suicidal mobilizable vector for inactivation of target genes, pir-ori R6K 

mobRK2 sacB SmR [22] 
pKNG101∆3749 KmR, SmR, sacB, contains region of chromosome DNA Pba with deleted 

gene еса3749 
pKNG101∆0852 KmR, SmR, sacB, contains region of chromosome DNA Pba with deleted 

gene еса0852 
P r i m e r s  

upECA3749_F 5ґ-GCATGTTGACCGAGCTGTCC-3ґ 
upECA3749_KmR 5ґ-GCCTACACAATCCGACTTCCCAATCCCACTCTTC-3ґ 
dnECA3749_KmF 5ґ-CCCATGTCAGCCGTTAAGCGATATTCCCAATGTTGCCG-3ґ 
dnECA3749_R 5ґ-CATGTCCCATCATTTCGCAAC-3ґ 
Km3749_F 5ґ-GATTGGGAAGTCGGATTGTGTAGGCTGGAGCTGCTTC-3ґ 
Km3749_R 5ґ-GGAATATCGCTTAACGGCTGACATGGGAATTAGC-3ґ 
chek 3749_F 5ґ-GTTGCGGTTGGCACGATGG-3ґ 
chek 3749_R 5ґ-CGAACAGATGGCAATACGTCGG-3ґ 
upECA0852_F 5ґ-CTAAAGTGTTCTTATTCGATGAGCCC-3ґ 
upECA0852_KmR 5ґ-CATGTCAGCCGTTAAGTGCTTTACCCAACCAATATCCG-3ґ 
dnECA0852_KmF 5ґ-CCTACACAATCGCAAATTCTCCAAATGTATAACACCG-3ґ 
dnECA0852_R 5ґ-CGTCCACTTTCTTACGCCCTC-3ґ 
Km0852_F 5ґ-GGGTAAAGCACTTAACGGCTGACATGGGAATTAGC-3ґ 
Km0852_R 5ґ-CATTTGGAGAATTTGCGATTGTGTAGGCTGGAGCTGCTTC-3ґ 
chek 0852_F 5ґ-GTGTTGCGATTGGGCGGG-3ґ 
chek 0852_R 5ґ-GTCTGTCGGTAACCAAAGAAAAGCG-3ґ 
N o t e. Symbols ECA3749 and ECA0852 in primer indices denote gene loci of rhamnogalacturonyl-hydrolase and 
galactanase, accordingly; F and R are forward and reverse primers, respectively. Symbol up corresponds to ampli-
fication of area above the assumed deletion, dn — area next to the deleted fragment. Symbol Km denotes addition 
of first (F) or resulting (R) fragment of kanamycin resistance cassette of pKD4 plasmid located from the 5-end of 
primer (at beginning of index) or at 3-end of primer (at the end of index). Chek primers initiate amplification 
from proximal and distal areas of concerned locus to determine its size and sequencing. Detailed scheme of test 
was earlier described by Datsenko et al. [21]. 

 

As per annotations provided for in CAZy and UniProt databases, P. 
atrosepticum SCRI1043 genome has 8 genes encoding enzymes that destruct 
RGU I. Expression of such genes is increased upon colonization of the host 
plants by pectobacteria [23]. Genome loci eca3749 and eca0852 of P. atrosepti-
cum, one of which encodes enzyme that destruct the backbone of RGU I, and 
the second one that destruct side chains, were selected for knockout of genes 
encoding RGU I-degrading enzymes. Sequence of the first locus was annotated 
as encoding rhamnagalacturonyl-hydrolase enzyme that destruct RGU I back-
bone. Subject to annotation, eca0852 encodes galactanase that cleave side chains 
of RGU I. Phylogenetic analysis had proven that target ECA3749 and ECA0852 
enzymes were close to protein groups with rhamnagalacturonyl-hydrolase and 
galactanase activity, respectively (Fig. 1). 

The eca0852 and eca3749 deficient chromosome mutants of P. atrosepti-
cum were constructed by allele exchange with the use of suicidal vector pKNG101 
according to earlier described protocol [8]. To assess the influence of target muta-
tions on ability of P. atrosepticum to cause maceration in plant tissues, leaves of 
cabbage were inoculated with wild and mutant pectobacteria. Weight of soft rot 
produced by such strains within 48 hours varied (Fig. 2). Both mutants caused 
maceration of plant tissue far less intensively than wild type bacteria. Herewith, 



570 

mutation in gene encoding galactanase ЕСА0852, had considerably stronger effect 
(see Fig. 2). Most likely, the reason is that hydrolysis of side RGU I chains 
largely contributes to the tissue maceration process than destruction of polymer 
backbone. Tissue maceration symptoms were not found in leaves inoculated with 
sterile 10 mM magnesium chloride solution. 

 

 

Fig. 1. Cladograms of amine acid sequences foremost similar to rhamnagalacturonyl-hydrolase of Pec-
tobacterium atrosepticum (ЕСА3749, WP011095250) (А) and β-1,4-endogalactanases of P. atrosepti-
cum (ЕСА0852, WP011092456) (B: “+” — proteins with known biochemical characteristics, “*” — 
proteins for which there are X-ray structural analysis in the literature sources. 
 

 

Fig. 2. Box-plots reflecting distribution of weight values in 
macerated tissues in leaves of cabbage (Brassica rapa spp. 
Pekinensis) Cha Cha cv. inoculated by wild-type strain 
Pectobacterium atrosepticum SCRI1043 (WT) and its mu-
tants for eca3749 and eca0852 loci encoding rhamnagalac-
turonyl-hydrolase and galactanase, respectively. The dark 
horizontal line inside the box-plot denotes the median 
weight value of macerated tissue, upper and lower edges 
reflect the 1st and 3rd distribution quartiles of the ana-
lyzed values of variant, vertical lines indicte extreme val-
ue laying within the limits of one and a half interquartile 
ranges; black points are values exceeding the limits of one 
and a half interquartile ranges. Difference validities calcu-
lated by Wilcoxon’s nonparametric test are provided above 
the parenthesis unifying box-plots. 

 

2. Motility of wild-type strain Pectobacterium atrosepticum SCRI1043 and mutants 
for eca3749 and eca0852  loci (0.4 % agar) 

Strain 
Diameter of colonies, mm (М±) 

sucrose polygalacturonic acid   
SCRI1043 22±0.5 22±0.2 
∆eca3749 22±0.5 24±0.6 
∆eca0852 23±0.3 23±0.4 

 

Possible effect of mutations in eca3749 and eca0852 loci on activity of 
key virulence factors, the pectate lyases [24], as well as mobility of microorgan-
isms serving their virulence criteria [25-28], was analyzed by relevant testing sys-
tems. Extracellular pectate lyase activity of both mutant forms in cultures in 
vitro, when pectin was used as a sole source of carbon, had not differed from 
such in a wild type (Fig. 3). In analysis of swarming motility which ensures dis-
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tribution of pectobacteria along plant tissues promoting the extension of soft rot 
area [25] we also had not found any differences between wild and mutant forms 
of P. atrosepticum. 

In semi-liquid synthetic medium, whether containing sucrose or polyga-
lacturonic acid, both mutant strains and wild forms moved with similar speed 
(Table 2). All it means that reduced virulence of strains mutant for eca3749 and 
eca0852 loci is not related to lower motility of microorganisms and lower de-
struction of homogalacturonan. 

Although RGU I a minor polymer in 
pectin fraction as compared to polygalac-
turonic acid [4], our tests denote the im-
portance of its cleavage for development of 
soft rots caused by P. atrosepticum. Firstly, it 
could be related to RGU I modification en-
suring formation of certain extracellular ma-
trix for pectobacteria [13]. Secondly, regard-
less of that inactivation of target loci had not 
resulted in vitro to reduction of the microor-
ganism capacity for cleavage of homogalac-
turonan (see Fig. 2), in in planta system where 
various types of pectin substances may repre-
sent domains for one molecule [29] inability 
to destruct RGU I may make certain ho-
mogalacturonan areas unavailable for pecto-
bacterial enzymes. 

Therefore, we had demonstrated that 
inactivation of catabolism enzyme genes of rhamnogalacturonan I (RGU I) re-
duces the capacity of pectobacteria for causing soft rot symptoms in plants. 
Herewith, it appears that destruction of side chains in such polymer largely con-
tributes to host tissue maceration than backbone hydrolysis, as galactanase mu-
tant is characterized by lesser virulence as compared to not only the parental 
wild type strain, but also to rhamnagalacturonyl-hydrolase mutant. Our findings 
allow referring RGU I degradation enzymes to virulence factors of phytopatho-
genic pectobacteria. 
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A b s t r a c t  
 

Disclosing the mechanisms that build up plant resistance to fungal diseases (pathogenic mi-
croorganisms) invariably evokes the need to analyze biochemical factors of resistance. Protective 
mechanisms are associated with a fairly large number of chemical compounds. Fusarium head blight 
(FHB) affects cereal grains, including wheat, barley and oats. In this work, we report new data on 
the metabolic profile of oat grains, as influenced by FHB, and a relationship between plant resistance 
and content of individual metabolites in FHB-susceptible and FHB-resistant varieties. Here, we have 
challenged the task to assess the connections of FHB-resistance parameters in oat varieties with as 
many compounds as possible. Such data are required both to understand the mechanisms of re-
sistance and to develop methods for its assessment. Common oat (Avena sativa L.) varieties from the 
collection of the Vavilov Institute (VIR) were studied to evaluate their numerous biochemical char-
acters and their resistance to FHB. The fatty acid composition of oil was analyzed by the method of 
gas-liquid chromatography with mass spectrometry on an Agilent 6850 chromatographer (USA), and 
other metabolites were quantitated. Plant resistance was studied under artificial infestation of ears 
with F. culmorum and F. sporotrichioides (an experimental field, All-Russian Research Institute for 
Plant Protection, St. Petersburg—Pushkin, 2015). Fusarium Link fungi DNA content and trichothe-
cene mycotoxins were determined in milled grain samples. The amount of DNA of Fusarium fungi 
was measured by real-time PCR techniques using Tri5 gene-based group-specific primers. Solid-
phase competitive enzyme-linked immunosorbent assay (ELISA) was used to measure the content of 
T-2 toxin and DON in grain. The statistical significance of differences in biochemical parameters, 
including metabolic profiles, between resistant and susceptible oat varieties was estimated with the 
Mann-Whitney criterion. For the first time, correlations were found between Fusarium resistance and 
biochemical characteristics of oat. It has been shown that high-protein forms are less affected by 
FHB, accumulate less toxins, and are more adaptive to biotic stress. Plant resistance to FHB corre-
lates with accumulation of pipecolic acid, monoacylglycegols, tyrosine, galactinol, a number of phy-
tosterols, sugars and adenosine. The values of such correlations and connections between chemical 
compounds and various parameters of Fusarium resistance identified during the study of oat acces-
sions should be regarded as strictly preliminary, since they are the outcome of only one year of field 
trials. However, the year in consideration was characterized by extremely favorable conditions for the 
development of parasitic Fusarium fungi with all immanent consequences. An assumption can be 
made that the increased aggressiveness of the latter (kind of a model condition) allowed us to identi-
fy with more reliability the connections between a majority of metabolite content and composition 
parameters and the level of Fusarium resistance. Considering the complex polygenic nature of the 
control over the character “resistance to Fusarium head blight” and, therefore, strong dependence of 
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its expression on the environments, any future efforts to confirm (or refute) our conclusions will 
require researching greater intra- and interspecies diversity of this crop’s accessions reproduced in 
various environments and in different years. 

 

Keywords: Avena sativa L., oat, varieties, Fusarium head blight, Fusarium, fungal DNA, 
PCR, mycotoxins, gas chromatography, mass spectrometry, biochemistry, metabolomics 
 

Fusarium head blight (FHB) is a fungal disease which affects cereals in-
cluding wheat, barley and oats [1-3]. It leads to yield losses and considered as a 
global threat to the food security [4]. The most widespread species causing the 
FHB is Fusarium graminearum Schwabe which produces deoxynivalenol (DON). 
This mycotoxin is the main factor of the fungus aggressiveness, which inhibits, in 
particular, the translation processes in eukaryotes [5]. Besides the economic dam-
age from yield reduction, the mycotoxins of the Fusarium Link genus fungi consti-
tute the threat to the health of people consuming such products [4]. The species of 
the Fusarium genus secrete the toxins having different aggressiveness. Thus, 
F. culmorum (W.G. Sm.) Sacc. is a highly aggressive pathogen producing DON, 
F. sporotrichioides Sherb. is a relatively weak pathogen producing T-2 toxin [6].  

The analytical approach based on the chromatography in combination 
with the mass spectrometry makes it possible to control the changes in many 
metabolites, including those which synthesis is induced by the pathogen. F. poae 
which produces the nivalenol mycotoxin dominates among the species causing 
the Fusarium disease of oats. This toxin is assumed to be the main factor wors-
ening the nutritional properties of oats. Unfortunately, its control is not carried 
out for a number of formal reasons [7-9]. 

The metabolomics approach to the investigation of fungal diseases makes 
it possible to ensure the reliable identification of components and statistical va-
lidity of the quantitative evaluation of their variability in the “plant—pathogen” 
system [10]. The resistance to the Fusarium disease is controlled by the genes of 
more than a hundred of quantitative trait loci (QTL) and largely depends on the 
environmental conditions [11, 12]. In the course of evolution, plants have devel-
oped the protective reactions to the pathogens’ effect. The host plants can pro-
duce the chemical compounds which inhibit the pathogen development and have 
the various strategies of their applying including creating the protective barriers 
at all stages of the parasite progression [13]. 

The metabolic response induced by DON includes the loss of chloro-
phyll [14], as the photosynthesis weakens at the infected area [15]. As a result, 
the primary (carbohydrate) and secondary (nitrogen) metabolism become modi-
fied. The blockage of proteins biosynthesis by the mycotoxin leads to accumula-
tion of free amino acids [16].  

One of the priorities of metabolomics is the investigation of the reaction 
to environmental effects. The obtained profiles (fingerprints) reflect metabolic 
states including the dynamics of the responses [17]. 

In this work, new data have been obtained on the Fusarium head blight 
effect on the metabolomic profile of oat grains, the relationship of the resistance 
indices with the biochemical characteristics (protein content, contents of oil and 
certain metabolites). The statistically valid differences have been shown of the 
FHB-resistant (RFs) and FHB-susceptible (SFs) oats from the VIR Collection 
(Vavilov All-Russian Institute of Plant Genetic Resources).   

Our objective was to identify the relationship between the biochemical 
indices of resistance to Fusarium culmorum and F. sporotrichioides in oat varieties 
and the accumulation of the mycotoxins produced by these pathogens (DON 
and T-2 toxin, respectively). 

Techniques. The Russian and foreign varieties, as well as breeding lines of 
hulled and hulless oats (Avena sativa L.) (24 samples in total) were received from 
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the VIR Collection. Oat plants for seed reproduction and biochemical analysis 
were field-grown (Pushkin branch of the VIR, Leningrad Region, 2015). The 
phenological observations and field evaluation were performed according to the 
methodological guidelines [18], the signs manifestation degree was determined 
according to the International classifier of the Avena L. genus [19]. The seeds 
were sown on the optimum date for the region (1 sq. m plots, sod-podzolic light 
loamy soil, and seeding rate of 500 seeds per sq. m). The experiment was arranged 
in one replication. Potato was tThe precursor crop in the cereal crop rotation.  

Protein and oil contents in the seeds was evaluated according to the 
techniques adopted in the VIR with a Kjeltec Auto 1030 Analyzer (FOSS, Swe-
den) and Kjeltec 2200 (FOSS, Sweden) for protein assay and a Soxhlet apparatus 
for oil estimates per dry fat-free residue (20). The oil fatty acids composition was 
analyzed (gas-liquid chromatography, an Agilent 6850 chromatograph, Agilent 
5975B VL MSD quadrupole mass selective detector, Agilent, USA) [20]. Privet 
variety cultivated in the Leningrad Region as a standard for the main economi-
cally valuable parameters.  

The plant resistance was investigated after inoculation of the spikes with 
the F. culmorum and F. sporotrichioides fungi (the experimental field of the All-
Russian Research Institute for Plant Protection — VIZR, St. Petersburg—Pushkin, 
2015). Each sample was grown on the plots (1 m row length) in 2 replicates for 
each infectious background. The plots separated by strips where with Borrus 
standard oat variety was sown were located on the same field. At heading stage, all 
samples were inoculated with the suspension of the conidia and mycelium of 
F. culmorum (3½107 CFU/ml) and F. sporotrichioides (1.3½107 CFU/ml) at 
50 ml/l rates. 

After the harvest and threshing, infection degree, fungal DNA and my-
cotoxin contents in the grain were evaluated. To assess the infection degree, 100 
grains were taken from each average sample; the grain surface was sterilized with 
the 5% sodium hypochlorite solution for 1-3 min. Then the grains were rinsed 
with sterile water and plaсed in Petri dishes with standard potato sucrose agar 
medium (PSA). After 7 day incubation (in the dark at 24 С) Fusarium fungi 
were counted. DNA was isolated from grain flour (200 mg) as per adapted 
CTAB method [21-23]. The typical F. graminearum and F. poae strains from the 
VIZR Laboratory of mycology and phytopathology collection were grown on 
PSA, and DNA were isolated from aerial mycelium with Genomic DNA Purifi-
cation Kit (Thermo Fisher Scientific, Lithuania). In the milled grain samples, 
the amount of the fungal DNA was determined by quantitative PCR (polymer-
ase chain reaction) method, T-2 toxin and DON contents — by the enzyme-
linked immunosorbent assay (ELISA) as per description [24]. 

Basing on the assessment of FHB resistance [24, 25], 10 samples were 
selected for metabolomic analysis. The grains was weighed and homogenized 
with methanol, 1/10 (w/v). The samples were allowed for 30 days at 5-6 С. The 
100 μl extracts were evaporated (CentriVap Concentrator, Labconco, USA). 
The dry residue was silylated for 40 min at 100 С with bis(trimethyl-silyl)tri-
fluoroacetamide. Samples were analyzed using gas-liquid chromatography with 
mass spectrometry (gas-liquid chromatography-mass-spectrometry, Agilent, 
USA) on HP-5MS capillary column (30.0 m, 250.00 μm, 0.25 μm; Agilent, 
USA) with 5% phenylmethyl polysiloxane and Ome-gawaxTM250 fused silica ca-
pillary column (30.0 m, 250.00 μm, 0.25 μm, Supelco, Sigma-Aldrich, USA). 
Other parameters were as follows: 1.5 ml/min helium flow rate; initial and final 
temperatures of 70 С and 220 С, respectively, the heating rate of 4 С/min; of 
the mass spectrometer detector temperature of 250 С, the injector temperature 
of 300 С; 1 μl sample aliquotes. The tricosan in pyridine (1 μg/μl) was an inter-
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nal standard. The obtained results were processed with UniChrom software 
(Restek Corporation, USA) [9]. 

The data were statistically processed with Statistica 7.0 (StatSoft. Inc., 
USA) and Microsoft Excel 2010 software. The mean values (M) and standard 
errors of the mean (±SEM) were calculated. The statistical significance of the 
differences between the oat forms was estimated with Mann-Whitney and Tukey 
tests. The differences were recognized statistically significant at р  0.05. 

Results. The weather conditions during the growing season (2015) were 
mainly favorable for oat plants, as well as for the development of Fusarium in-
fection. 

The investigated samples are given in Table 1. 

1. Oat (Avena sativa L.) from the VIR Collection (Vavilov All-Russian Institute of 
Plant Genetic Resources) tested for economically valuable biochemical traits and 
indices of resistance to Fusarium infection (St. Petersburg–Pushkin, 2015) 

No. according to the VIR catalog Species, subspecies  Variety, line Origin 
k-14648 A. sativa var. mutica Argamak Kirov Region 
k-11840 A. sativa var. aurea Borrus Germany 
k-14960 A. sativa var. inermis Vyatskii Kirov Region 
k-15068 A. sativa var. mutica Konkur Ul’yanovsk Region 
k-14851 A. sativa var. inermis Numbatг Australia  
k-10841 A. sativa var. aurea Bisuandorodu Sakhalin Region  
k-14329 A. sativa var. aristata Kouzan Zaizai Japan 
k-13911 A. sativa var. mutica Kambulinskii Leningrad Region  
k-14911 A. sativa var. mutica Belinda Sweden  
k-15297 A. sativa var. aurea Geszti Hungary 
k-15305 A. sativa var. chinensis Gehlг Canada  
k-15301 A. sativa-A. byzantina CDC Dancer Canada 
k-15442 A. sativa var. mutica Zalp Moscow Region 
k-15496 A. sativa var. mutica Stipler Ul’yanovsk Region 
k-15444 A. sativa var. mutica Sapsan Kirov Region 
k-15494 A. sativa-A. byzantina Medved’ Kirov Region 
k-15348 A. sativa var. mutica Hurdal Norway  
k-15353 A. sativa var. aurea Odal Norway  
k-15611 A. sativa var. aurea Bessin Norway  
k-15612 A. sativa var. aurea Valer Norway  
k-15347 A. sativa var. mutica Gere Norway  
k-15326 A. sativa var. mutica KSI 432/08 Ul’yanovsk Region 
k-15327 A. sativa var. mutica KSI 731/01 Ul’yanovsk Region 
k-15506 A. sativa var. mutica Fux Germany 
k-14787 A. sativa var. mutica Privet Moscow Region 
N o t e. h — hulless oats. 

 

The F. culmorum and F. sporotrichioides DNA concentrations reflect the 
degree of plants affection by these pathogens [26]. We based the evaluation of re-
sistance to Fusarium and mycotoxin accumulation on the combination of the fol-
lowing three indicators: the degree of fungal infection in grain, fungal DNA con-
centration and the amount of the fungal toxic metabolites in grains (Table 2).  

As per the results, the samples were divided into two groups, FHB-
resistant (RFs) and FHB-susceptible forms, that was necessary for the further 
evaluation of the influence of FHB pathogenicity factors on the biochemical 
parameters including metabolomic analysis (Tables 3, 4). The samples with the 
F. culmorum and F. sporotrichioide DNA levels not more than 0.22 and 0.29 
pg/kg respectively, and the T-2 toxin and DON values no higher than 10 and 
100 μg/kg were classified as FHB-resistant; the rest were constituted as FHB-
susceptible ones. The correctness of group formation has been confirmed by 
the Tukey test for unequal sample sizes. In breeding resistant varieties of high 
quality it is important to regard the relationship between the FHB-resistance 
parameters and metabolomics data together with other biochemical character-
istics of the grain [27].  
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2. Characterization of the samples of oat (Avena sativa L.) from the VIR Collection (Vavilov All-Russian Institute of Plant Genetic Resources) for re-
sistance to the Fusarium head blight (n = 3, M±SEM, Pushkin, 2015) 

No. according to 
the VIR catalog 

Variety, line 

Fusarium sporotrichioides  Fusarium culmorum 
infection indicators T-2 toxin production infection indicators T-2 toxin production 

DNA,  
pg per kg flour 

resistance  
to infection  

μg/kg resistance  
to accumulation 

DNA,  
pg per kg flour 

resistance  
to infection 

μg/kg resistance  
to accumulation 

k-14648 Argamakm 0.08 R 0 R 0.13 MR 213 S 
k-11840 Borrusm 0.11 MR 14 S 0.15 MR 64 MR 
k-14960 Vyatskiihm 0.06 R 5 MR 0.15 MR 128 S 
k-15068 Konkur 0.31 S 7 MR 0.42 S 491 HS 
k-14851 Numbathm 0.13 MR 59 HS 0.91 HS 285 S 
k-10841 Bisuandorodu 0.04 R 5 MR 0.05 R 131 S 
k-14329 Kouzan Zaizai 0.05 R 0 R 0.2 MR 148 S 
k-13911 Kambulinskii 0.03 R 0 R 0.1 MR 45 R 
k-14911 Belindam 0.25 MR 60 HS 0.14 MR 456 HS 
k-15297 Geszti 0.03 R 4 MR 0.04 R 25 R 
k-15305 Gehlhm 0.05 R 23 S 0.03 R 20 R 
k-15301 CDC Dancer 1.29 HS 5 MR 0.1 MR 41 R 
k-15442 Zalpm 0.63 HS 30 S 0.16 MR 163 S 
k-15496 Stipler 0.10 MR 0 R 0.03 R 33 R 
k-15444 Sapsanm 0.12 MR 19 S 0.16 MR 257 В 
k-15494 Medved’ 0.33 S 13 S 0.69 HS 72 MR 
k-15348 Hurdalm 0.85 HS 17 S 0.34 S 30 R 
k-15353 Odal 0.34 S 7 MR 0.35 S 50 R 
k-15611 Bessin 0.39 S 49 S 0.57 HS 331 HS 
k-15612 Våler 0.29 MR 0 R 0.5 S 77 MR 
k-15347 Gere 0.67 HS 133 HS 0.1 MR 121 S 
k-15326 KSI 432/08 0.86 HS 8 MR 3.64 HS 1179 HS 
k-15327 KSI 731/011 1.93 HS 45 S 0.22 MR 97 MR 
k-15506 Fux 0.40 S 10 MR 0.09 R 331 HS 
N o t e. T-2 — T-2 toxin; DON — deoxynivalenol; R — resistant; MR — medium resistant; S — susceptible; HS — highly susceptible; h — hulless oats; m — samples used for the metabolomic analysis. 
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3. Characterization of the samples of oat (Avena sativa L.) from the VIR Collection (Vavilov All-Russian Institute of Plant Genetic Resources) for bi-
ochemical parameters of quality 

No. according to 
the VIR catalog 

Variety, line 
Concentration, % Fatty acids, % Total amount, % Ratio 

protein, N ½ 5.7 oil С16:0 С18:1 С18:2 С18:3 С20:1 SFAs UFAs UFAs/SFAs 18:1/18:2 
k-14648 Argamakm 11.5±0.02 5.0±0.01 19.3±0.02 31.3±0.00 44.4±0.03 2.0±0.01 0.5±0.01 21.6±0.02 78.4±0.01 3.6 0.7 
k-11840 Borrusm 12.8±0.01 4.1±0.01 20.0±0.02 30.9±0.02 45.0±0.01 1.4±0.00 0.5±0.00 22.0±0.03 78.0±0.02 3.5 0.7 
k-14960 Vyatskiihm 14.6±0.01 6.5±0.00 20.0±0.01 40.6±0.03 31.3±0.01 3.5±0.01 0.4±0.01 24.1±0.02 75.9±0.01 3.1 1.3 
k-15068 Konkur 12.7±0.01 5.1±0.01 20.9±0.02 31.4±0.05 43.0±0.01 1.0±0.02 0.6±0.02 23.9±0.00 76.1±0.02 3.2 0.7 
k-14851 Numbathm 14.9±0.02 7.9±0.00 19.4±0.03 34.3±0.01 42.0±0.02 1.3±0.01 0.7±0.01 21.6±0.02 78.4±0.01 3.6 0.8 
k-10841 Bisuandorodu 14.6±0.00 3.9±0.01 16.7±0.01 38.8±0.02 40.2±0.02 1.2±0.01 0.7±0.01 19.1±0.03 80.9±0.01 4.2 1.0 
k-14329 Kouzan Zaizai 13.5±0.00 4.3±0.03 18.1±0.00 32.4±0.02 44.6±0.02 1.6±0.00 0.8±0.02 20.4±0.03 79.6±0.01 3.9 0.7 
k-13911 Kambulinskii 13.0±0.02 3.8±0.01 20.5±0.00 29.5±0.02 45.4±0.01 1.7±0.03 0.6±0.01 22.7±0.01 77.3±0.02 3.4 0.7 
k-14911 Belindam 11.6±0.00 5.2±0.02 19.0±0.02 35.0±0.00 41.2±0.01 1.3±0.02 0.6±0.00 21.7±0.01 78.3±0.01 3.6 0.9 
k-15297 Geszti 13.3±0.01 5.8±0.02 16.1±0.01 44.4±0.03 32.7±0.01 2.4±0.04 0.5±0.00 19.9±0.03 80.2±0.01 4.0 1.4 
k-15305 Gehlhm 15.5±0.01 6.7±0.02 16.8±0.01 44.8±0.01 34.8±0.01 1.6±0.06 1.0±0.02 17.8±0.02 82.2±0.01 4.6 1.3 
k-15301 CDC Dancer 10.3±0.01 3.9±0.01 17.6±0.01 40.2±0.01 38.4±0.01 0.7±0.02 0.7±0.01 19.9±0.03 80.1±0.02 4.0 1.0 
k-15442 Zalpm 11.7±0.01 4.5±0.01 16.6±0.01 43.2±0.02 36.6±0.01 1.0±0.01 0.6±0.01 18.6±0.01 81.4±0.01 4.4 1.2 
k-15496 Stipler 11.5±0.01 3.3±0.02 17.7±0.02 38.6±0.02 38.4±0.02 1.9±0.02 0.8±0.01 20.3±0.01 79.7±0.00 3.9 1.0 
k-15444 Sapsanm 12.5±0.00 4.0±0.01 16.5±0.02 40.3±0.02 39.1±0.02 1.2±0.00 0.7±0.02 18.6±0.01 81.4±0.02 4.4 1.0 
k-15494 Medved’ 12.7±0.01 4.5±0.01 18.6±0.03 39.1±0.02 37.7±0.02 1.4±0.01 0.6±0.02 21.2±0.01 78.8±0.01 3.7 1.0 
k-15348 Hurdalm 11.8±0.01 5.1±0.01 19.1±0.02 33.7±0.02 42.6±0.01 1.6±0.01 0.6±0.03 21.4±0.01 78.6±0.01 3.7 0.8 
k-15353 Odal 12.2±0.01 5.3±0.01 18.1±0.02 42.1±0.01 35.5±0.01 1.7±0.01 1.0±0.01 19.7±0.02 80.3±0.01 4.1 1.2 
k-15611 Bessin 10.6±0.00 4.1±0.02 16.1±0.00 44.0±0.02 35.4±0.01 2.0±0.01 0.8±0.00 17.8±0.01 82.2±0.02 4.6 1.2 
k-15612 Våler 10.9±0.03 5.3±0.01 16.1±0.02 45.0±0.02 34.2±0.01 2.4±0.01 1.0±0.01 17.4±0.01 82.6±0.01 4.7 1.3 
k-15347 Gere 11.6±0.01 5.6±0.03 17.5±0.03 36.4±0.01 42.6±0.02 1.5±0.01 0.5±0.01 19.0±0.00 81.0±0.02 4.3 0.9 
k-15326 KSI 432/08 11.0±0.01 4.6±0.02 15.9±0.05 43.4±0.01 36.6±0.00 1.0±0.01 0.7±0.01 18.2±0.00 81.8±0.02 4.5 1.2 
k-15327 KSI 731/011 12.1±0.01 5.0±0.01 15.0±0.03 42.5±0.01 39.3±0.02 0.5±0.02 0.7±0.01 16.9±0.01 83.1±0.00 4.9 1.1 
k-15506 Fux 12.5±0.01 3.0±0.01 19.7±0.02 42.8±0.02 31.9±0.01 0.4±0.02 0.4±0.00 24.5±0.00 75.6±0.01 3.1 1.3 
N o t e. C16:0 — palmitic acid; C18:1 — oleic acid; C18:2 — linoleic acid; C18:3 — linolenic acid; C20:1 — eicosenoic acid; SFAs — saturated fatty acids; UFAs — unsaturated 
fatty acids; h — hulless oats; m — samples used for the metabolomic analysis.  
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In our researches, grain proteins and oil in average amounted to 12.5 
and 4.9%, respectively (see Table 3). The prevailing saturated fatty acid (SFA) 
contained in the oat grain was palmitic acid (up to 20.9%), and prevailing un-
saturated fatty acids (UFAs) were oleic and linoleic acids (38.5 and 38.9%, re-
spectively). The total amount of UFAs was quite high for cereal crops (up to 
83.1%), and the ratio of linoleic and oleic acids was close to 1. Such values tes-
tify about high nutritional quality of the investigated oat samples that was con-
firmed previously [27]. 

By a nonspecific metabolomic analysis, we have identified over 100 com-
ponents, i.e. organic acids, free amino acids (including non-protein ones), polyols 
(including phytosterols), fatty acids, nucleosides, monosaccharides and oligo-
saccharides, as well as phenol-containing compounds. A pairwise comparison of 
the resultes for RFs and SFs oats with Mann-Whitney coefficient (at p < 0.05) 
revealed significant differences between the RFs and SFs oats.  

According to other authors, fungal pathogens affect almost all stages of 
primary and secondary metabolism that has an impact on changing of the main 
biochemical parameters including the metabolomic profile [28]. 

We noted the inverse relationship between the protein content in the 
RFs oats and the amount of DNA of F. sporotrichioides (r = 0.5), F. culmorum 
(r = 0.6) and DON toxin (r = 0.5). In the SFs, only the direct relationship 
was found with DNA concentration of F. sporotrichioides (r = 1). The oil level in 
the RFs correlated negatively with the concentrations of T-2 toxins (r = 0.6) 
and DON (r = 0.6), in the SFs it had the direct relationship with the amount 
of DNA of F. sporotrichioides (r = 0.5) and F. culmorum (r = 0.5). The ratios we 
determined in the RFs oat allow us to assume that high-protein forms are less 
affected and accumulate less toxins. At the same time, in the SFs, the high oil 
content in the grains contributed to the fungal development. Our assumptions 
are confirmed by the paper [29] which established the nature of the FHB toxin 
influence on the grain protein and oil levels in cereals. 

It was reported [29] that FHB exerts a significant influence on the total 
content of free amino acids. In our researches, the F. sporotrichioides DNA levels 
in SRs oat directly depended on the free amino acids content (r = 0.5) that is 
most likely related to the damage to ribosomes and destruction of the plant tis-
sues due to the affection by FHB [26]. The inverse correlation between the 
DON content and the total amount of amino acids in the RFs oat (r = 0.8) has 
been found that may reflect the activation of the plant protection mechanisms. 
In the SFs oat we have not found such relationships. The DON content in the 
RFs had the direct dependence on the concentration of asparagine (r = 0.7) and 
glutamine (r = 0.6), and in the SFs it had the inverse dependence (the r values 
were 0.4 and 0.8, respectively). In addition, in the RFs, there was an inverse 
relationship between F. sporotrichioides DNA concentration and the amount of 
asparagine (r = 0.5), T-2 toxin and glutamine (r = 0.5). An increase in aspar-
agine and glutamine in the RFs cereals in response to the toxin inflow into the 
plant tissues was confirmed by other researchers [26] who suppose that such 
changes are related to plant protection from FHB. It was discussed [29] that the 
proline content is expected to be increased proportionally to the toxin concen-
tration because proline participates in the inactivation of free radicals which ac-
cumulate in the plant tissues affected by FHB. However, in our researches we 
revealed inverse correlation between the proline accumulation and T-2 toxin 
production (r = 0.6) in the SFs group. 

The tyrosine and phenylalanine amino acids are involved in the shiki-
mate pathway the products of which, e.g. phenylpropanoids, actively participate 
in plant protection. As per available data [26], the content of tyrosine, phenylal-
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anine and secondary metabolites, which are the products of the shikimate path-
way, directly depended on the indices of affection by FHB. In the SFs, we have 
found such relationship between the content of tyrosine and F. sporotrichioides 
DNA of (r = 1); in other cases, the inverse relationship between the tyrosine 
and DON concentrations, as well as between the phenylalanine and DON con-
centrations has been found (the r values were 0.5 and 0.7, respectively). The 
negative correlation between alanine and DNA amounts and the FHD toxins 
both in RFs and SFs oat was confirmed by other authors [29]. The experi-
mental data [16] testify about the increase in serine concentration in response 
to the effect of FHB toxins that has not been confirmed in our research. On 
the contrary, the serine indices were decreasing, and the correlation coeffi-
cients between their values and T-2 and DON production amounted to 0.6 
and 0.5, respectively. 

In the discussing of the obtained data, the special attention should be 
paid to a pipecolic acid. The role of this non-protein amino acid is considered 
to be related to the mechanisms of plant protection from stressful environmental 
factors including FHB [26, 29]. We have found the positive correlation (r = 0.5) 
between the content of this acid and F. sporotrichioides and F. culmorum DNA 
concentrations, as well as DON content in SFs; the DON accumulation in the 
RFs oat inversely correlated with the pipecolic acid level (r = 0.8). The differ-
ent directions and values of these correlations may be explained by the different 
immune response in the RFs and SFs oats.  

In the samples of FHB-susceptible forms, we have found the negative 
relationship between the amount of DNA of F. sporotrichioides and linolenic acid 
(up to r = 0.7) and the positive relationship with the total amount of unsaturat-
ed and saturated fatty acids (the r values were up to 0.7 and 0.7, respectively). 
The positive relationship has also been found between F. sporotrichioides DNA 
and MAG2-18:2 (monoacylglycerol) (r = 0.6), between F. culmorum DNA and 
MAG-2-18:2 (r = 0.6), as well as between F. culmorum DNA and MAG-16:0 
(r = 0.5) (Table 4). In the previous paper [9] we assumed that monoacylglycerols 
may be related to the plant adaptability, in particular, to resistance to biotic and 
abiotic factors that was confirmed by other researchers [29]. The content of 
DON toxin positively correlated with the amounts of linoleic (r = 0.6), eicosa-
noic (r = 0.5) and eicosanic (r = 0.5) acids and negatively — with the oleic 
(r = 0.5) and linolenic (r = 0.5) acids. Perhaps, the positive and negative val-
ues of the correlation coefficients are related to the different roles of certain fatty 
acids in the fungal vital activity. 

In the group of FHB-resistant samples, the negative correlation between 
DON toxin and linolenic acid concentrations increased up to r = 0.9 compared 
to the FHB-susceptible ones. The relationship between the linolenic acid con-
tent and FHB-resistance has been confirmed [28]. The negative correlation was 
observed between the T-2 toxin and eicosenoic acid contents (r = 0.5). The 
negative correlation between the amounts of F. sporotrichioides DNA and lino-
lenic acid decreased to r = 0.5 as compared to the values in the FHB-
susceptible samples. 

We have not found any relationship between the total content of organic 
acids and FHB-resistance, which has been noted by other authors. The direct 
correlation between the content of nicotinic acid and the FHB characteristics 
(up to r = 0.7), and the inverse relationship between the content of erythronic 
and methylmalonic acids (up to r = 0.9) were found. The concentration of lac-
tic acid positively correlated with DON (r = 1) and T-2 toxin (r = 1) in RSs 
oats, and with F. sporotrichioides DNA (r = 0.7) in SFs. The negative correlation 
between the accumulation of lactic acid and amount of the F. sporotrichioides 
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DNA (r = 0.7) has been found in RSs, and between the DNA of F. culmorum 
(r = 0.5) and DON (r = 0.7) in SFs. The changes in the content of the main 
organic acids of primary metabolism including the acids of the Krebs cycle un-
der the impact of FHB are confirmed by other authors [26, 29]. 

4. Характеристика устойчивых и неустойчивых к фузариозу форм овса (Avena 
sativa L.) из коллекции Всероссийского института генетических ресурсов 
растений им. Н.И. Вавилова по средним показателям накопления основных 
метаболитов (n = 25, М±SEM, г. Пушкин, 2015 год) 

Main metabolites, mg/100 g 
Forms 

resistant  susceptible   
Lactic acid 2.28±0.76 1.89±0.51 
Methylmalonic acid 2.85±0.82 2.98±0.69 
Glyceric acid 0.58±0.21 0.61±0.18 
Erythronic acid 0.828±0.31 0.92±0.36 
Nicotinic acid 0.198±0.08 0.20±0.10 
Glycine 14.42±1.97 12.67±2.33 
-Alaniin 4.88±1.63 5.16±1.80 
Valine 1.95±0.77 2.28±1.16 
Leucine 0.59±0.14 0.61±0.14 
Proline 5.02±2.63 4.87±2.65 
Serine 2.42±1.12 3.00±1.38 
Threonine 1.64±0.95 1.84±1.11 
Oxyproline 0.80±0.63 0.62±0.48 
Phenylalanine 1.72±1.04 1.66±0.81 
Tyrosine 32.51±17.58 27.37±16.33 
Glutamine 2.25±1.15 2.12±1.06 
Asparagine 7.79±2.24 9.62±3.82 
Total amount of free amino acids 78.15±17.66 74.01±16.52 
Ethanolamine 2.16±0.56 2.17±0.67 
Pipecolic acid 1.56±0.89 1.78±1.13 
Adenosine 3.22±0.75 3.29±0.78 
MAG-16:0 14.4±2.81 14.23±2.69 
MAG-2-18:2 31.75±6.73 30.13±5.97 
Dulcitol 18.38±3.72 16.33±2.41 
Galactinol 38.41±13.43 36.87±11.5 
Chiroinositol 0.37±0.12 0.74±0.57 
Total amount of polyols  192.11±38.84 188.17±24.61 
Cholesterol 0.64±0.19 0.86±0.39 
Campesterol 0.69±0.23 0.68±0.17 
Stigmasterol 0.47±0.17 0.55±0.20 
-Sitosterol 8.22±2.41 9.51±2.41 
Total phytosterols 14.32±3.53 17.95±5.24 
Glyceroaldehyde-3-phosphate 10.72±3.85 11.67±3.67 
Total monosugars 974.22±303.73 843.34±175.47 
Total disaccharides 2123.87±480.62 2543.03±477.91 

 

The total content of polyols inversely correlated with the amount of 
DON toxin, at r = 0.8 in SFs and r = 0.5 in RFs. The dulcitol content in 
SFs positively correlated with the accumulation of DON and T-2 toxins (the r 
values were 0.6 and 0.7, respectively) and with the amount of F. culmorum 
DNA (r = 0.7). In the RFs group, we have found the inverse relationship be-
tween the galactinol and DON toxin, as well as with the F. sporotrichioides DNA 
concentration (r = 0.7). The inverse relationship between the DON and T-2 
toxins concentrations and the total content of polyols confirmed by other au-
thors [29] is due to the FHB influence on the primary metabolism. At the same 
time, the increase in the galactinol content [28] is related to the plant defense 
mechanisms under the influence of abiotic environmental factors; however, in 
this case, the change in the galactinol concentration is obviously due to the FHB 
influence.  

In SFs, phytosterols, cholesterol and β-sitosterol have the inverse rela-
tionship with the amount of the F. sporotrichioides DNA (the r values were 
0.7; 0.7 and 0.5, respectively). In the RFs group, we have also found the 
inverse relationship between the DON content and phytosterols, the campes-
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terol (r = 0.6) and stigmasterol (r = 0.6). The dependence of the amount of 
F. sporotrichioides DNA on the β-sitosterol level (r = 0.5) turned out to be di-
rect, in contrast to that in the FHB-resistant samples. The increase in the ergos-
terol amount under the Fusarium affection of tobacco leaves [29] is due to phy-
tosterols participation in plant protection from biotic stresses, which is con-
firmed by our data.  

In the SFs and RFs, we have found the inverse relationship between the 
FHB indices (accumulation of DNA of F. sporotrichioides, F. culmorum and 
DON) and the total amount of monosaccharides (up to r = 0.9). The total 
amount of disaccharides in the RFs group showed a direct dependence on the 
DON content (r = 0.9) and the inverse dependence on the amount of F. sporo-
trichioides DNA and glyceroaldehyde-3-phosphate (r = 0.5). In several re-
searches, the changing in saccharides content under the influence of Fusarium 
causing agents has been noted. The inverse relationship between the DON and 
saccharides contents may be related to the inactivation of this toxin owing to the 
synthesis of the form conjugated with saccharides and the increase in the activity 
of glycolysis and the pentose-phosphate cycle [26].  

The correlations between the contents of adenosine and the F. sporo-
trichioides DNA (r = 0.5), as well as DON (r =  0.5) have been found only in 
SFs oat. It is obvious that this dependence is conditioned by the fungal influence 
on the synthesis of nucleic acids and protein as a whole in the affected plant 
tissues; there are no any information about detecting such relationships in other 
authors’ papers.  

All the r values obtained by us were at p < 0.05.  
So, FHB exerts the influence practically on the all stages of primary me-

tabolism including the synthesis of protein, oil, sugars, polyols, and activates the 
synthesis of the compounds related to the plants’ protection against FHB, 
which, in particular, include pipecolic acids, acyl glycerols and phytosterols. The 
correlation between the protein content and amount of DNA of the main FHB 
infection agents, which have been found by us in the RFs oat, gives us the rea-
son to suggest that in high-protein forms, the damage caused by pathogens is 
lower and, as a result, the toxins accumulate in a less amount, while in the SFs 
the high oil content in the grains contributes to the infection development. The 
unequal changes in the content of certain metabolites and their groups, which 
has been noted by us, may be related both to the synthesis of the compounds 
necessary for the fungal vital activity and to the peculiarities of the immune re-
sponse in plant tissues. The comparing of the composition and content of the 
most important chemical groups of compounds including minor ones in the 
grains with the FHB-resistance indices is the stage necessary when investigating 
the biochemical processes occurring when the plants became infected by patho-
genic microorganisms.  

The physiological and biochemical factors of a passive immunity include 
the metabolic particularities, presence and content in the plant tissues of chemi-
cal compounds playing the protective role, physicochemical particularities of the 
tissues and plants themselves. The resistance related to the plants’ physiological 
and biochemical properties may be explained by the absence in their tissues of 
the nutrients and physiologically active substances necessary for the pathogen as 
well as by the pathogen inhibition by toxic matters or other factors which are 
unfavorable. In the optimal case, the plants may contain the components which 
are harmful for the pathogenic fungus, for example, the glycosides, i.e. phenolic, 
cyanogenic and other compounds, as well as synthesize phytoalexins in response 
to the microbial infection [13, 30, 31].  

The metabolome of a plant (grain) may be at different extent unfavorable 
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for the pathogen development, as it has been shown above in the analysis of the 
oat varieties with different resistance to FHB. The levels of certain substances have 
different extents and patterns of correlation with plant resistance characterized by 
the content of the fungal mycotoxins and DNA in grain. It is appropriate to re-
call the adaptive role of prolamins (avenins) in cereal resistance to biotic and 
abiotic factors [32-34]. The biochemical approach combined with the genetic 
investigations can provide the researchers with the valuable information about 
the mechanisms of plant protection against Fusarium fungi [35]. We have noted 
the relationship between the FHB-resistance indices and the accumulation of 
pipecolic acid, monoacylglycegols, tyrosine, galactinol, a number of phytosterols, 
sugars and adenosine in the plants.  

So, we have obtained the data on the relationship of a wide range of 
compounds with different indices of FHB resistance in oat varieties, that is im-
portant not only for understanding the nature of this trait, but also for develop-
ing the diagnostic methods. These results of one-year field tests should be con-
sidered as preliminary, however, it should be noted that 2015 was extremely fa-
vorable for Fusarium infection. It can be assumed that the increased aggressive-
ness of Fusarium fungi made it possible for us to more reliably identify the de-
pendences of the metabolite composition and content on the indices of plant 
resistance to FHB. Considering the complex polygenic nature of the control of 
FHB resistance and strong dependence of this trait manifestation on environ-
mental conditions, for the confirmation or refutation of our conclusions, it is 
necessary to investigate the greater intraspecific and interspecific diversity of the 
oat samples reproduced under different conditions and in different years. Never-
theless, we have succeed in the identification of a number of dependencies be-
tween the resistance indices and the accumulation of certain metabolites, that 
makes it possible to select directly, at the initial stage, the samples with high 
content of such compounds for breeding oat varieties which combine resistance 
to Fusarium and high nutritional quality. Further researches will make it possible 
for us to expand the list of the metabolomic profile components which are 
promising when selecting the oat samples for resistance not only to the Fusari-
um, but also to other pathogens. 
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A b s t r a c t  
 

Barley leaf rust caused by Puccinia hordei Otth. is a harmful disease of barley. If the crop is 
severely damaged, the yield loss may be of 20 to 80 %. Population studies of the pathogen abroad are 
actively conducted in countries for which protection against the disease is of particular importance 
(Australia, New Zealand, the United States, Europe, the countries of Northern Africa). This paper 
describes the North Caucasian P. hordei population virulence in 2014-2017 to 17 differentiator varie-
ties and barley lines of international and Australian kits containing currently known pathogen re-
sistance genes, shows. Winter barley leaves (Hordeum vulgare L.) of different varieties affected by 
P. hordei which were collected during route surveys in 2014-2017 in the territory of the North Cau-
casus served as a biomaterial. The selection and reproduction of mono-pustule isolates was carried 
out according to the common procedure. Barley plants were grown hydroponically with the use of 
Knop’s nutrient solution. To assess the virulence of the fungus, 17 varieties-differentiators and lines 
from the international and Australian sets containing the currently known genes of resistance to the 
pathogen were used. A total of 208 mono-pustule isolates of the fungus were analyzed most of which 
were virulent to the testers with Rph genes, the Rph1, Rph2, Rph3, Rph3 + Rph7, Rph4, Rph5, Rph7, 
Rph8, Rph 9 + Rph2. During the four years of study, no isolates virulent to the line with Rph13 gene 
were detected. In 2016-2017 as compared to 2014-2015, there was a decrease in the number of iso-
lates virulent to the lines with genes Rph9, Rph19, and an increase in clones virulent to testers with 
genes Rph19 + Rph2, Rph21 + Rph2. The frequency of P. hordei isolates that are virulent to varieties 
and lines of barley with genes Rph5 + Rph2, Rph6 + Rph2 remained moderate throughout all the 
years of the research. In 2016, due to unfavorable conditions for the pathogen and the collection of 
spore material from a limited set of winter barley varieties affected by the pathogen, the frequency of 
isolates virulent to varieties and lines of barley significantly reduced. In 2014, 2015 and 2017, isolates 
with a large number of virulence alleles, from 11 to 15, prevailed in the population and reached 
52.2 %, 39.5 % and 50.0 %, respectively. The portion of isolates, avirulent to all used plants with 
genes Rph, was 1.1 %, 2.1 % and 2.8 %, respectively. In 2016, the fungal isolates with moderate and 
low virulence alleles prevailed. The Nei index indicates a high similarity of the structure of North 
Caucasian pathogen population by virulence in 2014, 2015 and 2017 (N = 0.02-0.05) and its minor 
changes in 2016 (N = 0.14-0.19). The obtained statistical results indicate the stability of the North 
Caucasian P. hordei population by virulence. The level of its diversity in the frequency of virulence 
alleles remained medium (Hs = 0.26-0.40) throughout the entire study period. 

 

Keywords: winter barley, leaf rust, Puccinia hordei, virulence 
 

Barley leaf rust (the causative agent Puccinia hordei Otth.) is a wide-
spread and harmful disease of barley, which leads to grain shrinkage and yield 
decrease. If the plants are damaged severely the yield loss may be more than 
20% [1]. The economic importance of P. hordei in the world agriculture depends 
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on the region of the crop cultivation and varies by years [2]. In recent years it 
has increased [3). The effect of this pathogen is especially severe in the regions 
of the East and Midwest of the USA, North Africa, New Zealand, Europe, Aus-
tralia, and some Asian countries [4]. In a number of countries, especially in the 
regions where crops ripen late, significant yield losses have been observed in the 
susceptible varieties [5, 6]. In Russia, the barley leaf rust is most harmful in the 
Volga, North Caucasus and Central Black Earth regions, Western and Eastern 
Siberia and in the Far East where it emerges almost annually. The epiphytoties 
in the North Caucasus, Central Black Earth and Volga regions occur 1-2 times 
per 10 years [7, 8]. 

Breeding and cultivation of highly productive varieties resistant to diseas-
es including the barley leaf rust possess the leading role among barley protection 
methods. Their creation and application require a comprehensive study of the 
gene pool of the host plant resistance and of the pathogen virulence. To date, 21 
genes conferring juvenile resistance (Rph1-Rph19, Rph21 and Rph22) and 3 
genes for age-related resistance (Rph20, Rph23 and Rph24) which have been 
found in Hordeum vulgare, H. vulgare subsp. spontaneum and H. bulbosum are 
known [9, 10].  

Abroad, the population studies of the pathogen are actively conducted in 
the countries for which the protection against the disease is especially urgent. 
Cotterill et al. [11] have proved that most of the known genes are ineffective 
against the isolates identified in Australia from 1966 to 1995, and only Rph3 and 
Rph7 genes remained effective. Subsequently, the P. hordei isolates which are 
virulent for the lines with these genes emerged in different countries [12, 13]. 
The virulence of the fungal isolates to the line having the Rph15 gene has been 
reported by Sun [14]. Nevertheless, the gene of a wild barley species H. vulgare 
subsp. spontaneum, like the Rph16 gene [15] is still considered effective and is 
actively used in breeding programs [16). The juvenile genes Rph11 and Rph14 
are ineffective, and the isolates which are virulent for their carriers are found in 
many parts of the world [17]. Currently, Rph20, Rph23, and Rph24 are recog-
nized effective genes of adult plant resistance to P. hordei [18].  

In the territory of the former USSR, until 1964, the race and phenotypic 
composition of P. hordei has not been studied. The first investigations of its race 
composition with a set of differentiator varieties selected by Levin and Cherevik 
were published in 1968 by Rogozhina et al. [19]. A total of 18 races, 16 of which 
were listed in the international registry and two ones (X and Y) were described 
for the first time were discovered. Subsequently, the study of the race diversity of 
different geographical populations of the pathogen was continued [20, 21], and 
another two new races (1L, 2L) and two races listed in the international register 
[22, 23] were found.  

In this study, we for the first time established that most of the mono-
pustule isolates of the barley leaf rust causative agent from the North Caucasus 
population are virulent to the testers with Rph1, Rph2, Rph3, Rph3 + Rph7, 
Rph4, Rph5, Rph7, Rph8, and Rph9 + Rph2 genes. No virulent isolates for the 
line with Rph13 gene have been found.  

The objective of this work was to study the structure of the North Caucasian 
population of barley leaf rust causative agent (Puccinia hordei) for virulence. 

Techniques. The leaves of different varieties of winter barley (Hordeum 
vulgare L.) affected by P. hordei were collected in the North Caucasus in the 
course of routine surveys in 2014-2017. A total of 208 mono-pustule isolates of 
the fungus have been isolated and analyzed.   

The isolation, reproduction, and differentiation of mono-pustule isolates 
were performed according to the described technique [24]. The barley plants 
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were grown hydroponically using the Knop’s nutrient solution [22].  
To assess virulence, 17 differentiator varieties and lines from the interna-

tional and Australian kits [18] which contain the known to date genes of re-
sistance to the pathogen were used. Seeds of the differentiators were germinated 
in Petri dishes. The germinated seeds were sown, 5 seeds per 25 ml plastic flow-
erpots with wet sand. On Days 5 to 7, the differentiator plants were inoculated 
with aqueous suspension of P. hordei spores of each mono-pustule isolate. On 
Days 10 to 14, the types of plant response (in points) were evaluated according 
to the Levin and Cherevik scales. The plants with response types of 0, 0; 1 and 2 
points were classified as resistant, with 3 and 4 points — as susceptible. In case if 
the type of reaction was slightly higher or lower than the above points, the addi-
tional designations “+” or “” were introduced [25]. 

The diversity of the P. hordei population was described for virulence 
genes using Nei’s Нs index [26]:  

Нs (P) = Σ[1  qi
2  (1  qi)2]/k, 1  i  k, 

where qi is the frequency of the i allele in the population, k is the number of 
alleles.  

The inter-population differences (Nei’s N index) were evaluated as the 
frequency of virulence alleles using the genetic distance (D) according to Nei 
[26, 27]: 

D = ln IN, 
IN = ΣΣ xij yij/ΣΣ xij

2 ΣΣ yij
2, 

where хij and yij are the frequencies of the i allele of the j year in the compared 
populations x and y. 

The statistical processing was performed using Statistica 10.0 software 
(StatSoft, Inc., USA). 

Results. The barley differentiator varieties and lines used in the work are 
shown in Table 1. 

1. The differentiator varieties and lines of winter barley (Hordeum vulgare L.) with 
known genes of resistance to barley leaf rust used to investigate virulence of Puc-
cinia hordei Otth. North Caucasian population isolates   

Set of differentiators  Variety/line Origin Resistance gene(s)  
International  Sudan C.I. 6489 Rph1 
International  Peruvian Hordeum vulgare Rph2 
International  Estate Hordeum vulgare Rph3 
International  Midas Hordeum vulgare Rph3 + Rph7 
International  Gold Hordeum vulgare Rph4 
International  Magnif 104 Hordeum vulgare  Rph5 
Additional Australian Quinn Mains’ Quinn, C.I. 1024 Rph5 + Rph2 
International  Bolivia Hordeum vulgare Rph6 + Rph2 
International  Cebada Capa Hordeum vulgare Rph7 
International  Egypt 4 Hordeum vulgare Rph8 
International  Triumph H. vulgare ssp. spontaneum Rph12 
International  Abyssinian Hordeum vulgare Rph9 
Additional Australian  PI 531849 H. vulgare ssp. spontaneum Rph13 
Additional Australian  Prior Hordeum vulgare Rph19 
Additional Australian  Reka 1 C.I. 5051 Rph19 + Rph2 
Additional Australian  Ricardo Hordeum vulgare Rph21 + Rph2 
Additional Australian  Cantala Hordeum vulgare RphC 

 

In 2014, 2015 and 2017, the conditions for the pathogen development 
were favorable, while 2016 was unfavorable due to weather conditions. 

Over the four years of study, the Rph13 gene had been demonstrating the 
absolute effectiveness (Table 2). The source of this gene is the wild species of 
barley H. vulgare ssp. spontaneum. However, despite its effectiveness in the North 
Caucasus, the isolates which are virulent for carriers of this gene have been 
found in several regions of the world [18]. In all years of study, most testers with 
Rph1, Rph2, Rph3, Rph3 + Rph7, Rph4, Rph5, Rph7, Rph8, and Rph9 + Rph2 
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resistance genes were affected by isolates of the North Caucasian P. hordei popu-
lation with the high frequency. In 2016-2017, compared to 2014-2015, there was 
a decrease in the number of isolates virulent to the lines with the Rph9 and 
Rph19 genes, and an increase in the number of clones virulent for the testers 
with Rph19 + Rph2 and Rph21 + Rph2 genes. The number of isolates virulent 
for the barley varieties and lines with Rph5 + Rph2 and Rph6 + Rph2 genes re-
mained medium in all years of research. In 2016, due to the conditions unfavor-
able for the pathogen and due to the collection of spore material from the lim-
ited set of varieties affected by the pathogen, the frequency of isolates virulent to 
barley varieties and lines was significantly lower.  

2. Frequency of Puccinia hordei Otth. isolates of North Caucasian population viru-
lent to winter barley (Hordeum vulgare L.) lines and varieties with Rph genes   

Testers with Rph genes  
Frequency, % 

2014 2015 2016 2017 
Rph1 76.1 60.5 51.3 83.3 
Rph2 75.0 73.7 33.3 72.2 
Rph3 81.5 63.2 15.4 80.6 
Rph3 + Rph7 79.3 60.5 20.5 86.1 
Rph4 68.5 63.2 28.2 83.3 
Rph5 73.9 55.3 30.8 75.0 
Rph5 + Rph2 30.4 50.0 35.9 36.1 
Rph6 + Rph2 34.8 36.8 12.8 47.2 
Rph7 80.4 55.3 15.4 83.3 
Rph8  78.3 57.9 25.6 88.9 
Rph9 56.5 47.4 2.6 8.3 
Rph12  50.0 52.6 5.1 38.9 
Rph13  0.0 0.0 0.0 0.0 
Rph19  26.1 10.5 2.6 8.3 
Rph19 + Rph2 42.4 50.0 46.2 86.1 
Rph21+ Rph2 0.0 0.0 0.0 25.0 
Rph С 41.3 34.2 2.6 75.0 

Number of isolates 92 38 39 39 
Intrapopulation diversity  
index Нs 0.36 0.40 0.26 0.30 

 

Therefore, most of the currently known resistance genes were ineffective 
against P. hordei in all years of researches. The Rph13 gene, no virulent isolates 
to which have been detected since 2012, retained its high efficiency [8, 21]. 

The statistical analysis of the pathogen population diversity for the fre-
quencies of virulence alleles showed that in 2016 the population was the least 
diverse (Нs = 0.26) that was determined by the conditions unfavorable for the 
pathogen (Table 2). In general, the diversity of the North Caucasian population 
of P. hordei remained medium (Hs = 0.26-0.40 (Hs = 0.26-0.40) as per the fre-
quencies of virulence alleles throughout the entire survey period. 

3. Frequency of isolates with different number of virulence alleles attacking lines and 
varieties of winter barley (Hordeum vulgare L.)  

Number of virulence alleles 
Isolates with different number of virulence alleles, % 

2014 2015 2016 2017 
0 1.1 2.1 30.8 2.8 
1-5 22.8 28.9 35.9 11.1 
6-10 23.9 26.3 33.3 36.1 
11-15 52.2 39.5 0.0 50.0 

Number of isolates 92 38 39 39 
 

The dynamics of frequency of P. hordei isolates with different number of 
virulence alleles showed that in 2014, 2015 and 2017, the isolates with a large 
number of virulence alleles (11 to 15) predominated in the pathogen population 
(Table 3), with 1.1 to 2.8% of isolates avirulent to all the lines with Rph genes 
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used in our researches. In 2016, 33.3-35.9% isolates had medium and low num-
ber of virulence alleles, and no isolates with high number of virulence alleles 
(11-15 genes) were found. Moreover, almost a third of the isolates were avirulent 
to all studied testers with Rph genes.  

The decrease in the number of virulence alleles and their frequencies to-
ward most testers could be the consequence of the weather conditions unfavora-
ble for the pathogen during the growing season of 2016. In average, the emer-
gence of P. hordei throughout the region had not exceed 5%; the spores were 
collected from the limited set of winter barley varieties affected by the pathogen 
that could also affect the reduction of the pathogen population diversity. The 
obtained results are consistent with the existing theory that the isolates with min-
imum number of virulence alleles survive under adverse conditions. This is due 
to the fact that the abundance of “excessive” alleles affects the viability of the 
rust causative agents. On the contrary, if the conditions are favorable for the 
pathogen, the isolates with medium and high number of virulence alleles pre-
dominate (28].  

The values of the Nei’s N index which characterizes the differences be-
tween populations points out on the high similarity of the structure of the patho-
gen North Caucasian population by virulence in 2014, 2015 and 2017 (N = 
0.02-0.05) and its insignificant changes in 2016 (0.14-0.19) (Fig.).  

The revealed differentiation may be due to the reasons described above. 
The comparison of the 

frequency of P. hordei isolates of 
the North Caucasian population 
which are virulent to the carriers 
of Rph genes with the data ob-
tained by other researchers testi-
fies about the discordance in the 
effectiveness of most resistance 
genes. Thus, in Australia, Rph7, 
Rph11, Rph14, Rph15, and 
Rph18 [29] genes and later 
mapped Rph21 gene [23) remain 

effective. The Rph3 gene has retained its effectiveness in Australia since 1992 [9], 
but in 2009 the isolates virulent to lines with this gene were discovered [30]. 
Rph7 and Rph16 genes in Europe [2, 3] and Rph3 and Rph7 genes in Ethiopia 
[31] are deemed effective. The frequency of P. hordei isolates of the North Cau-
casian population virulent to lines with Rph3 and Rph7 genes ranged from 15.4% 
to 83.3% (see Table 2). The Rph13 gene effective against the pathogen of North 
Caucasian population is ineffective in Europe and Australia [3, 9, 29]. 

So, the differences in virulence of the North Caucasian population of 
Puccinia hordei Otth. in 2014, 2015 and 2017 were insignificant (N = 0.02-0.05) 
that testifies about stability of the pathogen in virulence. In 2016 which was unfa-
vorable for P. hordei, insignificant intrapopulation changes occurred (N = 0.14-
0.19). During four years, no isolates virulent to the line with the Rph13 gene 
were found. Most isolates turned out to be saturated with virulent alleles. The 
diversity of the North Caucasian population of P. hordei in the virulence allele 
frequency (Hs) ranged from 0.26 to 0.40 throughout the entire survey period. 
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A b s t r a c t  
 

The State Collection of phytopathogenic microorganisms (ARRIP) accumulates a great 
number of wheat leaf rust agent (Puccinia triticina Eriks.) isolates, an extremely harmful and epiphy-
totic pathogen. Annually the collection is replenished with new leaf rust isolates from different popu-
lations. Annual estimation of the virulence genes’ frequency in isolates makes it possible to track the 
dynamics of the fungal populations. One of the main tasks of the State collection is to preserve the 
isolates of the fungus without losing their biological properties to involve these isolates in further 
laboratory and field experiments. For this purpose, the viability and virulence of P. triticina collection 
isolates was evaluated during 10-year preservation in a household refrigerator (+4 С) and in a 
REVCO freezer (80 С, Revco, USA). We used 124 P. triticina isolates collected in 2005, 2006, 
2008, 2009, 2010 and 2012 from damaged wheat (Triticum aestivum L.) samples in the Central, 
North Caucasus and West Siberian regions of the Russian Federation. The isolates differed in viru-
lence and were assigned to 74 phenotypes. The viability of the isolates after storage was determined 
by spore germination on 2 % water agar plates and by inoculation of susceptible wheat cultivars. 
Storing of the leaf rust uredospores at low positive temperatures quickly led to a weakening of the 
viability of the fungus, up to complete destruction. After 1-2 months at +4 С, the isolates had a 
high germination capacity, from 48 to 95 %, which decreased in 6 months to 3.0-22.7 %. The corre-
lation between the number of germinated spores on 2 % agar-agar and the duration of storage at a 
low positive temperature was 0.79. Leaf rust isolates remained viable during storage for 3-10 years 
under low negative temperatures (80 С). The number of germinated spores of different isolates 
regardless of the preservation period was 25-79 %, and the disease intensity reached 25-100 %. 
Many factors influence viability of isolates. These mostly are improper sample processing prior to 
putting into storage and during reviving from an anabiotic state, or disturbance of storage of tech-
nical character. However, storage of P. triticina isolates at low negative temperatures ensured a rather 
high survival rate for 10 years. Checking the virulence of the isolates after 7-year storage with the use 
of susceptible wheat cultivar and Lr9 and Lr19 lines showed identical indicators before and after the 
storage. The method of storing spores at 80 C allows rather high rate of preservation without 
changing fungal viability and virulence. 

 

Keywords: collection of microorganisms, leaf rust, isolate, population, virulence, preservation 
 

The State Collection of Phytopathogenic Microorganisms of the All-
Russian Research Institute of Phytopathology is intended for the long-term stor-
age of pathogens of agricultural crops in a viable state [1-3]. The Collection fund 
contains about 5,500 strains of the causative agents of plant diseases (fungi, bac-
teria and viruses). For the recent 10 years, more than 1,000 isolates of Puccinia 
triticina Eriks. from different wheat cultivation regions of the Russian Federation 
have been collected. The virulence spectrum of the collected samples of this fun-
gus makes it possible to preserve the diversity of the natural populations of 
P. triticina, to use them for predicting the dynamics of the resistance gene fre-
quency and tests during wheat breeding [4, 5]. 
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Monitoring of P. triticina population virulence makes it possible to reveal 
new resistance genes. In the nature, mutations and genetic recombination, as 
well as spore migration, significantly influence virulence of the fungus popula-
tions [6-8]. Due to joint evolution in the “host-pathogen” system, the perma-
nent selection of virulent clones of leaf rust goes on in the resistant wheat varie-
ties. Virulent clones accumulate in P. triticina populations; the avirulent clones 
become displaced and eventually either eliminate or remain in small amounts. 
The annual variations in the frequency of leaf rust races are influenced by 
weather conditions and by the set of cultivated wheat varieties [5, 9]. The annual 
sampling of P. triticina isolates to the collection makes it possible to compare the 
genetic material of different years and thus to trace the population changes in 
the frequency of virulence genes, as well as to determine the influence of the 
cultivated wheat varieties on the appearance and spread of the pathogen’s races 
[10, 11]. As the result of monitoring the virulence of P. triticina populations, 
new potentially dangerous races are detected. Basing on the study of the dynam-
ics and frequency of virulence genes, the effectiveness of wheat Lr genes in Rus-
sian regions is determined to predict their inclusion in breeding programs. In-
formation about the gene pool of the pathogen populations makes it possible to 
use proper pathogen compositions for artificial inoculants and to evaluate the 
wheat genotype resistance to the leaf rust pathogen [12, 13].  

The main factor influencing the emergence and frequency of new P. trit-
icina races is natural selection which occurs in fungal populations under the in-
fluence of the varieties with the race-specific resistance [14]. In this regard, the 
information about finding out of the clones of wheat leaf rust pathogen which 
overcomes the resistance of host varieties having the effective resistance genes 
becomes relevant for the selection of samples which can be used in the breeding 
for immunity to the disease. 

It is known that more than 90% of microorganisms, including rust fungi, 
cannot be cultured on an artificial medium. The P. triticina fungus is an eco-
nomically important fungus, the storage of isolates of which often causes certain 
difficulties. The studies related to the necessity to preserve such microorganisms 
imply the choice of the conditions of conservation and reactivation under which 
the restoration of the pathogen viability is possible. The maintaining of the iso-
lates in working state and preserving their valuable properties are of importance 
for practical use [15-17]). 

The creators of the collection were faced with the task not only to main-
tain the P. triticina isolates in a viable state, but also to optimize the conditions 
for maintaining physiological properties of the fungus [18, 19]. It is known that 
traditional methods of storage of rust fungi (drying and sealing of uredospores in 
ampoules) do not guarantee the maintenance of high viability for a long time. 

Storing in liquid nitrogen requires significant costs. Storing the rust 
spores in household refrigerators at low positive temperatures allows them to re-
main viable for several months, and in the form of herbarium material — up to a 
year. In a routine daily work which consists of continuously repeating cycles re-
quiring the short-term maintenance of the fungus in a viable state, storing the 
spores at low positive temperatures is sufficient. However, the long-term storing 
of the fungus requires different conditions.  

One of the most widely used contemporary methods of preserving bio-
material without changing its viability is storage in freezers at ultra-low tempera-
tures [20, 21].  

It is recommended for many mycological objects to place them in freez-
ing chambers at 80 C. Low negative temperatures stops biochemical processes 
in cells including the metabolic process. Using the freezers with ultra-low tem-
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peratures ensures the preservation of rust fungi spores without changing their 
biological properties for 7 years or more [22-24]. 

In this work, for the first time, the correlation relationship between the 
viability of leaf rust isolates and the duration of storage at low positive and ultra-
low temperatures has been established. As the time of spores storing at a low 
positive temperature extended, the viability of the isolates decreased that had 
been expressed in the reduction of spore germination on 2% starvation agar and 
in the decrease of the intensity of wheat seedlings infecting. Under the condi-
tions of ultra-low temperatures, regardless of the storing period, the isolates had 
been retaining the ability to germinate on the starvation agar and to infect the 
plants. The duration of storage at ultra-low temperatures had not influenced the 
changing of the virulence sign.  

The goal of our researches was the comparative assessment of the viabil-
ity and virulence of the collected isolates of Puccinia triticina at the long-term 
storage under conditions of low positive (+4 C) and low negative temperatures 
(–80 C).  

Techniques. The material for the 10-year study was 124 isolates of P. trit-
icina taken from the infected wheat samples (Triticum aestivum L.) in 2005, 
2006, 2008, 2009, 2010 and 2012 in the Central, North Caucasus and West Si-
berian regions of the Russian Federation. 

Isolation, reproduction and identification of virulence in single-pustule 
isolates of P. triticina were performed under optimal conditions for the develop-
ment of plants and pathogen, the relative average daily air temperature +20 C, 
relative air humidity 60% (daytime) and 70% (in night), light intensity 10-15 
thousand lux, and 16-hour photoperiod.  

The plants of the susceptible Khakasskaya line and the wheat lines with 
the single resistance genes were grown according to the standard technique in 
hydroponic culture [12]. The virulence genes in the P. triticina isolates were de-
termined with Thatcher Lr lines having juvenile resistance genes. The set with 
juvenile resistance genes contained 42 Lr lines, i.e. Lr1, Lr2a, Lr2b, Lr2c, Lr3a, 
Lr3bg, Lr3ka, Lr9, Lr10, Lr11, Lr14a, Lr14b, Lr15, Lr16, Lr17, Lr18, Lr19, 
Lr20, Lr21, Lr23, Lr24, Lr25, Lr26, Lr27+Lr31, Lr28, Lr29, Lr30, Lr32, Lr33, 
Lr36, Lr38, Lr39, Lr40, Lr 41, Lr 42, Lr44, Lr45, Lr46, Lr47, Lr51, Lr53, and 
LrB [25].  

In 25 5-6-day old seedlings lower side of the leaf was inoculated with 
aqueous suspension of uredospores (0.5 mg spores per 1 ml of water). For better 
adhesion, one or two drops of TweenR 20 were added to the water. The spores 
were applied using the scalpel after the wax removal from the leaves with fingers. 
The infected wheat plants were placed into the humid chamber at +18-20 C for 
16-20 hours, and then into the artificial climate chamber with controlled condi-
tions of temperature, humidity and lighting. In 5-7 days after the inoculation, 
the plants were examined to detect the disease signs which were evaluated ac-
cording to the common international practice [26-28]. After the differentiation 
by virulence, each isolate of P. triticina was propagated on the susceptible Kha-
kasskaya line until 4-5 mg biomass accumulation and placed for storage to the 
State collection of the All-Russian Research Institute of Phytopathology. 

Spores were stored for 1-10 months at +4 C in a household refrigerator 
in test tubes and for 3, 4, 5, 6, 7, and 10 years at 80 C in the REVCO freezing 
chamber (Revco, USA) in plastic containers. Before each inspection of the ma-
terial, the uredospores stored in the freezers were recovered from the anabiosis 
by heating at +45 C for 5 minutes [29]. 

The viability of the isolates was determined by germination on plates 
with 2% starvation agar and by inoculation of the seedlings of susceptible wheat 
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variety with spore suspension [30]. In the first case, the molten 2% starvation 
agar was poured onto the glass slides laid out in the sterile Petri dishes. The 
spores were plated using a preparation needle. The dissemination evenness was 
achieved by slight knocking with the needle on the Petri dish’s edge. Then the 
dishes were closed and kept at room temperature. After 6 hours, the glasses were 
examined under the microscope at high magnification and the number of germi-
nated spores in 100 examined samples (triple replication) was counted out. The 
viability of the spores of each isolate was expressed in percentage value.  

In order to test the ability to infect the 5-6-day-old wheat seedlings of 
the universally susceptible Khakasskaya line, the plants were inoculated with 
spores taken from storage and recovered from anabiosis. The formation of pus-
tules on the leaf surface served as the indicator of the spore viability.  

In the statistical processing of the results, the coefficients of correlation 
(r) and coefficients covariance were calculated using the Microsoft Excel pro-
gram [2, 3].  

Results. All P. triticina isolates used in this work have been marked with 
the stating of their origin and virulence. The differentiation of the P. triticina 
isolates with the wheat lines having the juvenile resistance genes has revealed 
significant differences in virulence. The isolates contained different number of 
virulence genes and were classified into 74 phenotypes. Although the isolates 
derived from the P. triticina populations in different years, all of them were 
characterized by the presence of the same 12 virulence genes: р3а, р3bg, р3ka, 
р10, р14a, р14b, р17, р18, р21, р30, р33, and рB. The P. triticina isolates dif-
fered among themselves by the presence of genes р1, р2а, р2b, р2с, р9, р11, р15, 
р16, р19, р20, р23, р25, р26, р27 + р31, р28, р32, р36, р38, р39, р40, р44, and 
р46. No р24, р29, р41, р42, р45, р47, р51, and р53 genes have been detected in 
isolates from the Collection. 

 While storing the uredospores of the leaf rust pathogen under low posi-
tive temperatures, their viability weakened rapidly (Table 1). Thus, after the stor-
ing at +4 C for 1-2 months, the isolates demonstrated a high (from 48 to 95%) 
germinability of spores, and after 6 months this value decreased to 3.0-22.7%. 
After 10 months of storing, the spores turned to be completely non-germinable. 
A 0.79 correlation was found between the number of spores germinated on 2% 
starvation agar and the duration of storage in the household refrigerator. The 
similar results have been also obtained when infection of the seedlings of the 
susceptible Khakasskaya variety with the spore suspensions: as the duration of 
storing extended, the intensity of affection of the wheat seedlings decreased. 

1. Viability of Puccinia triticina Eriks. uredospores on 2% starvation agar and on 
seedlings of susceptible Khakasskaya wheat variety after 1-10 month storing at 
+4 C 

Storing, months Isolates 
Germinated spores  

(min-max), % 
Affection of the wheat seedlings (min-max), % 

1 8 55,9-89 60-100 
1,5 5 69,4-84,6 60-100 
2 32 48,0-95,0 60-100 
3,5 12 23,0-76,0 25-60 
6 23 3,0-22,7 1-20 
8 5 2,3-7,3 1-5 
8,5 3 0-2,3 0-1 
9 4 0,7-1,3 0-1 
10 5 0 0 

Correlation coefficient 0,79 0,65 
Covariance coefficient 0,62 0,42 

 

At 80 C the isolates remained viable for 3-10 years. Regardless of the 
storing duration, in different isolates the percentage of germinated spore was 25-
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79% and the plants affection reached 25-100%.  
The viability values of isolates at the same storing duration had been in-

fluenced by many factors, the main of which could be faults when the prepara-
tion of the material before putting for storage and technological violations of the 
storage conditions. Nevertheless, the storage of the Collection samples of P. triti-
cina at low negative temperatures ensured a rather high survival rate for 10 years 
(Table 2). 

2. Viability of Puccinia triticina Eriks. isolates on 2% starvation agar and on seed-
lings of susceptible Khakasskaya wheat variety depending on duration of storing 
in the freezer 

Years Storing, years Number of isolates 
Spores germinated on 
the agar (min-max), % 

Affection of the wheat 
seedlings (min-max), % 

2005-2015 10 15 34-69 25-80 
2008-2015 7 8 34-56 25-60 
2006-2012 6 6 45-48 40 
2006-2011 5 10 25-60 25-80 
2006-2010 4 10 45-68 40-80 
2009-2012 3 11 50-67 40-80 
2010-2012 3 16 35-79 25-100 
2012-2015 3 9 53-78 60-100 

Correlation coefficient 0,22 0,41 
Covariance coefficient 0,05 0,17 

 

The storing of the P. triticina isolates at low negative temperatures does 
not affect their virulence. This has been confirmed by the results of inoculation 
of the susceptible Khakasskaya line and two monogenic lines of the Thatcher 
variety (Lr9 and Lr19) with isolates taken from the storage (Table 3). The Lr9 
and Lr19 lines were used as the indicators of virulence of the isolates with the p9 
and p19 genes. The isolates of P. triticina (34 ones in total) collected in the 
Krasnodar Territory, Omsk and Moscow regions demonstrated the same re-
sponse on the tester lines as when putting for storage (see Table 3). 

Thus, the comparison of isolates 729-5 (from the Omskaya 32 variety), 
730-1, 730-2, 730-4, 730-6, 730-11 (from the Chernyava variety), 733-3 (from 
the Chernyava 13 variety) and 732-1 (from the Omskaya 29 variety) collected in 
the West Siberian region did not reveal differences in the virulence to Lr9 and 
Lr19 lines before and after the storage. The uredospores collected in 2010 in 
Moscow region from the Pamyati Fedina, Moskovskaya 39, Mironovskaya 808 
and Moskovskaya 39 winter wheat varieties and in 2008 in the Krasnodar Terri-
tory from Batko, Valeria, Krasnodar 99, Kupava, Delta, Michigan Amber varie-
ties, in 2015 year, as when putting for storage, were avirulent to Lr9 line. In the 
virulence formulas of 648-4, 648-11, 649-2 and 676-14 isolates, the p19 gene has 
been noted. Testing of the virulence of these isolates after 7 years storage showed 
the identical reactions on the tester lines. 

Despite the significant progress in genetics, biochemistry, physiology, 
and ecology of microorganisms, the mechanisms responsible for the reversible 
transition of cells to the anabiotic state are still studied insufficiently. For the 
many years of creating the collections of bacteria and fungi, general but not al-
ways clear concepts about managing the processes of conservation and restora-
tion of the viability of each specific organism have accumulated. The interest to 
the works on investigation of the structural and functional cell transformations of 
microorganisms under the influence of conservation-reactivation factors ap-
peared after the finding of alive microbes in the Arctic ice [31]. The experience 
of working with collections testifies that many contemporary methods of conser-
vation turn to be relatively effective in maintaining laboratory cultures of micro-
organisms. However, the conservation at ultralow temperatures with the com-
plete preservation of populations and genomes is the most effective especially if 
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3. Virulence of the Puccinia triticina Eriks. isolates before and after the storing at low negative temperatures (80 C) 

Years 
Name code  
of the isolate 

Virulence formula (presence of the virulence genes) 
Virulence lines having the resistance gene 

Lr9 Lr19 
K r a s n o d a r  T e r r i t o r y, N o r t h  C a u c a s u s   

2008-2015 670-2 р1, р3a, р3bg, р10, р11, р14a, р14b, р16, р17, р18, р25, р26, р27, р30, р32, р33, р36, рB R/R R/R 
2008-2015 670-6 р1, р2c, р3a, р3bg, р10, р11, р14a, р14b, р17, р18, р21, р25, р26, р27 + р31, р30, р33, р36, рB R/R R/R 
2008-2015 670-4 р1, р2b, р2c, р3a, р3bg, р3ka, р10, р11, р14a, р14b, р16, р17, р18, р19, р21, р23, р25, р26, р30, 

р32, р33, р36, рB R/R S/S 
2008-2015 670-7 р1, р2b, р3a, р3bg, р3ka, р10, р11, р14a, р14b, р16, р17, р18, р25, р30, р32, р33, р36, рB R/R R/R 
2008-2015 670-8 р1, р2c, р3a, р3bg, р3ka, р10, р11, р14a, р14b, р16, р17, р18, р19, р21, р25, р27 + р31, р30, р32, 

р33, р36, рB R/R S/S 
O m s k  R e g i o n, W e s t  S i b e r i a  

2008-2015 648-4 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р11, р14a, р14b, р15, р16, р17, р18, р19, р20, р21, р25, р26, 
р27 + р31, р28, р30, р32, р33, рB R/R S/S 

2008-2015 648-9 р1, р2c, р3a, р3bg, р10, р11, р14a, р14b, р17, р18, р21, р23, р25, р30, р33, рB R/R R/R 
2008-2015 648-11 р1, р2c, р3a, р3bg, р3ka, р10, р11, р14a, р14b, р17, р18, р19, р21, р23, р25, р28, р30, р33,  

р36, рB R/R S/S 
2008-2015 649-2 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р10, р11, р14a, р17, р18, р19, р20, р21, р25, р26, р27 + р31, 

р30, р33, рB R/R S/S 
2008-2015 653-1 р1, р2c, р3a, р3bg, р10, р11, р14a, р14b, р16, р17, р18, р21, р25, р27 + р31, р28, р30, р32, р33, 

р36, рB R/R R/R 
2008-2015 676-5 р1, р2c, р3a, р3bg, р10, р11, р14a, р16, р17, р18, р20, р21, р26, р27 + р31, р30, р32, р33, рB R/R R/R 
2008-2015 676-6 р1, р2c, р3a, р3bg, р10, р11, р14a, р15, р16, р17, р18, р20, р21, р26, р27 + р31, р30, р32, р33, 

р36, рB R/R R/R 
2008-2015 676-7 р1, р2b, р2c, р3a, р3bg, р3ka, р10, р11, р14a, р16, р17, р18, р20, р26, р27 + р31, р30, р32, р33, 

р36, рB R/R R/R 
2008-2015 676-12 р1, р3a, р3bg, р10, р11, р14a, р14b, р16, р17, р18, р20, р25, р30, р32, р33, рB R/R R/R 
2008-2015 676-14 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р10, р11, р14a, р14b, р16, р17, р18, р19, р20, р26, р30, р32, 

р33, рB R/R S/S 
2010-2012 729-1 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р10, р11, р14a, р14b, р17, р18, р20, р21, р23, р25,  

р27 + р31, р30, р32, р33, р39, р40, рB R/R R/R 
2010-2012 729-5 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р10, р11, р14a, р14b, р15, р17, р18, р19, р20, р21, р26,  

р27 + р31, р30, р32, р33, р39, р40, рB  R/R S/S 
2010-2012 729-6 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р10, р14a, р14b, р15, р17, р18, р20, р21, р27 + р31, р30,  

р32, р33, р39, р44, рB R/R R/R 
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Table 3 continued 
2010-2012 730-1 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р9, р10, р11, р14a, р14b, р16, р17, р18, р20, р21, р23,  

р27 + р31, р30, р32, р33, р39, р40, рB  S/S R/R 
2010-2012 730-2 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р9, р10, р14a, р17, р18, р20, р23, р27 + р31, р30, р32, р33, 

р39, р40, рB  S/S R/R 
2010-2012 730-4 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р9, р10, р11, р14a, р14b, р17, р18, р19, р20, р21, р23,  

р27 + р31, р30, р32, р33, р39, р40, р46, рB S/S S/S 
2010-2012 730-6 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р9, р10, р14a, р14b, р15, р17, р18, р23, р27 + р31, р30, р32, 

р33, р39, р40, р46, рB S/S R/R 
2010-2012 730-11 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р9, р10, р11, р14a, р14b, р15, р17, р18, р20, р21, р23,  

р27 + р31, р30, р32, р33, р39, р40, рB S/S R/R 
2010-2012 733-3 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р9, р10, р14a, р14b, р15, р17, р18, р20, р21, р27 + р31, р30, 

р32, р33, р39, р40, рB   S/S R/R 
2010-2012 732-1 р1, р2a, р2b, р2c, р3a, р3bg, р3ka, р9, р10, р11, р14a, р14b, р15, р17, р18, р20, р21, р23,  

р27 + р31, р30, р32, р33, р39, р40, рB    
M o s c o w  R e g i o n ,  C e n t r a l  R u s s i a  

2010-2012 728-3 р1, р2c, р3a, р3bg, р3ka, р10, р14a, р14b, р17, р18, р19, р21, р23, р25, р30, р32, р33, р39,  
р40, рB R/R S/S 

2010-2012 728-1 р1, р2c, р3a, р3bg, р3ka, р10, р14a, р14b, р16, р17, р18, р21, р23, р25, р27 + р31, р30, р32,  
р33, р39, р40, рB R/R R/R 

2010-2012 720-4 р1, р2b, р3a, р3bg, р3ka, р10, р14a, р14b, р16, р17, р18, р19, р20, р21, р25, р27 + р31, р30,  
р32, р33, р39, р44, рB R/R S/S 

2010-2012 728-4 р1, р2c, р3a, р3bg, р3ka, р10, р11, р14a, р14b, р17, р18, р19, р20, р21, р23, р25, р27 + р31, р30, 
р32, р33, р39, р40, рB R/R S/S 

2010-2012 728-8 р1, р2b, р2c, р3a, р3bg, р3ka, р10, р14a, р14b, р17, р18, р19, р20, р21, р23, р25, р27 + р31,  
р30, р32, р33, р36, р39, р40, рB R/R S/S 

2010-2012 718-3 р1, р2b, р2c, р3a, р3bg, р3ka, р10, р14a, р14b, р15, р16, р17, р18, р19, р20, р21, р23, р25,  
р27 + р31, р30, р32, р33, р39, р40, рB R/R S/S 

2010-2012 720-2 р1, р2c, р3a, р3bg, р3ka, р10, р11, р14a, р14b, р16, р17, р18, р19, р21, р23, р25, р27 + р31, р30, 
р32, р33, р36, р39, р40, р44, рB R/R S/S 

2010-2012 724-1 р1, р2c, р3a, р3bg, р3ka, р10, р11, р14a, р14b, р16, р17, р18, р19, р21, р23, р25, р26,  
р27 + р31, р30, р32, р33, р36, р39, р40, рB R/R S/S 

2010-2012 718-1 р1, р2b, р2c, р3a, р3bg, р3ka, р10, р14a, р14b, р15, р16, р17, р18, р19, р20, р21, р23, р25,  
р30, р32, р33, р36, р39, р40, р46, рB R/R S/S 

2010-2012 720-5 р1, р2b, р2c, р3a, р3bg, р3ka, р10, р11, р14a, р14b, р15, р16, р17, р18, р21, р23, р25, р27 + р31, 
р30, р32, р33, р36, р39, р40, р44, р46, рB R/R R/R 

N o t e. R — resistance, S — susceptibility (types of plant responses to P. triticina isolates before/after the storage). 
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considering the phenomenal physiological diversity of microorganisms [19-22]. 
During the period of practical tests on the conservation of microorgan-

isms, the techniques of turning vegetative cells into the anabiotic state have been 
developed [23, 24], however, the works on finding out the clearer criteria when 
managing the processes of conservation and restoration of the viability of certain 
microorganisms are still topical.  

Thus, we have established that low temperatures ( 80 C) is effective for 
the long-term (from 3 to 10 years) storing of the collection of wheat leaf rust 
isolates. Even while storing for 10 years, low temperatures had not been decreas-
ing the pathogen viability and for 7 years had not been affecting its virulence. 
Low positive temperatures (+4 C) are unsuitable for the long-term storing of 
the Puccinia triticina isolates and may be used for preserving only up to 2-3 
months that makes it impossible to use these spores in the next growing season. 
The maintaining of P. triticina isolates in usable condition and preserving their 
valuable properties are important not only for population genetics, but also for 
selection studies. 
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A b s t r a c t  
 

The development of new effective substrates for mushroom cultivation is relevant not only 
in order to obtain high-quality food products, but also as a need for rational use of natural resources. 
Chemical pretreatment can modify the chemical composition of various types of lignocellulosic ma-
terials and remove the growth-inhibiting compounds which can affect the physiological and bio-
chemical processes in fungi. The present work provides the first comprehensive assessment of growth 
and biochemical characteristics of xylotrophic basidiomycetes cultivated on substrates that contain 
chemical pretreated lignocellulosic materials. Edible mushrooms Hericium erinaceus (Bull.) Persoon 
and Flammulina velutipes (Curtis) Singer and medicinal mushroom Ganoderma lucidum (Curtis) 
P. Karst. were selected for study. Pine (Pinus sylvestris L.) and beech (Fagus orientalis Lipsky) saw-
dust of particle size 0.24-0.315 mm were used. Pretreatment of lignocellulosic material with 2 % wt. 
solutions of hydrochloric acid, sulfuric acid, sodium hydroxide and hydrogen peroxide was carried 
out in autoclave at 120 С for 60 min. Sodium hydroxide pretreatment resulted in a statistically sig-
nificant (p < 0,05) increase in the easily hydrolysable carbohydrates content in pine sawdust by 5 % 
and in beach sawdust by 4 % compared to control. Acid pretreatment instead led to an increase in 
hardly hydrolysable carbohydrates content in lignocellulosic materials by 20 %. Hydrogen peroxide 
pretreatment had no significant effect on composition of pine and beech sawdust. Chemically pre-
treated pine and beach sawdust were used as the basis for substrates for cultivation of xylotrophic 
basidiomycetes. Substrates, in addition to sawdust, contained 10 % wheat bran and 1 % CaCO3. 
Alkaline and acid pretreatments contributed to increased bioavailability of lignocellulosic materials 
for the vegetative growth of G. lucidum. The colony of G. lucidum after nine days of growth on un-
treated pine sawdust was 43±4 mm in diameter, on hydrochloric acid-, sulfuric acid-, sodium hy-
droxide- and hydrogen peroxide-pretreated pine sawdust were 58±7, 52±3, 63±4 and 49±7 mm in 
diameter, respectively. Acid pretreatments of sawdust improved the growth rate and density of F. ve-
lutipes and H. erinaceus vegetative mycelium. Hydrochloric acid pretreatment of pine sawdust led to 
an increase in the colony diameters of F. velutipes and H. erinaceus from 51±1 and 19±2 mm to 
62±1 и 23±4 mm, respectively, of beach sawdust — from 48±4 and 19±2 mm to 50±4 и 32±3 mm, 
respectively. No growth of H. erinaceus occurred on substrate with alkali-pretreated pine sawdust. 
Fruit bodies of H. erinaceus were harvested from substrates containing acid-pretreated and untreated 
pine and beach sawdust. Acid pretreatments of pine and beach sawdust decreased the cultivation 
time twice. The second wave of fructification occurred during the cultivation of H. erinaceus only on 
substrates containing hydrochloric acid-pretreated sawdust. This provided an increase in yield of fruit 
bodies compared to control. The total yield of fruit bodies of the first and second waves cultivated on 
substrates with pretreated pine sawdust was 8.0 % dry wt., on substrate with untreated sawdust — 
3.9 % dry wt. The yield of fruit bodies reduced significantly during cultivation of H. erinaceus on a 
substrate with beech sawdust after sulfuric acid pretreatment. For the first time, a significant differ-
ence in the protein and polysaccharide contents of fruit bodies of the first and second waves is 
shown. In the case of growing mushrooms on a substrate with hydrochloric acid-pretreated sawdust 
fruit bodies of the second wave had 1.3 times higher protein content and 1.7 times higher polysac-
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charide content than fruit bodies of the first wave. Thus, a comparative study of different pretreat-
ments of lignocellulosic materials revealed a high efficiency of hydrochloric acid pretreatment step in 
preparing pine sawdust substrates for cultivation of H. erinaceus.  

 

Keywords: basidiomycetes, Hericium erinaceus, Ganoderma lucidum, Flammulina velutipes, 
solid-phase cultivation, substrate, pine sawdust, beech sawdust, pretreatment 

 

The involvement of hardly processible wastes from agriculture, food and 
wood processing industry in technological processes is a key aspect of the rational 
use of natural resources [1, 2]. Sawdust of coniferous trees, leaves, fir needles and 
bark are valuable raw materials for inclusion in existing production cycles [3, 4]. 
However, besides cellulose, hemicelluloses and lignin such wastes contain the pol-
yphenolic and tanning substances which negatively affect the raw materials pro-
cessing [5, 6]. The unwanted components can be removed in the course of pre-
processing using the physical [7], chemical [8, 9] or biological methods [10]. As 
the result, the reactive capacity of the key components increases owing to the 
breaking of intermolecular bonds, decrease of crystallinity degree, increase of the 
pore size and available surface area of the raw material (11-13). The successful 
example of the introduction of new technologies which include the stage of pre-
processing of lignocellulosic raw materials is the ethanol production [14-16]. When 
using the sugar cane bagasse pretreated with ammonia the yield of alcohol is 6 
times higher compared to using the untreated one (17).   

In growing the fruit bodies of edible xylotrophic mushrooms, the sawdust 
of deciduous trees, straw, sunflower husk and corncobs which do not require mod-
ifying the chemical composition are used [18, 19]. It can be assumed that the pre-
treatment of such substrates will contribute to the increase of their bioavailability. 
Using the untreated sawdust of coniferous trees for growing fruit bodies is imprac-
tical because the resins contained in their wood inhibit the fungi growth and wors-
en the quality of final products.   

There is no information in the scientific literature on the comparing vari-
ous types of chemical pretreatment of lignocellulosic raw materials in the devel-
opment of effective substrates for growing fruit bodies of mushrooms.  

In this work, for the first time, the assessment of the growth and biochem-
ical characteristics of xylotrophic mushrooms grown on the substrates containing 
chemically pretreated lignocellulosic raw materials has been made. It is shown that 
the share of carbohydrates in the sawdust composition decreases after the acid pre-
treatment and increases after the alkaline pretreatment. The growth and density of 
the mycelium of Ganoderma lucidum (Curtis) P. Karst. increases after all types of 
pretreatment. For Flammulina velutipes (Curtis) Singer and Hericium erinaceus 
(Bull.) Persoon the substrates after the acid pretreatments are more accessible. The 
pretreatment of pine and beech sawdust with hydrochloric acid and the pretreat-
ment of pine sawdust with sulfuric acid ensures the second wave of fruiting in 
H. erinaceus. Wherein, the fruit bodies of the first and second waves significantly 
differe in the content of proteins and polysaccharides. 

The objective of this work was to establish the influence of the methods of 
pretreatment of deciduous and coniferous trees’ sawdust on the growth and bio-
chemical characteristics of some species of edible and medicinal fungi. 

  Techniques. The sawdust of pine (Pinus sylvestris L.) and beech (Fagus 
orientalis Lipsky) was grinded into 0.24-0.315 mm particles and dried at 60 С for 
48 hours. 100 grams of dried sawdust were mixed in 750 ml Erlenmeyer flasks with 
2% hydrochloric acid, sulfuric acid, sodium hydroxide and hydrogen peroxide (all 
reagents of the Ruskhim LLC, Russia) in the 1:1 proportion. The flasks were kept 
in the autoclave (steam sterilizer VK-75-01, TZMOI JSC, Russia) at 120 С for 
60 minutes. The pretreated sawdust was separated by filtration through the ashless 
filter paper under vacuum, washed with the distilled water up to pH 7 and dried at 
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60 С for 48 hours.  
Dried preprocessed sawdust (1 g) was mixed with 1.5% hydrochloric acid 

(45 ml) in conic 100 ml flasks. The flasks were autoclaved at 120 С for 120 
minutes. The reaction mixture was air-cooled for 30 minutes up to room tempera-
ture and filtered through ashless paper filters under vacuum. Easily hydrolyzable 
carbohydrates in the pretreated sawdust was determined by measuring the amount 
of reducing substances (RS) in the hydrolysate filtrates by the standard spectro-
photometric method with the 3,5-dinitrosalicylic acid (Acros Organics B.V.B.A., 
Belgium) [20]. 

The strains of the medicinal basidiomycete G. lucidum and edible basidio-
mycetes F. velutipes and H. erinaceus which also have medicinal properties were 
received from the collection of the Gause Institute of New Antibiotics. The work-
able cultures were stored on the slant potato-glucose agar at 4 С.  

The solid substrate containing 4.5 g of sawdust, 0.5 g of wheat bran and 
0.05 g of CaCO3 (Ruskhim LLC, Russia) were placed in Petri dishes and then 8 
ml of hot (90 С) distilled water was added. The substrate pH was adjusted to 
6.0±0.2. The Petri dishes were sterilized at 120 С for 1 hour, inoculated with the 
mycelial-agar blocks (3 mm diameter) of the 10-day-old fungus cultures and incu-
bated at 25 С for 9 days, and the diameters of colonies were measured. 

To grow the fruit bodies of H. erinaceus, the solid substrate containing 
18 g of sawdust, 2 g of wheat bran and 0.2 g of CaCO3 was placed into conical 
flat-bottomed 200 ml flasks and then 32 ml of hot (90 С) distilled water was add-
ed. The pH was adjusted to 6.0±0.2. To assess the effect of sawdust pretreatment 
on the yield and biochemical composition of fruit bodies, the content of an ob-
ligatory additional source of nitrogen (bran) was half of the standard according to 
the generally accepted recommendations [21]. The flasks were sterilized at 120 С 
for 60 min, inoculated with the mycelial-agar blocks (3 mm diameter) of the 10-
day-old culture of H. erinaceus and incubated in the dark at 25 С for 3 weeks 
until the complete coverage of the substrate with the mycelium. After that, the 
cotton-gauze plugs were removed and the flasks were incubated at 20 С and 80% 
relative humidity for 3 months in incubation chamber at 0.1 rpm and 8-hour day-
light (150 lx, LED lamps). Fruit bodies that reached commercial maturity were 
harvested, dried (freeze dryer LS-500, Prointekh LLC, Russia) and grinded.  

The total polysaccharide content was determined by phenol-sulfuric acid 
method with glucose (NTK DIAEM LLC, Russia) as a standard [22]. The pro-
teins were extracted with 0.1 M phosphate buffer (pH 7.4) for 3 hours under con-
stant stirring. The total content of proteins was evaluated by the Bradford method 
[23] with bovine serum albumin (NTK DIAEM LLC, Russia) as a standard.  

All experiments were performed in 3 biological and 3 analytical replicates. 
The statistical processing of the results was made using Microsoft Excel 

2013 software package. The figures and tables show the mean values (M) and 
standard errors of the mean (±SEM). The statistical significance of the differences 
between the average values of the parameters was evaluated according to the Stu-
dent’s t-test, the differences at р  0.05 were considered statistically significant.  

Results. The chosen basidiomycetes are economically valuable producers of 
nutritious and bioactive compounds [24-28]. 

Easily hydrolyzable carbohydrate content was 30% in the untreated pine 
sawdust and 37% in the beech sawdust (Fig. 1) that corresponds to the content of 
hemicelluloses in the raw material [29]. The pretreatment with the sodium hydrox-
ide solution contributed to a 7% increase in the level of easily hydrolyzable carbo-
hydrates in the pine sawdust and a 4% increase for the beech sawdust (p  0.05).   

Most likely, this was the consequence of the removal of lignin and a part 
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of hemicelluloses that corresponds to the reported data [30]. The hydrogen perox-
ide did not significantly influenced the content of easily hydrolyzable carbohy-
drates in the beech sawdust, while the pretreatment of the pine sawdust led to 
their a 5% decrease. It is possible that the differences in the results of the pre-
treatment with hydrogen peroxide are due to the difference in the chemical struc-
ture of hemicelluloses and lignin in coniferous and deciduous trees [31]. 

The acid pretreatment 
caused the sharp increase in 
concentration of hardly hydro-
lyzable compounds in the raw 
materials, i.e. the content of 
easily hydrolyzable carbohy-
drates in sawdust of pine and 
beech decreased by 20% (p  
0.05). Since the loss in substrate 
weight exceeded the portion of 
easily hydrolyzed sugars, acid 
pretreatment seemed to cause 
not only the hydrolysis of hemi-
celluloses and the amorphous 
parts of cellulose but also the 
lignin partial removal. A similar 
result of chemical changes under 
the influence of mineral acids 

has been obtained when studying the pretreatment of poplar wood [32]. 
At the next stage, we evaluated the effect of the pretreatment on the sub-

strates bioavailability for xylotrophic basidiomycetes causing white rot, which are 
able to utilize lignin. The rate of the substrate consumption and the intensity of 
mycelium development were determined (Table 1).   

1. Diameter of 8-day-old colonies (d) and visual assessment of the density of xy-
lotrophic basidiomycetes mycelium (q) grown in Petri dishes under different 
chemical pretreatments of the substrate (M±SEM) 

Substrate Pretreatment 
Ganoderma lucidum Flammulina velutipes Hericium erinaceus 
d, mm q d, mm q d, m q 

Pine Control 43±4 2 51±1 2 19±2 2 
HCl, 2 % 58±7 3 62±1 2 23±4 2 
H2SO4, 2 % 52±3 3 62±2 2 29±2 2 
NaOH, 2 % 63±4 3 58±2 1 – – 
H2O2, 2 % 49±7 3 54±1 1 24±2 1 

Beech Контроль 34±1 2 48±4 3 19±2 2 
HCl, 2 % 49±6 3 50±4 3 32±3 2 
H2SO4, 2 % 38±3 3 57±2 3 32±3 2 
NaOH, 2 % 60±8 3 63±4 1 24±1 1 
H2O2 2 % 49±7 3 42±5 1 26±2 1 

N o t e. The mycelium density is given in points; “–” means no growth. 
 

All types of chemical pretreatment contributed to higher growth rate and 
density of the mycelium of G. lucidum. That is, G. lucidum with equal efficiency 
assimilated the substrates enriched both with lignin (acid pretreatment) and with 
carbohydrates (alkaline and peroxide pretreatment). In case of G. lucidum, the in-
crease of bioavailability of the substrates containing the preprocessed sawdust is 
probably related to the destruction of the intermolecular bonds of the lignocellulo-
sic complex as a result of chemical exposure. For F. velutipes and H. erinaceus the 
substrates after the acid pretreatments were more accessible. Wherein, the enrich-
ment of the substrates with lignin led to the increase in the growth rates of basidi-
omycetes compared to the control both on the pine sawdust and on the beech 

 
Fig. 1. Easily hydrolyzable carbohydrates in the sawdust of 
beech (Fagus orientalis) (a) and of pine (Pinus sylvestris) 
(b) before and after chemical pretreatments: 1 — control, 
2 — 2% hydrochloric acid, 3 — 2% sulfuric acid, 4 — 
2% sodium hydroxide, 5 — 2% hydrogen peroxide. 
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sawdust. The peroxide and alkaline pretreatments did not contributed to the in-
crease of the substrate bioavailability for F. velutipes and H. erinaceus. While the 
slight increase in the growth rate of F. velutipes on the sawdust enriched with car-
bohydrates, the mycelium density decreased. There was no growth of H. erinaceus 
on the substrate containing the pine sawdust after the alkaline pretreatment.   

The analysis of the research 
papers shows that numerous tech-
nologies are developed for G. lucid-
um and F. velutipes the cultivation 
[18]. At the same time, the edible 
fungus H. erinaceus, which has me-
dicinal properties, is a valuable food 
product and a source of biologically 
active substances, such as immuno-
modulating and antitumor polysac-
charides, antioxidants, and neuroac-
tive compounds [24, 26, 33]. 

For the entire period of the 
experiment on the untreated sawdust 
of pine and beech, we got only one 
wave of the H. erinaceus fruit bodies 
which have reached the commer-

cial maturity after 63 days of cultivation (Table 2). The acid pretreatment led 
to significant acceleration of fruiting of H. erinaceus. During the 2-month ex-
periment, on the substrates containing all variants of the pretreated sawdust, ex-
cept for beech sawdust pretreated with sulfuric acid, there were two fruiting waves. 
The fruit bodies of the first and second waves were harvested at commercial ma-
turity on Day 35 and Day 63, respectively. The increase of the yield compared to 
controls occurred on pine sawdust pretreated with hydrochloric acid (p  0.05) 
(Fig. 2, 3). 

 

A B C 

   
Fig. 3. Hericium erinaceus growth on Day 35 upon different chemical pretreatment of the substrates 
for cultivation: A — mycelium on the untreated pine sawdust, B — fruit bodies on pine sawdust 
pretreated with hydrochloric acid, C — fruit bodies on pine sawdust pretreated with sulfuric acid. 

 

Perhaps this is due to the fact that chloride anions are able to break the 
intermolecular hydrogen bonds of lignocellulosic complex and to increase lignin 
bioavailability [34]. Despite the fact that as a result of the pretreatment of pine 
sawdust with sulfuric acid two waves of fruiting have been gotten, the total yield 
turned to be comparable to the yield of the first wave on the untreated substrate. 

At the final stage, we compared the contents of proteins and polysaccha-
rides in fruit bodies of H. erinaceus. The pretreatment of the pine sawdust with 
sulfuric acid reduced mass fraction of proteins from 13.5 to 6.8% and of poly-

 
Fig. 2. Yield of Hericium erinaceus fruit bodies in the 
control (1), on substrates pretreated with 2% hydro-
chloric  (2) and sulfuric (3) acids (expressed as dry 
matter): a — pine, first wave; b — beech, first wave; 
c — pine, second wave; d – beech, second wave 
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saccharides from 41.6 to 23.9% during the first wave (Table 3). On the pine 
sawdust pretreated with hydrochloric acid and on the untreated pine sawdust, 
the fruit bodies had the statistically significantly equal content of proteins and 
polysaccharides (p > 0.05). The pretreatment of beech sawdust with hydrochloric 
acid led to almost 2-fold decrease of the proteins content in fruit bodies as com-
pared to the control, however, the polysaccharide content was maximum on this 
substrate. It has been established that the fruit bodies of the second wave differed 
from the basidiomas of the first wave in the higher content of proteins. Such 
trend has not been yet described in special literature and requires further study. 

2. Fruiting of Hericium erinaceus as depends on chemical pretreatment of the wood 
substrates 

Substrate Pretreatment 
Commercial maturity, days 

first wave second wave 
Pine Control  63 – 

HCl, 2 % 35 63 
H2SO4, 2 % 35 63 

Beech Control 63 – 
HCl 2, % 35 63 
H2SO4, 2 % 35 – 

N o t e. The commercial maturity is the stage at which fruit bodies shall be harvested for sale. “–” means no fruiting. 
 

3. The contents of proteins and polysaccharides in Hericium erinaceus fruit bodies 
as depend on chemical pretreatment of the wood substrates (M±SEM)  

Substrate Pretreatment 
The first wave The second  wave 

proteins, % polysaccharides, % proteins, % polysaccharides, % 
Pine Control 12.7±0.4 41.6±3.9 – – 

HCl, 2 % 12.0±2.2 42.5±5.3 16.0±2.5 24.3±1.6 
H2SO4, 2 % 9.7±3.9 23.9±3.4 16.4±0.5 16.0±1.3 

Beech Control 13.5±0.5 35.4±0.9 – – 
HCl, 2 % 6.8±1.2 43.6±2.3 12.7±1.7 29.7±1.9 
H2SO4, 2 % 12.4±0.6 29.4±0.1 – – 

N o t e. “–” means no fruiting. 
 

Our results shows that, for developing the compositions of new substrates 
for solid-phase cultivation and for growing the fruit bodies of H. erinaceus, the 
pretreatment of raw materials with hydrochloric acid is the most effective that 
makes it possible to increase the yield capacity, to accelerate the process of get-
ting the basidiomas and to use pine sawdust for H. erinaceus cultivation. Further 
experiments will be aimed at studying the influence of the pretreatment with hy-
drochloric acid of sawdust of other coniferous trees on the H. erinaceus growth 
and fruiting. The pretreatment of sawdust from deciduous trees is not practical 
because it does not lead to the increase in biotechnological and biochemical pa-
rameters. 

Thus, the acid pretreatment declines the level of easily hydrolyzable car-
bohydrates in the sawdust of pine and beech. The alkaline pretreatment contrib-
utes to the partial removal of lignin and thereby increases the content of total 
carbohydrates. All types of chemical pretreatment lead to an increase in the 
growth rate and density of Ganoderma lucidum mycelium. The bioavailability of 
sawdust for Flammulina velutipes and Hericium erinaceus is higher after the acid 
pretreatments. At that, the highest growth rate and density of the mycelium oc-
cur on sawdust substrates pretreated with hydrochloric acid. The acid pretreat-
ment of sawdust shortens the time until fruiting in H. erinaceus from 63 days to 
35 days compared to the untreated sawdust. A significant increase in yield capac-
ity (p  0.05) was typical for H. erinaceus on the substrates containing the pine 
sawdust pretreated with hydrochloric acid. The substrate containing beech saw-
dust pretreated with sulfuric acid decreases the yield. The fruit bodies of the sec-
ond wave are higher in protein content and lower in polysaccharides as com-
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pared to the first wave fruit bodies. 
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A b s t r a c t  
 

The search for toxin-producing microscopic fungi, affecting plant and animals products, 
food and feed continues to be relevant in scientific research. A long-term study of this problem has 
shown that the threat of the occurrence of toxicoses of humans and animals is associated mainly with 
micromycetes of genus Fusarium, Aspergillus and Penicillium (CAST, 1989). In coarse feed, which 
form the basis of the ration of ruminants, these fungi have a leading position. Among Fusarium fungi 
the highly toxic species F. sporotrichioides dominates in hay and straw (E.A. Piryazeva et al., 2016), 
and 7 species of Aspergillus are capable to contaminate that with CPA, STE and MPA (G.P. Ko-
nonenko et al., 2017). The purpose of this work was to elucidate the toxin-forming potential of 11 
species of the genus Penicillium fungi which prevail in mycobiota of coarse feed. The strains were 
cultured for 7 days at 25 С on a panel including Czapek Dox agar (CDA), wort agar (WA), Czapek 
Yeast Autolysate Agar (CYA), yeast extract sucrose agar (YES) and moistened rice grain (RG). Fur-
ther, in the extracts, the amounts of ochratoxin A (OA), citrinin (CIT), mycophenolic acid (MPA), 
PR-toxin (PR), cyclopiazonic acid (CPA), emodin (EMO) and ergot alkaloids (EA) were deter-
mined by indirect competitive enzyme-linked immunosorbent assay (ELISA) using certified com-
mercial and research test systems. On the basis of obtained results, the species P. aurantiovirens, 
P. palitans, as well as P. martensii and P. meleagrinum are classified as non-producing. Among the 
representatives of P. cyclopium, we found weak producers of MPA and CIT, as well as isolates that 
do not form any of the analyzed mycotoxins. High accumulation (10 µg/g and more) is revealed in 
P. brevicompactum, P. stoloniferum (MPA), P. roqueforti (PR + MPA), P. chrysogenum (PR) and 
average level (1-10 µg/g) is characteristic of P. urticae (CPA) and P. expansum (CIT). Isolates lack-
ing production capacity were found only among P. chrysogenum and P. expansum, toxin production 
by other species was stable. In the representatives of P. roqueforti, producing jointly PR and MPA, 
the amount of MPA was, as a rule, less than PR. EMO, OA and EA in the metabolites of fungi were 
not found. In this paper it was shown for the first time that the species P. expansum, 
P. brevicompactum, P. stoloniferum, P. roqueforti, P. chrysogenum and P. urticae from a typical com-
plex of fungi of this genus can be related to extensive and intensive contamination of coarse fodder 
by CIT, MPA, PR and CPA. It has been established that the use of a growth media panel for testing 
the toxicity of Penicillium fungi is an indispensable technique for an exhaustive assessment of their 
potential, and, in addition to agar media, it is expedient to use substrates of plant origin. Virtually all 
producing species had the highest intensity of toxin accumulation on RG, and for P. chrysogenum, 
PR production could be detected only on this substrate. Specific features of the profile of toxic me-
tabolites in isolates belonging to one species are discussed, as well as the problem of the possible 
contribution of other species of Penicillium to the contamination of coarse fodder by mycotoxins. 

 

Keywords: mycobiota, feeds, Penicillium fungi, mycotoxins 
 

The search for mycotoxin producers among microscopic fungi which af-
fect food and forage crops, animal products, food stuffs and feeds is still topical 
in scientific researches [1, 2]. The greatest threat of toxicoses occurrence is relat-
ed to the micromycetes of the Fusarium, Aspergillus and Penicillium genera [3, 
4]. In roughage fodder which forms the basis of the ration of ruminants the fungi 
of these taxa have a leading position, however, the diversity of the botanical 
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composition of herbages and differences in storage conditions after the harvest-
ing imply the conduction of regional surveys with the evaluation of the individu-
al toxin-forming ability of the species being a part of the mycobiota.  

The world’s data on this issue are very poor. In Russia, the data on my-
cological analysis of the samples from production batches of hay and straw har-
vested in livestock farms of the Bryansk, Moscow and Chelyabinsk regions and 
subsequent testing of taxonomically classified isolates show that among Fusarium 
fungi the highly toxic F. sporotrichioides species dominates [5], and the complex 
consisting of 7 Aspergillus species may be related to the contamination of the 
fodder with cyclopiazonic acid, sterigmatocystin and mycophenolic acid [6]. Ac-
cording to the data of mycological examination of the production batches of hay 
and straw harvested in the Moscow and Belgorod regions in 2011 and 2013, 
more than half of the samples were contaminated with Penicillium fungi which 
belong to 28 species from five sections of this genus, 11 species of were being 
found with the frequency of 3.8-30.8% (7). 

In this paper, for the first time, we showed that the P. brevicompactum, 
P. stoloniferum, P. roqueforti, P. chrysogenum, P. urticae, and P. expansum species 
belonging to Penicillium genus may be related to the extensive and intensive con-
tamination of roughage fodder with mycophenolic acid, PR toxin, cyclopiazonic 
acid and citrinin. 

Our objective was to investigate the toxin-producing ability of Penicillium 
species predominating in roughage fodder mycobiota in the experimental condi-
tions ensuring the most complete performance of biosynthetic capabilities of 
these fungi.  

Techniques. We studied 55 Penicillium isolates of P. aurantio-virens Bi-
ourge, P. brevi-compactum Dierckx, P. chrysogenum Thom, P. cyclopium Westling, 
P. expansum Link, P. martensii Biourge, P. notatum Westling, P. palitans Wes-
tling, P. roqueforti Thom, P. stoloniferum Thom, P. urticae Bainier species, 
which have been isolated from the roughage fodder harvested in the livestock 
farms of the Bryansk and Moscow regions [7], as well as 134 strains of the 
same species from the Сollection of the Feed Mycotoxicology and Sanitation 
Laboratory of the All-Russian Research Institute of Veterinary Sanitation, Hy-
giene and Ecology. The identification of the species was based on the cultural 
and morphological properties according to the taxonomic system [8] with the 
use of species epithets from the up-to-date nomenclature database of the Myco-
Bank (http://www.mycobank.org/) and with the following changes: P. aurantio-
virens (=P. aurantiovirens), P. brevi-compactum (=P. brevicompactum) и P. not-
atum (=P. meleagrinum Biourge) [9].  

The evaluation of toxin formation included the preparation of the inocu-
lum and substrate, inoculation, culture, extraction, and analysis of mycotoxins. 
The 10-day-old cultures on Czapek-Dox agar (CDA, HiMedia Laboratories 
Pvt., Ltd., India) were used for inoculums. Approximately equal size pieces tak-
en from the agar surface with the mycological hook was placed in 3 replicates on 
the grain substrate or on solid culture media in 15 ml glass bottles with the bot-
tom diameter of about 18 mm. The sterile crushed rice (1 g) previously mois-
tened with 1 ml of water was a grain substrate (RG). The CDA, wort agar (WA, 
Liofilchem, Italy), as well as Czapek Yeast Autolysate (CYA) and yeast extract 
sucrose agar (YES) [10] prepared of the commercial components (HiMedia La-
boratories Pvt., Ltd, India) were used as growth media (1.5 ml each).  

After adding of the inoculum, the bottles were closed with cotton-gauze 
plugs, which were wrapped with a laboratory film (Parafilm “M”® РМ-996, 
Pechiney Plastic Packaging, USA). The culturing was performed in the dark for 
7 days at 25 С. Then the mixture of acetonitrile and water (84:16 v/v) was add-
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ed to each bottle and intensively shaken at the beginning and in the end of the 
14-hour stationary extraction. The content of ochratoxin A (OA), citrinin (CIT), 
mycophenolic acid (MPA), cyclopiazonic acid (CPA), PR toxin (PR), emodin 
(EMO) and ergoalkaloids (EA) in the extracts was determined by the enzyme-
linked immunosorbent assay (ELISA) using certified test systems [8], the lower 
limits of detection corresponded to 85% antibody binding. 

The data were processed using Microsoft Excel 2013 for descriptive sta-
tistics, the results were expressed as the absolute content of mycotoxin or as the 
arithmetic means of the obtained values (M) with a standard error of the mean 
(±SEM). 

Results. In recent years, a polyphase approach has been widely used in 
the systematics of microscopic fungi. Along with the morpho-cultural and mo-
lecular-genetic characterization, this approach takes account of biochemical 
properties. There is a quite large database on the Penicillium fungi profile of sec-
ondary metabolites jointly called “extrolites” which include physiologically active 
substances and mycotoxins [12-15]. However, detecting of the substances in a 
semi-quantitative assessment mode visually or using instrumental physicochemi-
cal methods does not make it possible to conclude about the intensity of their 
biosynthesis and about the completeness of the obtained information. In this 
regard, at the preparatory stage of the work, we quantified toxin formation in a 
standard experiment on WA with collection cultures of 11 the most abundant  
species of roughage fodder mycobiota from Penicillium genus isolated from dif-
ferent subjects  (Table 1). 

1. Toxin formation in the collection strains of 11 species of the Penicillium fungi 
(WA, 23 С, 7 days) 

Penicillium species (n) Mycotoxin  n+ (mycotoxin content min-max, μg per 1 g of the substrate) 
P. aurantiovirens (12) CIT 4 (0.1-0.3) 
P. brevicompactum (7) CIT 7 (40-440) 
P. chrysogenum (8) PR 

EMO 
4 (0.8-40) 
2 (0.1; 0.6) 

P. cyclopium (24) PR 
CIT 

1 (0.7) 
3 (30, 40, 50) 

P. expansum (3) CIT 2 (13, 16) 
P. martensii (24) CPA 1 (0.6) 
P. meleagrinum (3) – – 
P. palitans (11) – – 
P. roqueforti (16) PR + CIT 

PR 
7 (35-135)+(0.2-25) 

1 (20) 
P. stoloniferum (3) CIT 3 (2, 22, 76) 
P. urticae (23) CPA 

CIT 
17 (0.2-4) 

1 (40) 
N o t e. WA — wort agar; n — number of investigated strains, n+ — number of producers; CIT — citrinin, MPA — 
mycophenolic acid, CPA — cyclopiazonic acid, EMO — emodin, PR — PR toxin; “–” means that no producers 
were found. 

 

In all species except P. meleagrinum and P. palitans, the producers of 
CIT, MPA, CPA and EMO have been found. However, only in P. brevicompac-
tum and P. stoloniferum showed a complete realization of the potential; in other 
species, the strains which are unable for the production were found: CIT was 
found only in four of 12 P. aurantiovirens strains, and CPA only in one of 24 
P. martensii strains (see Table. 1). The producers of different toxins were identi-
fied among P. chrysogenum, P. cyclopium and P. urticae; most of the P. roqueforti 
strains synthesized both PR and MPA, and one strain only PR. This indicates 
the existence in these species of intraspecific chemotypes or subspecies with the 
specific profile of mycotoxins [13] or of atypical forms with specific features of 
metabolic ways. 

In order to assess the toxin formation potential of fungi isolated from 
roughage fodder, groups were formed, 5 cultures of each of 11 species per group, 
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and a panel of 5 culture media was composed. Given our previous data on met-
abolic response of fungi isolated from the same subjects, we used WA and RG 
taken for fungi of the Fusarium genus [5], and CDA that we earlier applied for 
testing Aspergillus [6]. Among the solid media recommended for growth and 
identification of Penicillium [10, 12-15], we chose CYA and YES on which two 
P. stoloniferum strains from the Collection showed more accumulation of MPA 
(38±8 and 73±8 μg/g, 230±36 and 305±22 μg/g, respectively) than on the agar 
with the malt extract (MEA) (2.0±0.4 and 22±3 μg/g).  

In these experiments, we did not find any toxin formation in P. au-
rantiovirens (n = 5) and P. palitans (n = 5) isolates. This result was expected be-
cause the collection strains of the first type had extremely weak production of 
CIT, and the strains of the second type did not produced CIT at all (see Table 
1). Nevertheless, it is important to note that there are many papers on taxonomy 
which report the ability of P. palitans to synthesize CPA [15], therefore, we 
should admit the probability of some uncertainty in the identification of this 
species basing on morphological properties. In P. martensii (n = 5) and P. mele-
agrinum (n = 5) we could determine CIT only sporadically on WA and RG in 
the amounts less than 1 μg/g, and we have not found CPA, although it has been 
found in small amount in one of 24 collection strains of P. martensii (see Table. 
1). In P. cyclopium, the toxin formation was also weakly expressed and multivar-
iate. Particularly, on CDA, WA, and RG one isolate produced small amounts of 
MPA (0.3-1.0 μg/g), while other isolate produced CIT (0.03-0.8 μg/g), moreo-
ver, according to data of chemotaxonomic researches, this species is not capable 
of biosynthesis of the analyzed mycotoxins at all [15]. The results indicated that 
the contribution of these five species (P. aurantiovirens, P. cyclopium, P. mar-
tensii, P. meleagrinum, and P. palitans) to contamination of roughage fodder with 
the sanitarily significant mycotoxins is inconsiderable.  

In the rest six species (P. brevicompactum, P. stoloniferum, P. roqueforti, 
P. chrysogenum, P. urticae, and P. expansum), high production of MPA and PR 
(more than 10 μg/g) and medium production of CPA and CIT (up to 10 μg/g) 
has been confirmed (Table. 2). As expected, P. brevicompactum and P. stolonifer-
um were characterized by stable biosynthesis of MPA; no other toxins from the 
list of analyzed ones have been found. The significant intensity of accumulation 
of this toxin allowed us to attribute these isolates to highly active producers and 
highly probable sources of feed contamination [16]. 

It has been confirmed that all isolates of P. roqueforti from roughage 
fodder are able to produce PR in combination with MPA (see Table 2), which is 
deemed a hallmark of the P. roqueforti var. roqueforti subspecies [13]. The reac-
tion of the tested cultures to the growth medium was very peculiar. On the de-
pleted CDA substrate, the intensity of PR accumulation was significantly higher 
than that on WA, although it was previously reported that the isolates of this 
species from silage feeds had almost no differences in toxin formation on CDA 
and WA, and MPA were also found in much smaller amounts than PR [17]. 

The reason of this discrepancy could well be the using in the said work 
of the substrate prepared of beer wort in laboratory conditions, and the observed 
sharp increase in biosynthesis of PR on the analogue of a commercial standard-
ized medium undoubtedly deserves attention. The metabolic response of the 
P. roqueforti isolates to CYA and YES generally was weakly expressed and simi-
lar in terms of the proportion of PR and MPA amounts. The differences be-
tween the strains have been noted only on CYA, and on the other solid media 
were insignificant. Nevertheless, recently, when testing for YES with visual TLC 
detection, the strains of P. roqueforti from different cheese varieties, which joint-
ly produce PR and MPA, showed significant differences in the intensity of PR 
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accumulation and minor differences in MPA [18]. It is quite possible that the 
morphologically identical cultures from different subjects have genetically deter-
mined features and, as a consequence, show dissimilar metabolic responses to 
changes in growth conditions. 

2. Toxin formation in isolates of Penicillium fungi species from roughage fodder on 
solid media and on the rice grain substrate (25 С, 7 days) 

Mycotoxin Isolate No. 
Mycotoxin concentration, g/g substrate (M±SEM) 

CDA WA CYA YES RG 
 P. brevicompactum (n+/n = 6/6) 

MPA 40/2 6.0±0.9 6,0±1,1 76±15 110±20 124±25 
 181/1 9.0±1.8 17±3 34±7 174±35 302±70 
 254/1 8.0±1.6 15±3 28±6 100±18 169±32 
 4/3 – 128±30 126±32 120±18 722±101 
 340/1 – 81±10 144±25 192±25 1117±91 
 16/1 – 53±8 19±4 72±8 792±19 

P. chrysogenum (n+/n = 4/5) 
PR 172/1 0 0 0 0 14±3 
 373/1 0 0 0 0 13±2 
 592/1 0 0 0 0 5,7±1,3 
 639/5 0 0 0 0 2,0±0,4 

P. expansum (n+/n = 1/5) 
CIT 88/4 5.0±0.8 3.0±0.5 7.0±1.7 3.3±0.6 11±2) 

P. roqueforti (n+/n = 5/5) 
PR + MPA 
(the values are 
separated with 
slash) 

88/2 
50±9/ 
1±0 

2.8±0.5/ 
3.0±0.5 

4.3±0.7/ 
3.1±0.6 

5.7±1.8/ 
0.13±0.02 

150±24/ 
63±13 

118/1 
45±8/ 
1±0 

0.9±0.2/ 
2.5±0.5 

1.7±0.3/ 
0.9±0.2 

2.0±0.3/ 
0.13±0.02 

95±14/ 
48±8 

648/5 
48±9/ 
0.2±0.0 

10±2/ 
3.3±0.6 

6.7±1.0/ 
4.7±0.9 

3.0±0.4/ 
0.07±0.01 

780±72/ 
67±14 

 
393/1 

29±)/ 
0.3±0.1 

2.1±0.4/ 
5.3±1.0 

50±9/ 
8.7±1.5 

4.7±0.8/ 
3.7±0.6 

329±43/ 
98±17 

 
557/1 

22±3/ 
0 

4.7±0.6/ 
2.7±0.4 

34±6/ 
3.4±0.7 

2.3±0.4/ 
0.1±0.02 

224±38/ 
55±8 

P. stoloniferum (n+/n = 5/5) 
MPA 631/4 0 11±2 43±5 64±13 100±20 
 631/3 0 14±4 41±10 91±10 175±39 
 317/4 10±2 193±39 115±22 151±30 1330±250 
 602/1 5.7±1.7 24±5 40±6 272±54 332±60 
 602/3 0 9±2 23±4 110±20 145±22 

P. urticae (n+/n = 5/5) 
CPA 349/1 1±0 0.1±0 5.7±0.6 2.3±0.5 4.0±0.8 
 584/4 2.0±0.2 0.1±0 12±2 1±0 10±2 
 201/1 2±0 0.1±0 7±1 3.3±0.6 12±1 
 216/5 0 0 0.43±0.07 0.23±0.05 0.37±0.07 
 434/4 2±0 0.33±0.06 5.3±0.6 5±0 6.7±1.3 
N o t e. CDA — Czapek-Dox agar, WA — wort agar; CYA — Czapek yeast autolysate agar; YES — yeast extract 
sucrose agar, RG — rice grain; n — number of investigated strains. n+ — number of producers; CIT — citrinin, 
MPA — mycophenolic acid, CPA — cyclopiazonic acid, PR — PR toxin; “–” means that the mycotoxin detec-
tion was not performed.  

 

All representatives of P. urticae demonstrated the ability to synthesize 
CPA although with the accumulation of the amount less than 10 μg/g. This is 
consistent with the data of TLC testing (synthetic medium, 28 С, 8 days) of 13 
isolates of the same species (isolated from dried beans and macaroni products), 
which also turned out to be the producers of this toxin [19]. In accordance 
with the new taxonomic approach, P. urticae is deemed the synonymous of P. 
griseofulvum Dierckx [14], and CPA is deemed one of the specific metabolic 
markers [15].  

In P. chrysogenum and P. expansum species, the full realization of the 
potential has not been noted. All members of P. chrysogenum, except for one, 
produced PR in a wide quantitative range and only on the grain substrate (see 
Table 2). The absence of toxins formation on the wide panel of solid media was 
unexpected, because in the aforementioned work [12] it was reported that, on 
CYA and YES, 50-80% isolates of this species of 87 investigated ones are capa-
ble of PR biosynthesis, and most strains from the All-Russian Collection of Mi-
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croorganisms of the Skryabin Institute of Biochemistry and Physiology of Mi-
croorganisms RAS formed this toxin although in small amounts [17].  

Only one of the five P. expansum strains synthesized CIT on all media 
(see Table 2); an analogous partial production was noted when testing the col-
lection strains on WA (see Table 1). Apparently, “zero” chemotypes of this fun-
gus species are found in fodder subjects quite often. However, it should be noted 
that when TLC screening (CYA, YES) of P. expansum from different sources, 
CIT was detected in almost all strains of different origin (95-99%, n = 91) [9].  

The obtained results show that the choice of growth media panel is nec-
essary for a comprehensive evaluation of toxin formation in microscopic fungi, 
and using of standardized commercial media for investigating biochemical pro-
cesses is rather necessary than preferable. A particular attention should be paid 
to the qualitative differences in the fungal response when changing the growth 
medium (for example, as in case of P. roqueforti and P. chrysogenum). In recent 
years, the structure of the genome regions which are responsible for the synthesis 
of toxic metabolites has been investigated in detail for these species, and the im-
portant role of the extra-cluster regulators, the activity of which is determined by 
growth conditions, in particular, by the properties of growth media, has been 
shown [21-23]. In our experiments with the fungi of Penicillium genus, more 
active accumulation of MPA, PR, CPA, and CIT occurred on the rice grain 
substrate. Only on this substrate, four of five P. chrysogenum strains produced PR 
which is considered one of its chemotaxonomic markers. Expanding the range of 
natural substrates will make it possible in the future to create the analogous for-
mulations with controlled composition which will ensure the maximum realiza-
tion of the metabolic potential of fungi. 

The data set forth in the work testify that the P. brevicompactum, P. sto-
loniferum, P. roqueforti, P. chrysogenum, P. urticae, and P. expansum species can 
be related to an extensive and intensive contamination of roughage fodder with 
MPA, PR, CPA and CIT [24]. However, it is known that the fungi of this ge-
nus, when living in anthropogenically disturbed and extreme conditions, can 
form morphologically modified phenotypes of an adaptive nature [25]. Thus, 
when testing some strains of P. cyclopium and P. urticae on WA, we found the 
highly active producers of a metabolite which is atypical, the MPA (see Table 1). 
These producers were isolated from caked layers of crumbled feed affected by 
long-term self-heating. In the described case, it is quite possible that the species 
attribution based on micro- and macromorphological characters will be wrong.  

Moreover, the participation of other representatives of the Penicillium 
genus can hardly be completely excluded, because the species which have been 
selected for the assessment as the most represented in the mycobiota comprise 
only less than half of their total number. In particular, for the isolate attributed 
to the P. steckii Zaleski (=P. steckii K.M. Zalesski) [9], (=P. citrinum Thom) 
[26] species rarely occurred in such feed the active production of CIT has been 
shown (our own unpublished data). 

The mycotoxins frequently occurred in roughage feed, i.e. OA, EMO, 
and EA, have not been found in the tested isolates. Nevertheless, among the 
rarely occurred species, we have identified P. viridicatum [7] which includs, as it 
has been proved, several lines (in the status of a species or subspecies) with dis-
tinct differences in toxin formation. Some of these are P. verrucosum and P. 
nordicum which produce OA [27]. The frequent detection and high content of 
EMO in feed still have no satisfying explanation in the mycological aspect. The 
arguments for attribution of EMO to the associated metabolites of higher plants 
and of specific endophytic fungi prevail [28], although several species of the 
Penicillium genus, in particular P. islandicum, P. brunneum, P. janthinellum, and 
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P. herquei, have been attributed to the producers of this metabolite [29]. The 
sources of extensive contamination of roughage feed with EA also remain un-
known. Among the taxa classified as non-traditional sources of peptide EA, only 
the imperfect fungi of the Aspergillus, Botrytis, Curvularia and Geotrichum genera, 
lower fungi (Cinnighamella blakesleana, Mucor hiemalis and Rhyzopus spp.), as 
well as the grass endophytes belonging to ascomycetes (Balansia spp., Epichloe 
typhina, Hypomyces aurantius, Sepedonium sp.) are named  [30]. However, re-
cently in an isolate from mixed cereal-bean hay harvested in 2005 in the Perm 
Territory, which has been identified as P. palitans according to cultural proper-
ties, the active accumulation of these metabolites (2.7±0.2 μg/g) on WA has 
been detected (our own unpublished data). 

It cannot be ruled out that the Penicillium fungi are related to the con-
tamination of such feeds also with other toxins from the list of frequently oc-
curred ones. Thus, in the separate experiment, alternariol was found in small 
amounts in the isolate of P. steckii and two isolates of P. urticae grown on MEA, 
CYA, and YES (our own unpublished data). It was also previously reported 
about the ability of P. coprophilum to synthesize this toxin [15]. 

The important outcome of the presented work is the understanding that 
the improvement of the methodology of evaluating the toxins formation in mi-
croscopic fungi must be continued. For many decades, the science has accumu-
lated the rich experience in the study of toxins formation in microscopic fungi, 
but the information about the potential of the populations which vital activity is 
related to agricultural plants is still very poor, and the available experimental 
data are often the subject of incorrect interpretations and conclusions. One of 
the main reasons of it is the underestimation of the complexity of this problem 
and the absence of a generally accepted methodology of conducting the research 
works. Toxin-producing ability should be evaluated under unified conditions to 
make the results comparable [31]. In recent years, the simple technology of 
short-term growing on nutrient substrates with screening analysis ensuring wide 
diapason of measurement is gaining the increasing recognition. The distinction 
level of 10 μg/g and relevant terms, i.e. “weak producers” with less accumulation 
and “highly active producers” with accumulation above the said threshold value, 
have already been proposed to differentiate isolates for their intensity of toxin 
formation [32]. The ratio of the producers number to the total number of inves-
tigated strains denoted as n+/n (in percent) is usually called the toxin formation 
potential in the analyzed aggregate of isolates, and the accumulation diapason 
denoted as min-medium-max (μg/g) is called the toxin formation intensity. The 
term “toxin formation pattern” may be applied to identify qualitative differences 
in metabolic profiles within a set of producers. 

The Penicillium fungi prevailing in the composition of roughage feed my-
cobiota produce the mycotoxins and thus can suppress microbial activity in ru-
minants, which leads to serious violations of the rumen function and provoke 
animal intoxication [33]. In addition, microscopic fungi along with bacteria and 
protozoa actively participate in assimilation of polysaccharides of the fodder 
plant cell walls. Recently it was shown that fungi of the Aspergillus and Penicilli-
um genera, one of which is P. brevicompactum [34], dominate in the partially 
digested cellulose in cow abomasum. The consequences of long-term anaerobic 
habitation of toxigenic fungi in the digestive tract of such animals at each of the 
four successive stages may be very dangerous and need to be studied in details.  

Thus, six species of Penicillium fungi (P. brevicompactum, P. stoloniferum, 
P. roqueforti, P. chrysogenum, P. urticae and P. expansum), represented in the 
composition of the roughage feed mycobiota are capable of active producing a 
complex of mycotoxins and may be related to massive and intensive contamina-
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tion by citrinin, mycophenolic acid, PR-toxin and cyclopiazonic acid. It has 
been established that the choice of the panel of growth media for testing toxin 
formation in Penicillium fungi is necessary to comprehensively evaluate their po-
tential. Along with solid media, substrates of plant origin should be used. Know-
ing of the biosynthetic capabilities of microscopic fungi is important not only for 
solving such global practical problems as animal safety and safe products of agri-
culture, but also for the further development of fundamental molecular genetics 
and evolutionary concepts about the vital activity of these organisms. 
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