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Abstract

Crop vyield strongly depends on time of the onset of flowering as well as of the initiation of
senescence. These processes are under tight control of multiple gene complexes. Suboptimal envi-
ronmental conditions, as well as mutations, may cause changes in the expression levels of these
genes, which, in turn, can result in a delay of flowering and/or early senescence, and, ultimately, in
a decrease of yield. Recently, crucial role in the regulation of plant development via retrograde sig-
naling pathways has been revealed for chlorophyll b. Chlorophyll b is an obligate component of the
photosynthetic apparatus of land plants, and the main regulator of the biosynthesis and degradation
of photosynthetic antennae. It is becoming clear that the size and stability of photosynthetic anten-
nae are not only important for photosynthesis but also represents a source of signaling beyond chlo-
roplasts. The absence of chlorophyll b in mutants of Arabidopsis thaliana (chl) and Hordeum vulgare
(chlorina f2 3613) leads to a decrease in the growth rate, leaf size and biomass production. In addi-
tion, and independently of the downregulation of photosynthesis, the lack of chlorophyll b results in
the delay of flowering and early onset of ontogenetic as well as induced senescence. This review ad-
dresses the role of chlorophyll b in energy balance, and discusses new data on the role of chlorophyll
b in regulation of ontogenesis not related to photosynthesis. Mutants of economically important
crops impaired in chlorophyll b biosynthesis represent promising models for physiological, biochemi-
cal and molecular studies of regulation of flowering and senescence, as the results can be directly
applied to agricultural practice. Also, we review the novel data on the potential importance of plants
with truncated photosynthetic antenna for increase in vegetative and grain biomass production. A
decrease in chlorophyll b contents and the following down-regulation of antenna proteins were
shown to influence the rate of electron transport within the photosystem II, as well as the rate of
CO, assimilation relative to chlorophyll unit. Strikingly, these parameters in chlorina mutants are
higher than in wild type plants by 15-20 %. Using plants with this type of photosynthetic apparatus
can potentially bring about a considerable increase in yield. This suggestion has been recently sup-
ported by data on transgenic tobacco plants with truncated photosynthetic antenna (H. Kirst et al.
2017). At the same time, the consequences of the decrease in chlorophyll b levels for ontogenetic
regulation and photoprotection typically negate the potential benefit of the acceleration of the limit-
ing factor of photosynthesis, the photosystem II. This review discuss the possible ways to search for
optimization of plant functions regulated by chlorophyll b, to provide new mechanisms of the in-
crease in photosynthesis and crop production in agriculture.

Keywords: yield, chlorophyll b, flowering, ontogenesis, senescence, photosynthetic antenna

The yield of cereals depends on many factors. In addition to environ-
mental conditions (availability of necessary nutrients, light, soil moisture, etc.),
it is affected by endogenous processes. For example, violation of the expression
of several regulatory genes can result in delayed flowering and accelerated senes-
cence [1-2]. It is obvious that such changes in ontogenesis adversely affect yield.



Even a slight delay in the initiation of floral transformation of the vegetative api-
cal meristems of shoots can lead to a substantial reduction in harvest, and at the
shift of ontogenesis phases in time, the negative impact of environmental factors
on the plant growth and yield dramatically increases. Blocking of transition to
flowering leads to a complete loss of the grain harvest, as the spikes (with acceler-
ated senescence they cannot be formed) are of agricultural value for these crops.
At the same time, the acceleration of start of floral transformation of vegetative
meristems even by 2-3 days (for example, early flowering barley and wheat mu-
tants) [3] has a positive impact on productivity. Searching for such mutants and
their introduction into the culture are actively carried out in the largest center for
the study of barley — the Carlsberg Research Centre (Denmark).

Currently, there are a large number of mechanisms governing the change
of ontogenesis phases [1, 4-6]. It is well known that for the timely passage of
plants from one ontogenesis phase to another one, the availability of nitrogen
and carbon is important [5]. For many cultures, it is established that the transi-
tion to flowering is initiated at a high ratio of far-red light to the red in the spec-
trum [7]. The most important factors regulating flowering are the length of day-
light and temperature [8]: the cold pathway is stimulated at specific exposure to
low temperatures (vernalization), and the photoperiodic one is triggered by a
certain length of daylight [9]. Gibberellic signaling and the so-called autono-
mous induction of flowering also refer to the major signaling pathways that initi-
ate flowering [4]. The structural and molecular genetic mechanisms of flower
formation in response to floral transformation of the vegetative apical meristems
of a stem have been studied [10-13].

The process of plant senescence is of key importance in the formation of
crop yield [14, 15]. Senescence is the terminal stage of the development of tis-
sue, organ or a whole plant [16], a genetically determined and an integral part of
ontogenesis [17-19]. In early induction caused by adverse environmental condi-
tions, senescence can result in a decrease of yield of vegetable and fodder crops
[20, 21]. In most cases, the decay of leaves is consistent with the development of
seeds, apical leaves and storage organs [22, 23], since the primary purpose of
senescence is the remobilization of nutrients to plant young parts and seeds [24,
25]. For annuals, which include most cereal crops, the transport of nutrients
from vegetative tissues into seeds during the senile stage is crucial: over 70 % of
nitrogen is supplied to seeds from senescent leaves [14, 26-28]. Like flowering,
senescence depends on the expression of regulator genes [27-29], which act both
as activators and transcriptional repressors of target genes [30-33].

Previously, the biosynthesis of photosynthetic pigments, in particular,
chlorophylls, was not considered a factor activating signaling pathways that lead
to the initiation or a delay of flowering and senescence. However, recent works
show the importance of the auxiliary photosynthetic pigment chlorophyll b
(Chlb) in the regulation of plant ontogenesis. Chlb overproduction in Arabidopsis
thaliana transgenic lines with overexpression of the chlorophyllide-a-oxygenase
(CAO) gene from prochlorophyte cyanobacteria slowed down the initiation or
stopped the senescence progress. These changes were marked when growing
plants in low light and in the dark [34, 35]. With a high probability, we can ex-
pect that a shortage of Chlb leads to accelerated senescence. Besides, the data
testifying that the absence of Chlb negatively affects the change of ontogenesis
periods of barley has been published [36].

Chlb impact on the development of plants is convenient to be studied on
model objects, the mutants unable to synthesize this pigment. Chlorina mutants
lacking Chlb are well-known for many species, i.e. barley, corn, peas, rice, soy-
beans, sweet clover, wheat, rape and A. thaliana. Chlb biosynthesis in photosyn-



thetic tissues of higher plants is carried out by the chlorophyllide-a-oxygenase
[37, 38]. The gene encoding this enzyme is presented in the genome by a single
copy. Chlorophyll a (Chla) serves as the CAO substrate. Mutants by the CAO
gene are not able to convert Chla to Chlb [39]. By the example of the most
studied barley mutants of allelic series chlorina-f2 and Arabidopsis chl mutants, it
was shown that a mutation in the CAO gene has a pleiotropic effect and is ac-
companied by numerous violations of the functions at the molecular, cellular
and organismal levels. This indicates the importance of the pigment in the key
life processes of plants.

This review discusses the Chlb functions in chloroplasts and energy me-
tabolism of plants, as well as the role of Chlb in the regulation of the ontogene-
sis phases, which does not depend on the pigment photosynthetic function. Mu-
tants of cultivated plants with the impaired Chlb biosynthesis are described as
the models to identify and study mechanisms for the increase in photosynthesis
and productivity. Prospects for the use of plants with the truncated size of the
light-harvesting antenna complex for the increase in yield of vegetative and seed
biomass are discussed.

Localization of chlorophyll b in the photosynthetic appa-
ratus of higher plants. In plants, chlorophylls are found only in the pig-
ment-protein complexes, as in free form, being the strongest photosensitizers,
they can cause destruction of the thylakoid membranes and chloroplast stroma
through the photodynamic effect. Chlb serves as an accessory light-harvesting
pigment absorbing and transferring light energy to the reaction centers of photo-
systems. It accounts for approximately 15-25 % of the total chlorophyll content
[40, 41]. Unlike Chla, which is part of the core complexes of photosystems,
Chlb is found only in the light-harvesting complexes (LHC) of photosystems
(LHC I and LHC II) and in the so-called minor antenna of photosystem (PS)
11 [42, 43]. In LHC I, Chlb accounts for about 22 % of the total amount of
chlorophylls, in LHC II reaches about 43 %, and in the pigment-protein com-
plex of the minor antenna is 31-46 % [44]. In transgenic plants with the in-
creased Chlb biosynthesis, the antenna size can be greatly increased due to su-
perstabilization of antenna proteins [34, 35, 45].

The role of chlorophyll b in plant energy metabolism. Chlb
has a unique physico-chemical property to absorb light in the short-wave region
(425-475 nm), in which Chla absorbs weakly. Chlb significantly increases light
collection when the light levels are low, under mutual shading of plants in thick
plantings. In the process of light collection, the energy of the excited by absorb-
ing light quanta singlet states of pigment molecules, associated to antenna pro-
teins, is transferred from carotenoids to chlorophylls, then from Chlb to Chla and
in molecule chain order Chla reaches the reaction center of photosystems. The
first two stages of energy transfer are highly efficient and occur in less than a pico-
second [46, 47], while the energy transfer between Chla molecules within the same
protein and between adjacent monomers takes several picoseconds [48, 49]. Chlb
is responsible for transfer to Chla of about 50 % of the energy absorbed by carote-
noids [50]. The efficiency of absorption of light energy and its transfer to the pho-
tosystems of mutants unable to synthesize Chlb is significantly reduced.

We should also mention the so-called red forms of chlorophylls, which
are represented by Chla and Chlb located on the antenna proteins of PS 1. The
absorption and fluorescence spectra of these forms are shifted into the far red
region [51], which makes them able to capture light energy in this range and
transfer it to the reaction centers of PS I against the energy gradient in low light
conditions. Such transfer is possible at physiological temperatures due to thermal
energy, through which the energy gap between the donor and the acceptor is



overlapped. Such spectrum range extension due to the chlorophyll red forms
provides absorption of almost 40 % of light energy in shading [52].

At high light output intensity, the chlorophyll molecules are involved in
the process opposite to light collection — the diffusion of the absorbed light en-
ergy excess in the form of heat (non-photochemical quenching) potentially dan-
gerous for plants. The functions of individual Chlb molecules are different in
photoprotection. Thus, the efficient quenching of the excited chlorophyll singlet
states is carried out by clusters of the paired Chla-Chlb dimer and zeaxanthin
[53]. These quenching centers are localized on the minor antenna proteins of PS
II [53]. For quenching of triplet chlorophyll states, in the vicinity of the neoxan-
thin binding site on the antenna proteins Chlb has a maximum value: in its ab-
sence, the production of singlet oxygen increases sharply [54]. It should be noted
that mutants lacking Chlb, as a rule, have a strong oxidative stress, primarily,
due to high production of singlet oxygen [55-56]. Since the main source of sin-
glet oxygen in chloroplasts is PS II, these mutants may have obstruction of out-
flow of electrons from the reaction center of PS II into the electron transport
chain (ETC). Recently, experimental evidence for this hypothesis has been ob-
tained [57].

Chlorophyll b as a regulator of the antenna size. Accord-
ing to modern concepts, Chlb functions in photosynthesis are not limited to
light collection and light scattering. It is known that the ratio of Chla:Chlb in
high light is higher than in low one. The regulation of Chlb synthesis is essential
for adaptation of plants to light of varying intensity [58]. Chlb is a major regula-
tor of the antenna size of the photosynthetic apparatus: Chlb binding with the
antenna proteins of LHC stabilizes it, and the initial reaction of Chlb catabolism
activates a cascade of proteins that carry out disassembly of the antenna. Be-
cause Chlb is concentrated only in the antenna, the reduced antenna protein
content leads to the change of the Chla:Chlb ratio. The stabilization mechanism
of the antenna proteins with Chlb participation was described for LHCB1 [59].
In Chlb, 7-formyl group pulls electron density of magnesium central atom to the
periphery of the molecule; therefore, the positive charge of magnesium is shield-
ed by the electron cloud less than in the Chla molecule. In this regard, Chlb is
easier than Chla forms electrostatic bonds with Lewis bases, namely with the
carbonyl groups of the peptide chain. In addition, between the protein and the
7-formyl group, the formation of hydrogen bonds is possible. Binding Chlb to
the protein leads to the fact that the conformation of the latter becomes more
stable and allows it to gain a foothold in the membrane [59]. It is important to
note that in the case where the molecule of LHCBI protein is not bound to
Chlb, its degradation occurs and LHC II cannot develop. It is known that in
Chlb absence in chloroplasts, the contents of some other antenna proteins are
reduced; there may be a similar mechanism, although experimental evidence has
not yet been received. However, it can be assumed that the work of the CAO
enzyme is coordinated with the import systems of synthesized in the cytosol
apoproteins of the antenna complexes in chloroplasts.

Recent studies have allowed establishing that Chlb has an impact not
only on the assembly of antennas, but also on the degradation of antenna pro-
teins [60, 61]. The synthesis of apoproteins of LHC II decreases at the beginning
of senescence, but due to the relatively high stability these proteins are detected
in the leaves, even at its later stages [62]. While the chlorophylls are bound to
proteins, the latter are not accessible to proteases [18, 62-64]. Chlb catabolism is
impossible without its turning into Chla [61]. The reaction is catalyzed by two
enzyme isoforms of chlorophyll-b-reductase: non-yellow coloring 1 (NYC1) and
NYCl-like [65]. From this stage, the disassembly of LHC II starts [18]. NYCI1



does not accumulate in Chlb absence; this protein is undetectable in Arabidopsis
mutants lacking Chlb [66]. On the whole, Chlb synthesis and catabolism are
regulated by the principles of negative and positive feedback respectively: in Chlb
excess, the CAO enzyme is subjected to degradation [42], which allows the cell
to maintain a low pigment content, and for the accumulation of NYCI1 protein,
Chlb, on the contrary, is necessary [66]. This data confirms the role of Chlb as
the main regulator of the size and light-harvesting capacity of the photosynthetic
antenna [44].

Participation of chlorophyll b in the maintenance of the
supramolecular organization of thylakoid membranes. In chloroplasts
of the mutants with impaired Chlb biosynthesis, an ability to form grains is reduced
[67, 70], and also the nature of packing the pigment-protein complexes in the gran-
ule membrane is changed. The ability to form grains is reduced, because in the
granule membranes, the content of integral proteins of LHC II, which play a major
role in the stacking, decreases [70]. Besides, in connection with the reduced antenna
protein content in grains of such plants, the pigment-protein complexes form super-
complexes with the changed composition and size [67-70]. A smaller particle size
promotes a more dense packing in the granule membrane. However, this limits
the lateral diffusion of membrane components, i.e. the photosynthetic proteins
and the low molecular weight hydrophobic molecules, including the carrier of
electrons in the photosynthetic electron transport chain of plastoquinone [71].
Recent studies have revealed that diffusion limitations hamper the timely repair
of the damaged photosynthetic complexes, which prevents normal work of the
latter [71]. Thus, part of the pleiotropic effects caused by CAO mutation in chlo-
rine plants with a high probability is due to the lateral mobility limitations of
membrane components of thylakoid membranes in connection with the changed
stoichiometry of photosynthetic complexes because of Chlb lack. This assump-
tion is supported by recent studies of chlorina mutants lacking Chlb, in barley
and A. thaliana [57].

Participation of chlorophyll b in the regulation of the onto-
genesis. Chloroplasts are the most important sources of signaling for other or-
ganelles and the cell in general. The retrograde signaling pathway from chloro-
plasts and mitochondria to the nucleus modulates the anterograde control in ac-
cordance with the needs of the cell [72-74]. In the absence of signaling from
chloroplasts, the expression of several nuclear genes encoding proteins of these
organelles, including the antenna proteins of LHC, is inhibited [74]. For chloro-
plasts, signaling is associated primarily with the photosynthetic function, and
since the photosynthesis intensity is influenced by various factors, signaling from
chloroplasts can serve as sensors of environmental conditions [75]. Among the
major sources of retrograde regulation signaling there are the formation of
tetrapyrroles, the expression of chloroplast genes, the change in the redox state
of ETC components and the formation of reactive oxygen intermediates (ROI)
[76, 77]. In addition, an important source of plastid signaling is the stability of
pigment-protein complexes. This signaling carries information on environmental
conditions and the age of the cell [35, 38, 65, 77].

Stay-green mutants preserving steady green coloring at later ontogenesis
stages, when senescence begins in the wild type, which is accompanied by yel-
lowing of leaves, can serve as an example of plants with a very high degree of
stabilization containing chlorophyll of pigment-protein complexes. Stay-green
mutants are known in many plant species. In particular, they include Mendelian
pea mutants with green color of the seeds. There are functional and cosmetic
phenotypes in stay-green mutants. In the functional one, the expression of senes-
cence-associated genes (SAG) decreases and the intense photosynthesis remains



longer than in wild-type plants. In the cosmetic phenotype, senescence of mu-
tants is induced in the same way as in wild-type plants. Moreover, they have the
reduced intensity of photosynthesis, but the coloring remains green. Such phe-
notype is observed in mutants by SGR (Stay- GReen) genes encoding components
of a complex involved in the degradation of proteins and chlorophylls of LHC
II, including Chlb [34, 78]. The components of this complex are the chlorophyll
catabolism enzymes (CCE), including NYC1 [62], and the very LHC II [34]. At
the knockout of genes encoding proteins of CCE, stay-green phenotype is also
observed [35, 65].

In the study of regulation of ontogenesis, mutants with the functional
stay-green phenotype, for example, autophagy gene mutants, are of particular
interest. As it is known, autophagy plays an important role in recycling of chlo-
roplast proteins, primarily ribulose bisphosphate carboxylase/oxygenase (rubisco),
especially during senescence [79]. Unable to autophagy azg5 mutants under mild
abiotic stress, when in the wild type early senescence was induced and SAG genes
activated, demonstrated the functional stay-green phenotype, i.e. the delayed onset
of senescence [80]. It still remains unclear why in some cases the functional stay-
green phenotype is implemented, and in others, when the LHC II degradation
complex formation is affected directly, the “cosmetic” one is involved.

Even more intriguing is the fact that the functional stay-green phenotype
appears in plants due to the accumulation of Chlb above normal. In transgenic
Arabidopsis plants, the overexpression of the CAO gene from prochlorophyte cy-
anobacterium led to overproduction of Chlb, since, in contrast to the endoge-
nous enzyme in plants, this enzyme in plant cell is not exposed to the regulation
by the feedback principle. The Chlb content in such plants was so great that it
replaced Chla in the core antenna of PS I and PS II, and the size of the light-
harvesting antenna and its stability were very high [34, 35]. These transformants
showed the functional stay-green phenotype and differed from wild-type plants
in the delayed onset of leaves senescence both at a shortage of light and in the
dark [34, 35]. Perhaps, superstabilization by Chlb of pigment-protein complexes
in the light-harvesting systems and prolongation of their active functioning
change the number of still unidentified signaling molecules necessary for switching
the ontogenesis programs, which leads to the modulation of genome expression,
including the reduced expression of SAG genes. The role of such signaling mole-
cules could be performed by chlorophyll catabolites, apoproteins of LHC II lack-
ing Chlb or products of their proteolysis. We can also assume that the long-term
maintenance of the antenna of LHC II in the functional condition enhances pho-
toprotection and, therefore, provides the reduced ROI level by the beginning of
cell senescence. Probably, this slows down the initiation of subsequent stages of
the senescence process. In the cosmetic stay-green mutants, the pigment-protein
complex of LHC II remains, but loses the ability to interact with PS II. Thus, it is
quite possible that the reason why plants obtained a negative feedback regulation
of CAO enzyme was the influence of excessive amounts of Chlb on ontogenetic
signaling mediated by superstabilization of the antenna of LHC II.

In the works done by us on chlorina mutants with a complete block of
Chlb bio-synthesis (chl A. thaliana and chlorina f26'3 Hordeum vulgare mu-
tants), the preliminary data on the influence of the antenna, destabilized by Chlb
absence, on the time of the beginning of flowering has been obtained [36, 81].
Chlorina mutants of both species differed from plants of the parental lines in the
later onset of floral transformation. Additionally, in 30-40 % of the barley mu-
tants, the growth and differentiation of the ear structural elements stopped [36,
81]. In the initiation of flowering, in chlorina mutants the expression of F7T gene
(florigen), the main regulator of floral transformation, was disrupted, and also



the expression of genes-markers of senescence and catabolism of SAG and NYCI
chlorophyll increased [81]. Violations of these processes are likely associated
with changes in the retrograde signaling cascades activated by the antenna com-
plexes of chloroplasts.

Prospects for the use of plants with the truncated light-
harvesting antenna size to improve photosynthesis and produc-
tivity. In recent studies, in transgenic tobacco plants through directed modifi-
cation of the light-harvesting antenna relaxation of the absorbed excessive light
energy dissipating in the form of heat has been accelerated [82]. Production of
vegetative biomass in such plants was higher by 15% than in the wild type. Based
on these results in another study [83], the authors purposefully have examined
the transgenic lines of tobacco with the truncated light-harvesting antenna size
(TLA-plants) and have found a significant increase in photosynthetic productivi-
ty and growth of vegetative biomass, especially in thick plantings, noting the
prospects of using TLA-plants in applications. However, manipulation through
transgenesis is undesirable for crops. At the same time, chlorina mutants have
features that bring them closer to TLA-plants, including their reduced size of the
photosynthetic antenna. The data on the high intensity of photosynthesis and
productivity of some chlorina wheat [84-85], soybean [86] and barley [87] mu-
tants has been published [87], although in most cases, such mutants are charac-
terized by the reduced photosynthesis and the growth retardation. Therefore,
chlorina mutants could be promising replacement for TLA-plants, but the diver-
sity of Chlb physiological functions described above suggests that the negative
effects of chlorina mutations most often will level out the possible increase in
photosynthesis. Such effects include the negative impact of shortage or complete
absence of Chlb on ontogenetic regulation.

The nature of signaling molecules and signal transmission pathways from
(de)stabilization of the antenna beyond the limits of chloroplast, which are in-
volved in the initiation and passage of ontogenesis phases, remains unclear.
However, recently we have proposed a mechanism, by which the absence of
Chlb can affect the regulation of flowering [88]. In chlorina barley and arabidopsis
mutants, violation of redox balance of chloroplasts changes the number and per-
meability of plasmodesmata, changing the conductivity of the symplastic channel
that carries the macromolecule signals inducing flowering, which could be the rea-
son for a delay of floral transformation [88-90]. This is the first work discussing
the nature of the relationship between the stability of the light-harvesting antenna
of the photosynthetic apparatus and regulation of flowering in plants.

Summarizing the data on Chlb functions, we can conclude that in
chlorina mutants suppression of the photosynthetic function and productivity
decrease (and, potentially, violation of the ontogenetic regulation) are due to
changes in the redox balance in chloroplasts and increased production of ROI
in the leaves [44, 57, 89]. Therefore, it is necessary to search for mechanisms
improving the redox status of such plants. If to consider that Chlb is primarily
needed at a shortage of light and for rapid rearrangements of the photosynthet-
ic complexes caused by light flecks under the forest canopy, for agricultural
crops, when grown in open spaces, many other effects of reducing chlorophyll
b contents will be negligible. Furthermore, the reduction of the costs for syn-
thesis of unnecessary for photosynthesis antenna proteins, which constitute a
considerable portion of proteins in chloroplasts, will allow plants to save some
resources, and the reduced light absorption by the leaves will increase the
amount supplied to the leaves of lower layers in thick plantings. Our studies
have shown the possibility of formation of highly productive phenotype of
chlorina f2 3613 barley mutant, when grown in open ground [36].



So, the recently discovered Chlb function associated with the regulation

of the ontogenesis phases in plants deserves a detailed study. A convenient mod-
el may be mutants of CAO gene for Chlb biosynthesis, i.e. chlorina-f2 (barley),
chl (Arabidopsis), as well as mutants of the NYC genes encoding isoforms of en-
zymes of Chlb catabolism. The results of such studies will be used in breeding,
and also in the improvement of agrotechnical methods to ensure timely flower-
ing and prevent early plant senescence. In general, the study of mutants with the
changed Chlb biosynthesis is of practical interest to identify new mechanisms for
increasing photosynthesis and crop yield.
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Abstract

The most important function of any plant root system is the supply of mineral nutrients.
The soil is a heterogeneous environment characterized by irregular distribution of nutrients. The
branching of the main root which leads to the formation of the root system is regulated by the neces-
sity of compensation for this unpredictable environment. Different types of root systems may reflect
different strategies of adaptation of vascular plants to land (L. Kutschera et al., 1997). In recent
years, a vast array of experimental data on this subject has been collected. Investigations were carried
out on the model plant Arabidopsis thaliana (J.G. Dubrovsky et al., 2001; B. Parizot et al., 2012;
J.G. Dubrovsky et al., 2017) as well as on a wide range of crops (cereals, crucifers, gourds, buck-
wheat etc.). The accumulated data allow the identification of economically important traits of root
systems that can be exploited to design breeding strategies to optimize root system function. This
review contains an analysis of the current data on cellular, molecular genetic and physiological
mechanisms of lateral root initiation and development. The phytohormone auxin performs multiple
functions during lateral root initiation (Y. Du et al., 2017). It participates in the earliest stages by
determining of competence for the first division by pericycle cells that leads to primordium for-
mation. Furthermore, auxin facilitates the emergence of the primordium from the parental root cor-
tex. Recent studies have shown that the formation of the lateral root begins with the oscillation of
auxin concentrations in the basal part of the parental root meristem and the formation of an auxin
response maximum in some cells of central cylinder (I. De Smet et al., 2007; K.H. ten Tusscher et
al., 2017). The next stage is the specification of founder cells in the pericycle and the subsequent
formation of the prebranch site (M.A. Moreno-Risueno et al., 2010). Questions ranging from the
mechanisms that determine which pericycle cells can become founder cells for lateral root primordia,
the mechanisms of regulation of cell proliferation, the positioning of lateral roots along the axis of
the parental root, and hormonal factors and their targets, all leading to the successive development
of lateral roots, are discussed in this review. Data on the role of auxin in this process and on the
mechanisms of auxin signal transduction in the course of lateral root initiation are provided. The key
factors involved in the determination of the competence of pericycle cells to initiate lateral root pri-
mordia are the transcription factor GATA23 (B. De Rybel et al., 2010) and the membrane-associated
kinase regulator MAKR4 (W. Xuan et al., 2015). Special attention is paid to the role of neighboring
cell layers in the control of the initial stages of cell proliferation in the pericycle that result in the
formation of a new organ. However, there are a number of families among flowering plants in which
the initiation and development of lateral root primordia occurs directly in the parental root meristem
(J.G. Dubrovsky, 1986, 1987; K.N. Demchenko et al., 2001; E.L. Ilina et al., 2012). For the first
time, data on the key role of auxin in lateral root primordia initiation in these species, in particular
in Cucurbitaceae, are presented in this review, and the mechanisms that open the opportunity for
early and rapid branching of the main root are discussed. Special attention is paid to evolutionary
mechanisms of branching site determination in flowering plants.
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Numerous studies have shown the relationship between the genetically
determined root traits and the productivity of crops [1-3], including that under
drought conditions [4]. For selection for improving the properties of root sys-
tems, it is necessary to identify those features of the root that allow the plant to
use water and nutrients most effectively under different conditions. It is im-
portant to identify the genetically determined features of the root, which lead to
increased yield and resistance to stress. The success of the selective change in the
architecture of the root system in crops depends on the specific feature and na-
ture of its inheritance, as well as on the use of a particular system of farming and
soil characteristics [5].

The root system of the plant ensures the absorption of water and nutri-
ents necessary for growth and development, fixing plants in the soil, storage of
reserve constituents. In addition, it interacts with the roots of other plants, soil
microorganisms and fungi. The root system is a dynamic formation that is af-
fected by environmental factors [6-8]. The ability of the root to adapt in
response to a change in the moisture level and the amount of nutrients in the
soil makes it possible to study the natural plasticity of the root in order to
identify its features, which can increase the yield [9-11]. The study of molecular
mechanisms that control the architecture of the root system in crops [5] is also
of interest. Strategies of study of the root system development include methods
for direct and reverse genetics, the use of Arabidopsis thaliana, Medicago
truncatula and Brachypodium distachyon mutants, and identification of loci of
quantitative characters that determine the phenotypic variability of the root in
populations [12-13].

This review presents current understanding of the molecular genetic mech-
anisms and key genes involved in the earliest stages of initiation of the primordium
of the lateral root. For the first time, we present comparative data on the hormo-
nal mechanisms of initiation of the lateral root in various root zones. Particular
attention is paid to the evolutionary mechanisms for determining the location of
initiation of the lateral root.

Cell-based mechanism of initiation of the lateral root. The
root system consists of the main root and lateral roots of different orders. In most
species of flowering plants (monocotyledons and dicotyledons), lateral roots are
formed endogenously in the pericycle and extend to the surface much higher than
the zone of extension of the maternal root [14, 15]. In the apical meristem of the
root, the initial cells proliferate, separating the sister cells that are constantly mov-
ing away from the root tip (the age structure of the cells along the root axis), pass
from the apical meristem to the stretch zone, reaching a finite size, and acquire
functional characteristics of their type in the differentiation zone [16-18]. The
study of lhw, wol and ivad mutants in Arabidopsis showed that the heterogeneity of
the pericycle and the organization of conducting tissues are regulated by the same
cascade of genes and are determined in the meristem at the early stages of devel-
opment [19]. The first cellular events in the initiation of the lateral root, which
include the migration of the nucleus of two neighboring cells of the pericycle and
subsequent unequal division of these cells, in Arabidopsis are detected at a distance
of several millimeters from the root tip [20, 21]. Despite this, the group of pericy-
cle cells opposite to the xylem pole, which will take part in the initiation, is also
determined in the basal part of the apical meristem of the root [22-24].

The role of auxin in the regulation of the initial stages of
initiation of the lateral root. Auxin plays a leading role in regulation of the
development of the lateral root [25-28]. The family of proteins-repressors of



Aux/IAA auxin signaling suppresses the work of the ARF (Auxin Response Fac-
tor) transcriptional factors group. At physiologically low auxin concentrations,
Aux/IAA proteins form dimers with ARF transcriptional factors, preventing their
binding to DNA and transcription of auxin-sensitive genes. Auxin regulates mor-
phogenetic processes through rapid ubiquitin-mediated degradation of Aux/IAA
proteins. At physiologically high concentrations, it binds to the receptor F-box
protein TIR1 (Transport Inhibitor Response 1), which is included in the oligomer-
ic complex SCFTIR1 with ubiquitin-ligase activity [30], which leads to proteolytic
degradation of Aux/IAA in the 26S proteasome and release of the transcriptional
factors ARF [31]. In Arabidopsis, Aux/IAA and ARF proteins are encoded by ex-
tensive gene families. Growth processes are regulated through a specific interaction
between conjugate synthesized ARF and Aux/IAA proteins.

The most important question in the study of the morphogenesis of the
root system is which genetic factor or group determines the program for the de-
velopment of the founder cells of the lateral root and regulates the spatial distri-
bution of primordia along its longitudinal axis. I. De Smet et al. [23] showed
that the cellular response to auxin oscillates in the basal part of the root meri-
stem at intervals of 15 hours, which reflect peaks in the activity of the auxin-
sensitive DR5 promoter. It is believed that this particular oscillation serves as a
mechanism that determines the marking of the initial primordium cells of the
lateral root [33].

Genetic targets for auxins. The transcriptional factor GATA23
is one of the targets of the mediated ARF action of auxin in the founder cells of
the lateral root in Arabidopsis [34-36]. GATA23 relates to the B-class of GATA
proteins and is characterized by the degenerated domain of LLM (leucine-
leucine-methionine). The GATA23 gene is specific for Brassicaceae; its orthologs
have not yet been identified in other families [37, 38]. GATAZ23, identified in
connection with initiation of the lateral root in the meta-analysis of tran-
scriptomic databases in Arabidopsis, is the earliest indicator of lateral root devel-
opment [36, 39]. GATAZ23 is expressed in all pericycle cells at the end of the
stretch zone, and in pericyclic founder cells expression occurs before their first
asymmetric division initiating the lateral root. In RNAIi plants with suppression
of GATAZ23 expression, the number of primordia of lateral roots decreases (both
left from the maternal root and stopped in development at earlier stages). In-
creased expression of GATA23 leads to an increase in the frequency of ectopic
primordia formation and previous increase in the number of founder cells of the
lateral root.

As a result of the study of consecutive time points of expression of the aux-
in-sensitive structures pDRS5::GUS and pGATA23::GUS in the roots of Arabidopsis, a
relationship between the expression of GATA23 and the cellular response to exoge-
nous auxin processing was established [36]. In the basal part of the meristem, the
oscillating peaks of p DRS5::GUS activity in the protoxylem cells and the related local
expression of pGATA23::GUS in the cells of the pericycle of the xylem pole begin
10 hours after the peak of the cellular response to auxin, which is approximately
equal to the duration of the mitotic cycle. Therefore, the expression of
pGATA23::GUS depends on the TIRI-mediated pathway of the auxin signal
transmission in the basal part of the meristem.

A study of the expression of GATA23 in aux/iaa Arabidopsis mutants
showed that both the relative expression and the promoter activity of the GATA23
gene were reduced only in the mutant with overexpression of the iaa2§-1 gene. In
iaa28-1 mutants, the number of primordia of lateral roots decreased; hence, the
expression of the IAA28 gene is related to the mechanism for forming the compe-
tence of pericycle cells to the formation of lateral roots. The ectopic expression of



GATAZ23 in the pericycle cells of the xylem pole in iaa28-1 leads to a phenocopy
of the wild type [34]. That is, the GATA23 protein as a component of the TIR1-
IAA28 signaling system works after IAA28. A number of ARF factors (ARFS5,
ARF6, ARF7, ARF8 and ARF19), interacting with the IAA28 protein and synthe-
sized in the basal part of the meristem, have also been detected. The expression of
GATA23 was completely absent in the double mutants arf7arf19, which indicates
the involvement of ARF7 and ARF19 in activation of GATAZ23 and initiation of
the lateral root. Thus, the first molecular component of the specification of the
pericycle cell was identified, which establishes the competence of the pericycle
cells in the basal part of the meristem to participation in the initiation of the lat-
eral root. The expression of the GATAZ23 gene is considered to be the earliest event
associated with the initiation of the primordium of the lateral root. GATA23 con-
trols the initial stage of the specification of the founder cells of the root, although
its expression is not localized only in them. A mechanism by which the oscillation
of maxima of auxin concentration and expression of GATAZ23 are precisely estab-
lished and correlated in the meristem of the stretch zone is of interest [15]. It is
necessary to identify the positional signals, due to which the specification of the
pericycle cells occurs and the competence to the formation of lateral root is
formed.

It was also shown that indole acetic acid (IAA) formed in the root cap of
indole-3-butyric acid (IBA) modulates the amplitude of the oscillation of TAA
concentration in the root meristem [40, 41]. This oscillation, in turn, determines
whether a competence zone will be created for the formation of the lateral root
(the so-called prebranch site) [42]. Studies of the Arabidopsis transcriptome have
made it possible to identify a new, regulated IBA root marking component —
MEMBRANE-ASSOCIATED KINASE REGULATOR4 (MAKR4) [41]. It
transforms competent cells into the initial cells of the future primordium of the
lateral root. In the authors' opinion, the space-time root marking is determined
by the transformation of IBA into IAA in a cap and the subsequent launch of
MAKR4 expression [41]. In addition, AtMYB93 from the subfamily R2R3 MYB
(MYELOBLASTOSIS), the expression of which is induced by exogenous auxin
in the basal meristem, can be potentially involved in the formation of oscilla-
tions of the endogenous auxin and specification of the initial cells of the primor-
dium [43]. These studies allowed suggesting the concept of prebranch sites, the
appearance of which is regulated by cyclic apoptosis of the root cap cells [44].

Control of the resumption of the cell cycle. Asymmetric divi-
sions of the pericycle cells, which in the future will give rise to the primordium
of the lateral root, are controlled by the activity of the cell cycle [45-50]. In Ar-
abidopsis and other flowering plants, in which primordia are formed above the
stretch zone, in order to implement the program of the lateral root initiation, it
is necessary for pericycle cells to leave the cell cycle in the G1 phase [46, 51-52]
at the end of the meristem. However, before asymmetric division, they must be
ready to resume proliferation [51, 53]. It is assumed that the ABERRANT LAT-
ERAL ROOT FORMATION 4 (ALF4) gene, encoding a poorly studied protein
with nuclear localization [47], is important in order to determine the ability of
pericycle cells to continue proliferation. In alf4 mutants, the initiation of the
lateral root was disrupted [27, 45, 47]. The functional role of ALF4 is still poorly
understood. In alf4 mutants, the formation of calluses is also disrupted [54].
ALF4 is probably needed to ensure the competence of pericycle cells to resume
proliferation when forming a lateral root above the stretch zone. The presence of
the product of this gene allows the cells to be in a state of temporary rest before
the first division, which initiates primordium of the lateral root.

The transition of a portion of the pericycle cells at the xylem pole above



the stretch zone from the stage G to the stage S (resumption of proliferation) and
their subsequent division are stimulated by auxin. These cells resume the mitotic
cycle after reaching the initiation zone of the lateral roots [51, 55]. Most likely,
switch genes activating the mitotic cycle are not able to start the process of form-
ing the lateral root without additional stimulation with auxin [48].

SKP2A (S-Phase Kinase-Associated Protein 2A) is an Arabidopsis F-box
protein that regulates the proteolysis of transcription factors affecting the mitotic
cycle. Auxin activates ubiquitin-dependent degradation of SKP2A protein by
directly binding to it. SKP2A stimulates the degradation of E2FC/DPB and in-
duces the proliferation of root meristem cells. Also, auxin enhances the interac-
tion between SKP2A and DPB. That is, SKP2A is an auxin-binding protein that
coordinates the transmission of the auxin signal with cell proliferation [56].

The transcriptional factor E2F stimulates the transition to asymmetric
cell divisions during the initiation of the lateral root [49, 57]. The expression of
FE2Fa is regulated by the dimer of the transcriptional factors LBD18/LBD33,
which in turn is associated with the transmission of the auxin signal [57].
LBD18/LBD33 serves as a link for the formation of the lateral root by activating
the transcription of E2Fa. The initiation of transcription of E2Fa by LBD factors
is a common mechanism of auxin-dependent activation of the mitotic cycle [57].

The formation of the competence to initiate the lateral root (prebranch
sites) in the pericycle cells in the basal part of the meristem occurs, in the opin-
ion of some authors, due to the formation of a local maximum of auxin in the
adjacent protoxylem cells [23]. This blocks the transition to the S phase in the
cells of the pericycle. Such cells leave the meristem at the end of the G; phase
and at the end of the stretch zone, and are able to resume cyclic motion, result-
ing in two synchronous divisions initiating the lateral root [51]. Subsequently,
the ability of the pericycle to resume proliferation is determined with the partici-
pation of D-type cyclin CYCD4,;1 [58]. A decrease in the expression of CYCD4;1
in the pericycle under the influence of the local maximum of auxin in the basal
part of the meristem leads to a stop in the proliferation of some pericycle cells in
G, (before DNA synthesis) [59]. In the formation of primordia of the lateral
root above the stretch zone, the resumption of the pericycle cells motion in the
S phase is accompanied by the formation of a new local maximum of auxin
due to its transport from the endoderm [60]. This allows continuing the prolif-
eration of cells and forming an axis of primordium. Thus, the synchronous
priming of two adjacent pericycle cells determines the point of initiation of the
lateral root. In our opinion, it is the simultaneous resumption of proliferation
through the transition from G to S in these cells and the cells of two adjacent
rows of the pericycle determines the exact location of initiation of the for-
mation of the lateral root.

Role of the cell environment in the initiation of the
lateral root. In the recent time, the regulatory role of the cell environment of
the pericycle in the initiation zone of the lateral root has been widely discussed
in the literature [60-64]. The function of mechanical interactions between the
pericycle and endoderm cells in the process of initiation and development of the
lateral root was studied [64]. It was shown that even before the first division
leading to its initiation, the growth and increase in the volume (protrusion) of
two adjacent pericyclic cells and the simultaneous decrease in the adjacent en-
doderm cells occur. Further, the expression of the GATAZ23 gene is activated and
the first unequal anticlinal division occurs. Auxin signal from pericycle cells
should be perceived in endoderm cells. In order to study this relationship, the
Arabidopsis CASPIpro::shy2-2 line was created, which has a specific suppression
of the response to auxin in endoderm cells [64]. SHORT HYPOCOTYL 2



(SHY2), the gene of repressor of the auxin response, was controlled by the pro-
moter of the CASPI gene, the protein of which is associated with Casparian
strips. In plants expressing the CASPIpro::shy2-2, the development of the lateral
roots was blocked until the first asymmetric division. Processing such plants with
exogenous auxin (naphthylacetic acid) induced the development of a small num-
ber of lateral roots, but primordia did not reach the root surface and were flat,
which indicates the need of the response to the auxin in the endoderm cells in
order to release the lateral root. Indeed, endodermal cells in CASPlIpro::shy2-2
plants remained bulky, although they normally decrease and allow the lateral
root to grow.

With the disruption of the endoderm by the laser, proliferation in the
pericycle resumed; however, the division plan changed from anticlinal to pericli-
nal, and the development program of the lateral root primordium did not start
[63]. The resumption of proliferation in the cells of the pericycle occurred re-
gardless of their position on the longitudinal axis of the root. The disruption of
xylem, bark and rhizodermis cells did not affect the resumption of divisions in
the pericycle. In the authors' opinion, all the pericycle cells in Arabidopsis are
potentially capable of resuming proliferation, but adjacent endoderm cells block
this transition [63]. Indirectly, this is confirmed by the ability of the roots of Ar-
abidopsis, as well as other representatives of Brassicaceae, to form multiple lateral
roots after treatment with auxins in high concentrations (up to 90 uM) [65, 66].

In Arabidopsis yucca mutants with increased auxin biosynthesis [67, 68],
endoderm disruption did not lead to a change in the plan of pericycle cells divi-
sion from anticlinal to periclinal [63]. In mutants for the transmission of the
auxin signal tirl/afb2/afb3 (transport inhibitorl/auxin signaling f-box2/afb3) and
slr/iaal4 (solitary root/indole-3-acetic acidl4) with multiple root development
disruptions in the destruction of the endoderm, the pericycle cells changed the
division plan into periclinal, as well as in wild-type roots. However, when pro-
cessing the roots of the #irl/afb2/afb3 mutant with exogenous auxin, the number
of reorientations of divisions decreased. The treatment of wild-type roots with a
destroyed endoderm with naphthylphthalamic acid (auxin transport blocker) did
not affect the change in the plan of pericycle cells division. When the endoderm
was destroyed, they became periclinal, as in control plants. Perhaps the change in
the plan of the pericycle cells division depends on the preservation of the pathway
for the transmission of the auxin signal, but not on the auxin transport [63].

A local increase in the auxin content in the group of pericycle cells not on-
ly forms their competence for the lateral root initiation, but also starts response to
auxin in adjacent endoderm cells [60]. In the latter, a short-term expression of the
auxin gene of the PIN3 transporter occurs, and the synthesized protein is localized
on the membrane of the endodermal cell in contact with the pericycle cell. This
ensures the outflow of auxin from the endoderm cells to the pericycle cells. The
level of expression of PIN3 in the endoderm begins to decrease 15 hours after the
first initiating division, and after 2 hours the protein completely disappears. In the
mutant pin3, an increase in the number of pericycle cells with a maximum of auxin
and a decrease in the number of the first asymmetric divisions were observed. The
PIN3 gene mutation disrupts the transition of the founder cells to the division,
initiating primordium. Therefore, due to PIN3-mediated outflow of auxin from the
endoderm, the amount of this hormone in the pericycle cells increases again, which
stimulates their transition to the first asymmetric division.

Mechanism for determining the size and shape of the
primordium of the lateral root. The number of cells participating in the
divisions that specify the diameter of the primordium is limited by the receptor-
like ACR4 kinase [69]. The volume of primordium is obtained due to the peri-



clinal divisions, increasing the number of layers. At this stage, the formation of a
correct dome-shaped primordium is regulated by several mechanisms, including
through a directed auxin flow [63]. The MYB36 gene is expressed in the pericy-
cle at the base of the primordium, which begins at the stage V of development
[70]. It was shown that MYB36 directly participates in the control of the borders
of the primordium, since the myb36-5 mutant has increased number of cells
along the width of the primordium. MYB36 is required for the transition from
flat to domed shaped primordium. At the same time, cell divisions stop at the
periphery and the final width of the primordium is determined. The expression
of MYB36 at the level of mRNA and protein occurs in some pericycle cells
without transmitting signals to the surrounding endodermal cells, as shown for
the SHY2-mediated response to auxin [60, 64].The expression of the PER9
and PERG64 peroxidase genes belonging to secondary targets of MYB36 is great-
ly reduced in the myb36-5 mutant. Probably, as a result of the above, it has a
higher content of hydrogen peroxide, since the treatment with potassium io-
dide (peroxide absorber) resumed the development of primordium in mutant
roots. Thus, the final size and shape of primordium depend on the sum of the
signals that stimulate or inhibit the proliferation in its cells. These signals in-
clude active forms of oxygen, the amount of which is indirectly regulated by
the MYB36 gene.

The data presented show that the main genetic processes of determining
the competence of pericycle cells and initiation of primordium of the lateral root
in Arabidopsis have been sufficiently studied. However, there is a group of plants
in which initiation and development of primordium of the lateral roots occur
directly in the apical meristem of the main root. This type of the lateral roots
formation is characteristic for species from the Cucurbitaceae [71-75], Polygo-
naceae [76], and Convolvulaceae families, and some aquatic plants from the
Pontederiaceae |75, 78] and Araceae [79] families. In addition, due to the for-
mation of groups of primordium of the lateral roots in embryogenesis, these
species undergo an early branching of the main root during germination [72,
80]. Rapid development of a powerful root system makes it possible to success-
fully compete with representatives of other species for soil resources and to
gain significant biomass. The regulation of root formation in these plants has
not been studied.

The results obtained by us in studying the cellular and hormonal mecha-
nisms of the initiation of the lateral root of courgette (Cucurbita pepo) clearly
indicate that the initial stages of the determination of the pericycle and endo-
derm cells, as well as their transition to the first anticlinal division in the species
of the Cucurbitaceae family, are identical to the processes in Arabidopsis and
other plants initiating the lateral root above the stretch zone [81]. Thus, the first
stage of determination is the appearance of a local maximum of the cellular re-
sponse to auxin in pairs of sister cells of three internal rows of the pericycle, two
rows of the outer pericycle, and a row of endoderm. For Arabidopsis, simultane-
ous activation of cell pairs of three rows of the pericycle on the xylem pole was
shown [55]. In courgette, the first anticlinal division is preceded by the for-
mation of a local maximum of the cellular response to auxin in two adjacent
cells in the row. In Arabidopsis and cereals, in addition, there is a directed
movement of the nucleus of these cells towards each other [36, 73].

Consequently, the first divisions initiating the lateral root, regardless of
the place of its initiation, are the anticlinal divisions of a pair of sister cells.
Some difference between the representatives of Cucurbitaceae is the absence of
unequal anticlinal divisions and migration of nucleus, since all the initiation pro-
cesses take place in the root meristem and the cells do not stretch. According to



our data, in the courgette when initiating the lateral root in the meristem, there
is no resumption of the mitotic cycle from the G, phase, as in the formation of
the lateral root above the stretch zone [51, 53]. As a result of one of the anticli-
nal divisions in the pericycle row (as for the endoderm), two sister cells of origin
are formed. Their further advancement along the mitotic cycle G{-S-G; will be
accompanied by the occurrence of a local maximum of auxin and will be fin-
ished with the first anticlinal division. It will be the first division in the initiation
of the primordia of the lateral root.

Thus, we assume that the physiological and molecular genetic mecha-
nisms of initiation of the lateral root in different groups of plants have a single
origin. Ancestral forms of all flowering plants had endogenously formed rudi-
ments of lateral roots, and the site of initiation of the lateral root was located in
the immediate vicinity of the initial cells of the apical meristem. In the course of
evolution, the site of initiation of the lateral root gradually shifted from the apex
cells to the basal part from the meristem of the parent root beyond the stretch
zone. However, in some families of flowering plants, the archaic type of initia-
tion of the lateral root preserved, i.e. directly in the apical part of the meristem
of the parent root. When the site of initiation changed, there was also a decrease
in the role of tissues surrounding the pericycle in the formation of temporary
primordium structures.

So, in the studies of cellular, molecular genetic and physiological mech-
anisms of initiation and formation of lateral roots, extensive factual material has
been accumulated, but many processes accompanying the formation of a new
organ on the maternal root still need to be studied. We still do not know how
the cells of origin of the lateral root receive a signal and what leads to the de-
termination of competence of the cell to further formation of the lateral root in
this place. Studies of regulatory gene networks have only begun. The prompt
resolution of these issues will allow us to proceed to the selection based on the
characteristics that determine the ability of root systems to better adapt to
changing environmental conditions, and, ultimately, to increase yields.
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Abstract

Uptake of mineral nutrients from the soil is the challenge of plant survival. In particular,
the availability of such macro-elements as nitrogen and phosphorus is the limiting factor for plant
growth and development. Some plant genera overcome this limitation by establishing symbiotic rela-
tionships with microorganisms. A remarkable example of such symbiosis is one between legumes and
rhizobia — a group of nitrogen fixing soil bacteria. Rhizobial penetration into roots of a specific host
plant causes initiation of a specialized organ, symbiotic nodule. Within cells of symbiotic nodule
free-living bacteria differentiate into a symbiotic form called «bacteroids». Such organelle-like struc-
tures provide plants with fixed nitrogen in exchange for nutrients (B.J. Ferguson et al., 2010). A
number of legumes form nodules, in which bacteria terminally (irreversibly) differentiate into bacter-
oids, thus losing the opportunity to return to the free-living state. Terminal differentiation of bacter-
oids begins soon after release of the rhizobia into plant cells and leads to morphological, physiologi-
cal and genetic changes in bacterial cells. It has been shown that a large family of antimicrobial pep-
tides of plants called Nodule-specific Cysteine-Rich peptides (NCR peptides) plays a key regulatory
role in this process (P. Mergaert et al., 2003). Its representatives are similar in structure and mode of
action to defensins — plant innate immunity factors; however, NCR genes are expressed only in
nodules, which fact is reflected in their name. At the moment, about 700 genes encoding NCR pep-
tides that are highly variable in their amino acid sequence but possess a distinct conservative cysteine
motif required for the adoption of correct conformation were identified in the genome of the model
legume Medicago truncatula Gaertn. NCR peptides are delivered to their intracellular target symbio-
some (cell compartments containing bacteroides) triggering the process of differentiation by interact-
ing with the components of membranes and various intracellular targets of bacteria (D. Wang et al.,
2010). The most studied member of this family in M. fruncatula is MtNCR247 a cationic peptide
with four cysteines forming two disulfide bonds in oxidized form. MtNCR247 affects transcription,
translation and cell division processes in M. fruncatula microsymbiont Sinorhizobium meliloti at low
concentrations, and also exhibits antimicrobial activity at higher concentrations (A. Farkas et al.,
2014). To date, NCR peptides are identified only in plants belonging to IRLC (Inverted Repeat-
lacking Clade) legumes which are characterized by terminal differentiation of bacteria into bacter-
oids. Probably, evolutionary acquisition of the variable gene family encoding NCR peptides has been
the selective advantage of this group of plants.

Keywords: rhizobium-legume symbiosis, nitrogen-fixing nodules, differentiation of bac-
teroides, NCR-peptides, regulation of symbiosis development

The legume family (Fabaceae) includes primary food and feed species of
cultivated plants such as peas, soybeans, clover, chickpeas and lucerne. It is the
third largest group of angiosperms and the second one of food and feed crops
grown worldwide [1]. The important environmental advantage of legumes is the



opportunity to grow with virtually no fixed nitrogen in the soil through fixation
of atmospheric nitrogen by symbiotic nodule bacteria [2, 3].

When establishing nitrogen-fixing symbiosis, rhizobia selectively pene-
trate into roots of legumes, which leads to the development of special root struc-
tures called nodules [4]. The ontogeny of nodules is a well-organized process
based on the coordinated expression of specialized plant and bacterial genes [5].
A large part of a complex system of genes in plants that control the nodule de-
velopment is needed to control microsymbiont by a host plant.

Inside the nodule, the bacteria differentiate into bacteroids and carry out
symbiotic nitrogen fixation, i.e. reduction of molecular nitrogen to ammonium
ion using the enzymic complex of nitrogenase [6, 7]. In the legume nodules be-
longing to the IRLC (Inverted Repeat-lacking Clade) group, the transformation
of rhizobia into bacteroids is irreversible (terminal differentiation); in other
plants, it is a reversible process [8-10]. If the rhizobia strain is capable of nodu-
lation on the roots of a wide range of plants, the degree of bacteria differentia-
tion into bacteroids and its reversibility strictly corresponds to species of a host
plant, from which it follows that the differentiation process is induced through
plant signals [11-13].

In Medicago truncatula model legume, as such factors there may be at
least 800 nodule-specific symbiotic peptides, the majority of which (over 700) be-
long to the group of nodule-specific cysteine-rich (NCR) peptides [14-17]. NCR
peptides have been also described for other legumes belonging to the same IRLC
clade, i.e. beans (Vicia faba) [18], white clover (Trifolium repens) [19], Eastern
galega (Galega orientalis) [20], and English peas (Pisum sativum L.) [21-23]. NCR
peptides have been identified in experiments on identification of nodule-specific
protein molecules (nodulins) [21], but not all nodulins refer to NCR peptides.

The aim of the present article is generalization and structuring of infor-
mation accumulated over the last decade, in relation to the regulation of symbi-
otic bacteria differentiation in establishing nitrogen-fixing symbiosis. For the first
time, a complete characterization of the numerous protein NCR peptides family
has been given. The issues of their structure, functions, targets, modes of action
and its intended path of evolution have been also discussed in detail.

The genes of NCR peptides belong to the extensive group of defensin-
like genes, various representatives of which are found in the genomes of verte-
brates (encode proteins involved in the acquired immunity), invertebrates (e.g.,
encode a component of the scorpion toxin) and plants [14, 24, 25]. In turn, de-
fensins are a group of antimicrobial peptides (AMP), which are produced by al-
most all living organisms and play a key role in the innate immunity [26-28].
The general mode of action of antimicrobial peptides is the disruption of micro-
bial membranes and (or) inducing the formation of pores, which leads to lysis of
bacterial cells and also makes possible the interaction of peptides with intracellu-
lar targets (DNA, RNA and various proteins) [29-31].

NCR peptides, along with plant defensins, by amino acid composition be-
long to a vast family of cysteine cluster proteins (CCPs) containing a conservative
cysteine cluster of 4, 6, 8 or 10 cysteine residues in conservative positions [32-34].
Nodule-specific CCPs, that is, NCR peptides, represent one of 10 CCP subgroups
[34, 35]. Like the genes of defensins, the genes of NCR peptides encode short
(30-60 amino acid residues) secretable polypeptides with a high variability in ami-
no-acid sequence, which determines their specificity and different mechanisms of
action [14, 36, 37]. Unlike defensins, the key function of which is involvement in
protective processes and a negative impact on bacteria, NCR peptides play a
positive regulatory role in the nodules of legumes controlling the rhizobia differ-
entiation into nitrogen-fixing bacteroids [11, 38, 39]. The antimicrobial activity



of NCR peptides is reflected in the fact that the differentiation into bacteroids
under their action is irreversible. Furthermore, the bacteria lose their ability to
reproduce.

The expression of the genes encoding NCR peptides is specific to the
nodules. However, certain groups of genes are activated together, resulting in
several successive “waves” of their expression at different stages of nodule devel-
opment [40]. Just synthesized NCR peptides contain an N-terminal signal se-
quence that defines their transport to the endoplasmic reticulum [11, 14]. In the
transport of NCR peptides, the key role is played by signal peptidase cutting off
the signal sequence from the mature peptide in sorting proteins on the endo-
plasmic reticulum [41]. In M. truncatula mutants of MtDNFI gene encoding a
nodule-specific signal peptidase subunit, NCR peptides retain the signal se-
quences and accumulate in the endoplasmic reticulum, without getting into
symbiosomes resulting in the absence of bacteroids differentiation [11, 16, 41].
In the case of the normal development of symbiosis, with the gene expression
different sets of NCR peptides are delivered to the endosymbiont and mediate
the subsequent events of its differentiation [16].

For some NCR peptides (e.g., MtNCR247 and MtNCR335), an ability to
interact with the membrane of bacterial cells has been shown, which in vitro leads
to the loss of both rhizobia and human pathogens and plants [11, 42]. However, in
vivo (in the nodule cells) symbiotic peptides do not violate the permeability of the
bacterial membrane so much that it should lead to cell lysis [31]. Probably, the
increase in the permeability of the membrane promotes the penetration of NCR
peptides into the bacterial cells.

Of bacteroids present in the cells of M. truncatula nodules, about 140
different NCR peptides can be identified, which indicates the possibility of their
penetration into the bacterial cell, as well as their high stability and potential
interaction with intracellular targets [43]. One of MtNCR?247 targets is bacterial
protein FtsZ, which plays an important role in the formation of the cell wall in
the cell division [44-46]. Another partner of MtNCR247 is chaperone GroEL,
which is required for full activation of nodulation genes and assembly of nitro-
genase complex [47]. Also, MtNCR247 exposure changes the expression of some
regulatory genes critical to the cell cycle progression (ctrA, gcrA, dnaA), which
might be related to stopping the proliferation of bacteria in the plant cells [45].

Rhizobia have protective mechanisms to withstand the effects of vegeta-
ble NCR peptides [48]. In particular, some protection against NCR peptides is
provided by the BacA gene encoding the protein of the family of ABC transport-
ers [49-51]. Thus, S. meliloti mutant of the bacA gene shows hypersensitivity to-
ward MtNCR247 in vitro and in vivo (bacteria are degraded soon after release of
the lucerne nodule into cells, while bacterial strains of the wild type remain via-
ble and are differentiated into bacteroids) [52-54]. In addition, the metallopepti-
dase gene HrrP (host range restriction peptidase), encoding enzyme capable to
cut NCR peptides, has been described [55, 56]. Some Bradyrhizobium strains for
a successful nitrogen-fixing symbiosis require the presence of styrole-like lipids
(hopanoids) in the membrane, probably, enhancing its strength and providing
protection against NCR peptides [57, 58].

An important feature of the gene family of NCR peptides is their clustered
organization within the genome. The Clusters of genes, which encode NCR pep-
tides, are evenly distributed on eight chromosomes in M. truncatula and, appar-
ently, originated from the repeated duplication and subsequent diversification of
sequences [9]. Since the promoter regions of genes encoding NCR peptides are
also similar, their expression is highly consistent. Sequencing RNA samples from
the nodule zones, carved out of the preparation by laser micro-dissection,



showed that the genes of NCR peptides can be divided into several groups based
on their spatial-temporal expression profile [16]. Obviously, the expression of
certain groups of NCR peptides genes is needed only at the specific stage of

nodule development [40].
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Scheme of the proposed evolution of NCR peptides genes of
Medicago truncatula and Pisum sativum. Genes of NCR
peptides originated about 25 million years ago in the com-
mon ancestor of the IRLC (Inverted Repeat-lacking Clade)
group. Subsequently, the duplication, diversification and
selection in favor of the highest functionality led to the
emergence of a large number of genes encoding antimicro-
bial peptides with low sequence conservation, which became

Despite the previously
described interchangeability of
antimicrobial molecules [14],
there is data on the unique
properties and functions of
NCR peptides, the absence of
which interrupts establishment
of nitrogen-fixing symbiosis.
Thus, MtNCR211, toxic to
S. meliloti in vitro, is necessary
for the survival of bacteroids
in planta, because mutation in
its gene leads to the death of
bacteroids in the nodule cells
[60]. Similarly, to maintain
bacteroids, MtNCR169 is nec-
essary, in the absence of which

their differentiation practically
does not take place and, as a
result, nitrogen is not fixed
[61]. These two NCR peptides
are characterized by similar
localization in planta [60, 61].
M. truncatula mutants of the
MtDNF4 (=MtNCR211) and
MtDNF7 (=MtNCR16Y9) genes
have similar transcriptomic profiles [62]. Despite this, the role of each of these
peptides is unique, because in the mutant by the MtNCR211 gene, lysis of bac-
teroids occurs after differentiation, and in the mutant by MtNCRI169 gene, un-
differentiated bacteria are exposed to lysis [63]. The sequences of NCR peptides
genes are extremely variable even within the same species of legumes. The found
homologous sequences in different representatives of the IRLC group have a
very low percentage of similarity, so the definition of orthologous pairs becomes
impossible [64]. Apparently, these plants diverged from a common ancestor,
which already had the genes of NCR peptides, a long time ago (Fig.). Subse-
quently, in the genome of each of them there was duplication of the genes of
NCR peptides, which then evolved independently under the influence of a posi-
tive (driving) selection [59]. Some genes of different types due to the accumula-
tion of mutations could turn into pseudogenes and be eliminated, so non-
orthologic genes began to perform the same biological function. Finally, the sim-
ilarity of individual sections of sequences of NCR peptides genes indicates the
possibility of their variability increase due to illegitimate recombination. The re-
sult of the evolution of this gene family was a wide variety of NCR peptides ob-
served in modern representatives of the IRLC group.

According to research of the efficiency of symbiotic nitrogen fixation,
bringing bacteroids differentiation to the terminal phase provides the plant (and
the symbiotic system as a whole) a significant benefit [65]. Probably, for this

the basis of the diversity of their activity and physiological
functions. Some of NCR peptides gained unique functions
distinguishing them from the main group and essential for
successful symbiosis; part of the sequences was becoming
pseudogenes and was losing a biological function. The color
indicates the degree of differences in the variability of the
nucleotide sequences of NCR peptides genes and their
changes in the evolution (mutation and recombination). X
means that the gene, which encoded NCR-peptide, due to
mutation evolved in pseudogene and lost its original function.



reason the acquisition in the evolution of the family of NCR peptides genes was
a selective advantage of IRLC group plants. In addition, NCR peptides are in-
volved in the background immune response of nodules, the activity of which
does not depend on whether there are undesirable (pathogenic) microorganisms
in them [63]. The activity in the symbiotic plant organs of the genes of NCR
peptides related to the plant immune system and quickly evolving towards diver-
sity, together with the presence of rhizobia systems, which resist the lethal effects
of NCR peptides, is a good example of co-evolution of partners in the case of
nitrogen-fixing symbiosis.

Thus, to date, in the limited group of legumes, a large gene family has
been discovered, which has an organo-specific expression. Its representatives
perform a function of a terminal, that is, irreversible differentiation of the sym-
bionts inside the nodule. It is assumed that the genes of NCR peptides arose
from related genes of plant defensins in the rapid duplication and diversification
of sequences. Many of NCR peptides are interchangeable due to the similarity of
the structures, but some acquired new, more specialized functions. The roles, the
targets and the modes of action of NCR peptides have been described only for
several representatives of this family, and therefore, further research may lead to
unexpected and valuable discoveries.
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Abstract

Nitrogen-fixing nodules are formed on the roots of leguminous plants as a result of their
interaction with soil bacteria, called rhizobia. Nodule development is based on the exchange of sig-
naling molecules that leads to coordinated gene expression in both partners. This process is accom-
panied by differentiation of both plant and bacterial cells leading to formation of infected plant cells,
filled with nitrogen-fixing forms of rhizobia, called bacteroids. The bacteroid is separated from the
plant cell cytoplasm by the peribacteroid membrane and forms an organelle-like structure called the
symbiosome (A.V. Tsyganova et al., 2017). The main function of the symbiotic nodule is to maintain
the microaerophilic conditions required for working of the rhizobial nitrogen fixation enzyme —
nitrogenase, which is extremely sensitive to oxygen. Nitrogen-fixing nodules produce an abundance
of reactive oxygen species (ROS) and reactive nitrogen species (RNS). These are formed due to au-
to-oxidation of leghemoglobin in the cytoplasm, oxidation of nitrogenase and ferredoxin in symbio-
somes, and functioning of electron transport chains in mitochondria, symbiosomes, and peroxisomes
(C. Chang et al., 2009). ROS and RNS molecules are involved in different signal transduction path-
ways; therefore, the nodule antioxidant system cannot simply eliminate ROS and RNS, but must
maintain their concentration in the cell at the certain level (C.W. Ribeiro et al., 2015). Most antiox-
idants presented in plant organs are also found in the nodule, however, at a higher concentration,
which is probably due to the high intensity of the processes associated with biological nitrogen fixa-
tion. These are enzymes superoxide dismutase, ascorbate peroxidase, glutathione peroxidase, and
peroxiredoxins, as well as millimolar concentrations of non-enzymatic elements (primarily ascorbic
acid and glutathione) (M. Becana et al., 2010). It has been discovered that Legumes harbor a unique
homologue of glutathione, homoglutathione, both of which exhibit similar functions and specificity.
However, it is still not clear why some Legumes evolved the ability to synthesize two different thiol
compounds and require a double regulatory mechanism of the cell cycle including activation by glu-
tathione and inhibition of cytokinesis by homoglutathione (T. Pasternak et al., 2014). It has now
been shown that an increase in the level of glutathione leads to an increase in the efficiency of nitro-
gen fixation, while there is no similar data for homoglutathione. Considering that for the functioning
of the nodule a balance in the ratio of glutathione and homoglutathione is necessary, it is evident
that increasing the level of nitrogen fixation by modifying the levels of these thiols is a non-trivial
task. Moreover, it is necessary to account for the influence of other components of the antioxidant
system. It should be noted that the rhizobial antioxidants play an important role in the functioning of
the nitrogen fixing nodule (C.W. Ribeiro et al., 2015). In this review, we will consider the main
components of the plant antioxidant system in the nodule. A deeper understanding of its functioning
is necessary to develop conditions for increasing the efficiency of biological nitrogen fixation.

Keywords: symbiotic nodule, antioxidants, redox potential, glutathione, homoglutathione,
ascorbate, ascorbate-glutathione cycle, thiol peroxidases, redoxins, superoxide dismutase

Formation of a nitrogen-fixing nodule requires implementation of two
specific developmental programs, one of which is responsible for its morphogen-
esis, and the other for formation of infection threads (tubular structures via
which the rhizobia penetrate the root) [1, 2]. In response to flavonoids secreted



by legume plants, the rhizobia produce Nod factors (lipochitooligosaccharides
from the N-acetylglucosamine residues and fatty acid with different length and
degree of unsaturation), which are recognized by plant LysM-receptor-like kinases
[3]. Nod factors trigger both development programs; however, for their successful
realization additional components are required [4].

Simultaneously with the development of infection threads, the nodule
primordium is formed that is associated with mitotic reactivation, dedifferentia-
tion and proliferation of cells [5]. In indeterminate nodules characterized by the
presence of a stable apical meristem, the divisions occur in the inner cortex, root
endodermis and pericycle [5]. The prolonged functioning of the meristem
providing growth and constant renovation of nitrogen-fixing tissue leads to zone
formation. Meristem, infection, nitrogen fixation and senescence zones can be
distinguished in indeterminate nodule [6]. Only a limited number of evolutional-
ly advanced legume plants from the sub-family of Papilionoideae, the tribes Tri-
folieae (clover, alfalfa) and Vicieae (pea, vetch) form indeterminate nodules. At
the same time, in many papilionaceous plants, such as soybean, beans
(Phaseoleae tribe) and deervetch (Loteae tribe), determinate nodules are formed
from the cells of outer cortex with a meristem functioning for the limited period
of time [6]. After its disappearance, the growth and renovation of nitrogen-fixing
tissues cease, and zones are not identified in the central part of the nodule. The
plant cells infected with rhizobia in indeterminate and determinate nodules pass
through several endoreduplication cycles, which is accompanied by a significant
increase in their sizes and resulted in cell susceptibility to filling with multiple
bacteroids [7]. The differentiation of bacteroids in indeterminate nodules is a
sequential process [8]; it is accompanied by the amplification of the entire ge-
nome and an increase in their sizes. Bacteria lose the ability to reproduce, i.e.
their differentiation is irreversible. The bacteroids in the determinate nodules are
comparable with free-living bacteria in the amount of genomic DNA, cell size
and ability to reproduction [9].

Thus, nitrogen-fixing nodules are formed as a result of multistep differen-
tiation of both symbiotic partners. At each of these steps, the redox cell balance
plays a crucial role. Reactive oxygen species (ROS), reactive nitrogen species
(RNS) and also the components of plant and bacterial antioxidant defense system
are involved in maintaining of that balance in the nodule.

The principal value of the antioxidant defense system is determined, on
the one hand, by the sensitivity of the nitrogenase, the main enzyme of atmos-
pheric nitrogen fixation, to oxygen; and on the other hand, by multiple processes
facilitating the formation of ROS and RNS in nitrogen-fixing systems. The syn-
thesis of superoxide radical (O,") and hydrogen peroxide (H,O,) is associated
with high respiratory activity required for maintaining effective nitrogen fixation,
autooxidation of oxygen-containing forms of leghemoglobin and oxidation of some
proteins with high reductive potential (nitrogenase, ferredoxin, hydrogenase). Ni-
trogen monoxide (NO) is produced in infected cells of functioning nodules [10] by
nitrate reductases of bacterial and plant origin [11, 12], and also due to plant NO-
synthase activity [13]. Peroxynitrite (ONOQO™) can be formed via reaction of O,
and NO. The antioxidants prevent development of oxidative and nitrosative stress-
es in the nodule, modulating the ROS and RNS concentrations and thus allowing
them perform various functions in metabolism, including signal interactions during
nodule formation [14-16].

Prevention of oxidative stress in plant cells is provided by a complex
mechanism. Multiple enzymes such as ascorbate peroxidase, glutathione peroxi-
dase (Gpx), catalase, peroxiredoxin (Prx), and superoxide dismutase (SOD) pro-
tect from prooxidants. The redox control of protein activity is carried out by thi-



oredoxin (Trx) and glutaredoxin (Grx) [17, 18]. The non-enzymatic molecules,
capable of acting as direct antioxidants, control the redox potential of the cell,
thus affecting signal cascades, the cell cycle and the synthesis of various metabo-
lites. Contrary to animal cells where the main non-enzymatic antioxidant is gluta-
thione (GSH), in plants ascorbate (ASC) executes the function of reducing hy-
drogen peroxide. However, GSH performs a number of unique functions in
plant cells, which do not allow replacing it with another thiol or antioxidant [19-
21].

During formation of symbiosis the microsymbionts should also cope with
the constantly oscillating contents of ROS and RNS. Rhizobia use different strate-
gies in order to modulate the amount of these molecules, including inhibition of
their synthesis and detoxication, and also controlling the activity of enzymes. Dur-
ing colonization and bacterial differentiation, a well-coordinated work of antioxi-
dant systems of both partners is required to trigger the signal cascade activated by
ROS and RNS. Not only successful development but also further functioning of
the nodule depends on this balance. It has been shown that ROS also participate
in the senescence of the micro- and macrosymbionts.

The aim of the present review was to generalize the modern views on the
plant antioxidant system at different steps of rhizobium-legume symbiosis devel-
opment and to highlight new components of this system. Special attention was
paid to differences in the functions of glutathione and homoglutathione identified
till now.

Non-enzymatic antioxidants. The positive correlation between the
contents of GSH and ASC, the activity of enzymes participating in the ascor-
bate-glutathione cycle and the efficiency of nitrogen fixation in nodules suggests
the importance of these antioxidants for nitrogen-fixing symbiosis [14, 23, 26-
29].

(Homo)glutathione. The thiol tripeptide GSH is a water soluble antioxi-
dant and redox buffer of plants involved in cell cycle and processes of develop-
ment, in sulfur transport and accumulation, in response to stress and detoxica-
tion of heavy metals [30]. GSH exists in cells in two main stable forms, as re-
duced and oxidized, the latter is glutathione disulfide (GSSG). Under optimal
conditions, the ratio GSH:GSSG in most cellular compartments of the plant is
fairly high. The sub-optimal external conditions lead to a shift of this ratio due to
accumulation of GSSG which can cause alterations in acceptance and transduc-
tion of stress signals. In contrast to many other redox pairs (e.g.
NADP*/NADPH), in case of GSH and GSSG the redox potential of GSH de-
pends not only on ratio of these forms, but also on absolute GSH concentration.
Thus, even if the value of GSH:GSSG remains unchanged, a reduction in the
concentration of GSH form leads to an increase in the redox potential [31].

The GSH synthesis comprises two ATP-dependent steps. The first limit-
ing step of y-Glu-Cys formation from glutamate and cysteine is catalyzed by y-
glutamylcysteine synthase (y-ECS), which is encoded by the GSHI gene. The sec-
ond step of GSH synthesis from y-Glu-Cys and glycine is catalyzed by glutathione
synthetase GSHS (GSHS gene). Homoglutathione (hGSH), GSH homologue
wherein glycine is replaced with p-alanine, was found in the members of the Fa-
baceae family [27, 32, 33]. The synthesis of hGSH is carried out by homogluta-
thione synthetase (hGSHS) encoded by the AGSHS gene. The Arabidopsis GSH1
knockout mutant is lethal at the embryo stage [34], whereas knockout of the
GSHS gene leads to seedling-lethal phenotype [35]. The subcellular fractionation
and immunolocalization have shown that in nodules y-ECS is present in plas-
tids, whereas GSHS and hGSHS predominate in cytosol [36, 37]. However, no
mutants knocked out only in one of the genes — AGSHS or GSHS among leg-



ume plants have been obtained so far. This would allow determining the degree
of interchangeability of these thiols and possible differences in their functions.

The substantial role of GSH and (or) hGSH in nodule formation was
demonstrated for alfalfa (Medicago truncatula) using antisense constructs of
GSHS and hGSHS, and also via transcriptomic analysis of plants with a re-
duced content of (h)GSH as a result of treatment with L-buthionine-[S-R]-
sulfoximine, a specific inhibitor of (h)GSH biosynthesis. At the early stages of
nodule formation in the plants with reduced synthesis of both thiols, there was
an increase in the expression of genes controlled by salicylic acid [38]. The acti-
vation of these genes is, apparently, determined by redox-sensitive NPR1 protein
that suppresses deformation of root hairs and expression of nodulins. The inac-
tive NPR1, located in cytoplasm, is an oligomeric form resulted from reaction
with S-nitrosoglutathione. The monomerization of NPRI1, catalyzed by Trx,
unmasks the signal motive of nuclear localization allowing for this protein to be
transported in the nucleus wherein it interacts with redox-sensitive transcription
factors [39]. Therefore, at the early stages of interaction, presence of a certain
pool of (h)GSH in plant cells is the required for inhibiting the salicylate-
induced defense mechanisms and colonization of plant host by rhizobia [40].
The reduction of the (h)GSH synthesis significantly decreased the number of
nodules and suppressed the expression of the early nodulin genes (MtENODI2
and MtENOD40), which are gene markers of nodule formation. At the same
time, both in control plants and in plants with reduced thiol level, no altera-
tions were observed in the number of infection sites in the roots, which was
confirmed by the similar expression of the Ripl gene, marker of infection pro-
cess.

The inhibition of nodule formation was accompanied by a reduction in
the number of the lateral roots [41]. It was shown that GSH is necessary for
cell division in the root apex [42], and its amount controls the transition of
cells from Gy to S phase of the cell cycle. The relocation of GSH to the nu-
cleus at the G; phase strongly affects the redox state of the cytoplasm and ex-
pression of redox-sensitive genes. A further increase in the total cellular pool of
GSH above the level observed in G; is required for transition of cell to the S
phase of the cycle [43, 44]. Apparently, exactly GSH stimulates the meristematic
activity in nodules as well that correlates with maximum of GSH concentration
in the meristem and in the infection zone of the nodule [45]. It is possible that
the fluctuations of GSH pool in cytoplasm and in the nucleus may control the
repetitive rounds of endoreduplication of infected cells and also the irreversible
differentiation of bacteroids.

Using promoter of a gene, encoding cysteine-rich peptide (NCRO00I)
specific for nitrogen fixation zone of the nodule, the role of the (h)GSH in ma-
ture nodules of M. truncatula was studied [46]. It was shown that the overexpres-
sion of the GSHI in the nitrogen fixation zone led to an increase in the GSH
but not the hGSH content that correlated with increase in the efficiency of ni-
trogen fixation. A decrease in the GSHI gene expression by RNA interference
reduce nitrogen fixation efficiency, (h)GSH content, nodule size, and expression
of TrxS1 and LEG genes encoding Trx and leghemoglobin, respectively. In such
nodules, the amount of the GSHS transcripts drastically increased compared to
the control, whereas the expression of the ZGSHS gene did not change. Recently
it was shown that 7rxS1 controls differentiation of bacteroids via the redox state
of cysteine-rich peptide NCR335 [47]. Analysis of the spatial localization of
transcripts revealed the expression of the GSHI gene in the meristem, the infec-
tion zone and in the beginning of the nitrogen fixation zone, while expression of
hGSHS observed in the cortex and vascular bundles, and that of GSHS was in



the cortex and in the nitrogen fixation zone. This further confirms the important
role of GSH for functioning of meristematic and nitrogen fixing cells and differ-
entiation of cells in the infection zone. Also it is likely that in the cortical cells
both thiols play an important role in maintaining the oxygen barrier of the nod-
ule [46].

In 73 species of 3 subfamilies, the distribution of (h)GSH in the Fabace-
ae family was studied [48]. It was shown that hGSH was absent in the members
of Caesalpinioideae subfamily, but it was found in two species of Mimosoideae
and in species of the Old World clade in Papilionoideae subfamily. Distribution
of (h)GSH was tissue-specific. The hGSH content was often higher in leaves
and roots, the GSH in seeds, which can reflect a difference in the functions of
both thiols. At the same time, in the species forming and not forming nitrogen-
fixing nodules, the distribution of hGSH did not change; therefore, the accumu-
lation of hGSH in the roots probably is not related to nodule formation [48].

Previously in M. sativa it was shown that GSH is associated with meri-
stematic cells, activation of the cell cycle and induction of somatic embryogene-
sis, whereas hGSH is associated with differentiated cells and embryo prolifera-
tion. Thus, the ratio of hGSH:GSH was the lowest in the root meristem and the
highest in the fully differentiated organs (mature leaves and root elongation
zone). It supposed that alterations in hGSH/GSH occur during dedifferentiation
and (or) activation of the cell cycle that leads to transition from differentiated to
dividing cells [49]. As already noted, these processes take place during formation
of the nodule primordium. In M. sativa, in the formed nodules, as compared to
leaves and roots, GSH becomes the main thiol compound. Alterations in the
thiol ratio are reversible: in the cell culture after development of somatic embry-
os and cell differentiation, the ratio of hGSH:GSH increased again, and in the
nodules the hGSH content grew as the tissues differentiated [45]. Probably, local
alterations in amounts of phytohormones, associated with developmental pro-
grams and (or) environmental influence, could regulate (4#)GSHS expression or
(h)GSHS activity and therefore lead to the observed patterns of hGSH and
GSH distribution.

Indeed, the expression of the GSHS and AGSHS genes not only strongly
varies depending on the species and tissue of legume plant, but is also regulated
differently in response to signal molecules or stress conditions. E.g. in M. trun-
catula the hGSHS expression can be detected in roots and nodules, and that
of GSHS is found in all plant tissues [50]. Moreover, in the roots of M. frun-
catula the expression of the GSHI and GSHS, but not AGSHS is induced by ni-
trogen oxide [51]. In deervetch (Lotus japonicus) GSHS is found in nodules on-
ly, and hGSHS is present in leaves and roots as well [33]. In the roots of L. ja-
ponicus GSHS is activated by auxins, cytokinins and polyamines, whereas the
expression of AGSHS remains unchanged [14]. The addition of exogenous hydro-
gen peroxide induced increase the expression of the GSHI and AGSHS genes in
beans nodules, whereas CdCl,, NaCl or jasmonic acid did not cause such an effect
[52]. Long-term treatment with cadmium chloride of pea (Pisum sativum) mutant
SGECd! [53] resistant to cadmium a slight decrease in the expression of GSH/
and GSHS genes was observed, whereas the expression of AGSHS increased in
the roots of the mutant and wild type plants [54]. The analysis of the obtained
data suggests the presence of specific cis-regulatory elements in the promoter
region of GSHS and hGSHS genes and (or) different regulatory mechanisms for
GSHS and hGSHS [14].

The synergism of phytohormones and oxidative stress plays an important
role in the control of plant growth and development [55], and GSH and hGSG
may mediate such control in legume plants. Nodule formation is an energy con-



suming process. Integration of oxidative stress metabolism and cell cycle allows
avoiding unwanted energy expenses by separating defense mechanisms from the
processes of cell division and differentiation.

Thus, an important role of (h)GSH in development and functioning of
symbiotic nodules has been identified. Nevertheless, the specificity of action of
GSH and hGSH in nodule tissues and at the different stages of its development
remains insufficiently studied. A lot of data has been obtained by analysis of only
one plant species. In addition, a significant difference is observed between species
forming indeterminate (Table 1) and determinate (Table 2) nodules.

1. Synthesis and distribution of glutathione GSH and homoglutathione (h)GSH in
organs and tissues of the nodule in legume plants forming indeterminate nodules
[36, 45-46, 48, 50, 89]

Thiol Nodules
ol, gene
enzyrileg >| Seeds | Leaves | Roots WN Zones C CB
M@[1ap[i+n] NF | s
Thiol distribution
GSH + + + + ? ? +a +a +a ? ?
hGSH -1 -1 +2 +2 ? ? +a +a +a ? ?
Thiol synthesis gene expression and localization of transcripts
GSHI1 ? + + + +a +a ? +a ? —* +a
GSHS ? + + + +a +a ? +a ? +a +a
hGSHS ? + + + +a —* ? +a ? +a +a
Activity of thiol synthesis enzymes
y-ECS ? + + + ? ? +a +a +a ? ?
GSHS ? + + + ? ? +a +a +a ? ?
hGSHS ? - + +2 ? ? +a +a +a ? ?
Note. WN — whole nodule, M — meristem, I — infection zone, NF — nitrogen fixation zone, S — senescence
zone, C — cortex, VB — vascular bundles; "+" — detected, "-" — not detected, "?" — no data, | — can be present

in trace amounts or may be the main thiol in the species of Trifolieae tribe, 2 — not found in Vicia faba and Lupi-
nus albus, @ — data has been obtained for plants of one species. See description of genes and enzymes in the text
of the paper.

2. Synthesis and distribution of glutathione GSH and homoglutathione (h)GSH in
organs and tissues of nodules in legume plants forming determinate nodules [27,
36, 45, 48, 89, 91]

Thiol, gene, Seeds | Leaves | Roots Nodules
enzyme WN [ NFT [ c | vB J[cs | P [ M| B
Thiol distribution
GSH +/- -2 +/-2 +L2 +a +a ? +a ? +a +a
hGSH + +2 + + +a +a ? +a ? +a +2,a
Thiol synthesis gene expression and localization of transcripts
GSHI1 ? +a +a +a ? ? ? ? ? ? ?
GSHS ? +a +a +a ? ? ? ? ? ? ?
hGSHS ? +a +a +a ? ? ? ? ? ? ?
Activity of thiol synthesis enzymes
y-ECS ? ? ? + + + ? +- o+ 2+
GSHS ? -2 + +3 + + ? -2 +4 -2 +
hGSHS ? +2 + +2 + + ? +2 - - -
Note.WN — whole nodule, NFT — nitrogen-fixing tissue, C — cortex, VB — vascular bundles, CS — cytosol,
P — plastids, M — mitochondria, B — bacteroids; "+" — detected, "-" — not detected, "+/-" — trace amounts,

"?" — no data.

I _ GSH of bacterial origin, 2 — except for Vigna unguiculata, 3 — except for Vigna radiata, * — contamination from
bacteroids,

a — data has been obtained for plants of one species. See description of genes and enzymes in the text of the paper.

There are differences and between the species forming the same type of
nodules (see Tables 2, 3). Nevertheless, some patterns can be observed. Thus,
indeterminate nodules mostly contain GSH as the main soluble tripeptide
whereas hGSH is the most widespread tripeptide in determinate nodules [45].

Ascorbic acid. This is a powerful soluble antioxidant acting directly and as
a part of the ascorbate-glutathione cycle. Ascorbic acid is present at a concentra-



tion of 1 to 2 mM in nodules [56], 5 to 25 mM in leaves, and 25 to 50 mM in
chloroplasts [57] that is consistent with its multiple important functions. The
3. Synthesis and distribution of glutathione GSH redox state of ASC (ASC + de-

and homoglutathione (h)GSH in organs and hydroascorbic acid) controls the
mitochondria of Vigna unguiculata, forming cell cycle [58] and plays a crucial

determinate nodules [36, 45] role in perception of stress signals
: in the apoplast and their trans-
Thiol, Leaves Roots Nodules | Mitochondria : B :
enzyme duction into cytoplasm. ASC is
Thiol distribution also a cosubstrate for several di-

GSH + + + ? P n h
hGSH N + /- ? oxygenases pamclpgtmg in hy-
Activity of thiol synthesis enzymes droxylation of proline and bio-
y-ECS ? ? + + . . ~
CsHs M M N N synthe51s. of flavonoids .and hqr
hGSHS - + - - mones, i.e. ethylene, gibberellic,
Note. "+" — detected, "-" — not detected, "+/-" — trace gnd abscisic acids [59] The im-
amounts, "?" — no data. See description of enzymes in the text of .
the paper. P am portance of ASC for plants is

confirmed by the absence of
known mutants that are completely defective in ASC synthesis [60]. ASC is
mainly synthesized via the D-mannose/D-galactose (Smirnoff-Wheeler) pathway
comprising multiple and complex enzymatic reactions, and final reactions is cat-
alyzed by mitochondrial L-galactono-1,4-lactone dehydrogenase [61].

Investigation of P. sativum showed that ASC content decreases in nod-
ules with age, that correlating with a decrease in the GSH content and nitrogen-
ase activity [23]. It was supposed that ASC is not synthesized de novo in nodules
but is imported from shoots or roots through the vascular system [23]. However,
later it was shown that ASC biosynthesis genes, including Gal/LDH gene encod-
ing L-galactono-1,4-lactone dehydrogenase, are expressed in the nodules of L.
japonicus. The active enzyme is localized in the mitochondria of beans
(Phaseolus vulgaris). Investigation of nodules of four legume species: alfalfa (M.
sativa), pea (P. sativum), beans (P. vulgaris) and deervetch (L. japonicus), showed
an increased activity of L-galactono-1,4-lactone dehydrogenase and cytosol ascor-
bate peroxidase, but also the decreased ASC level in nodules compared to other
plant parts [62]. Using FISH, it was shown that mRNA of GalLDH is predomi-
nantly located in cells of nitrogen fixation zone in the nodules of M. sativa and in
nitrogen-fixing cells of the central part of the nodule in L. japonicus. Also, the max-
imum content of L-galactono-1,4-lactone dehydrogenase and ASC was found in
these cells. At the same time, the enzyme activity was the same in the apex (me-
ristem and infection zone) and in the nitrogen fixation zone, whereas amounts
of mRNA were different, that indicates the post-translation regulation [62]. The
presence of post-transcription regulation is evidenced by the fact that under the
stress condition (treatment with cadmium salts, NaCl, hydrogen peroxide and
jasmonic acid), the ASC content changed but the activity of L-galactono-1,4-
lactone dehydrogenase remained unchanged in bean nodules [52]. The ageing of
symbiotic nodules is possibly accompanied by switching off the ASC biosynthesis
that is confirmed by a reduction in the L-galactono-1,4-lactone dehydrogenase
activity and ASC content.

The ASC concentration in cells is regulated by a degree of its oxidation
and degradation. ASC oxidizes to monodehydroascorbic acid or dehydroascorbic
acid during hydrogen peroxide detoxication via ascorbate-glutathione cycle in
cytosol, chloroplasts and other organelles. In the apoplast, ASC is oxidized to
monodehydroascorbic acid by ascorbate oxidase [63]. The treatment of the bean
plants with jasmonic acid, a well-known stress-associated compound, led to
translational activation of ascorbate oxidase and post-translational inhibition of
dehydroascorbate reductase in nodules that possibly enhances oxidations in apo-



plast and initiates a signal via which nodules may perceive stress and respond to
it [52].

Enzymatic antioxidants. Ascorbate-glutathione cycle. Ascorbate pe-
roxidase, monodehydroascorbate reductase, dehydroascorbate reductase and glu-
tathione reductase participate in this cycle. The regulation of subcellular isoforms
each of these enzymes, which have been found in cytosol, plastids, mitochon-
dria, and peroxisomes, is carried out based on the level of ASC and GSH syn-
thesis in these organelles under normal and stress conditions. Each isoform can
differently respond to signals associated with stress or developmental process.
The regulation of all isoforms of enzymes participated in the ascorbate-
glutathione cycle is quite important for maintaining the redox balance in the
plant cells under abiotic and biotic stresses [64].

In the nodules, the ascorbate-glutathione pathway was found 30 years
ago [56]. Later, the comparison of activity was carried out for enzymes involved
in this pathway in the nodules of soybean (Glycine max), formed on three geno-
types by effective and ineffective strains. The same analysis was carried out for
nodules of wild type and ineffective mutant genotypes of M. sativa [26]. High
activity in effective nodules was demonstrated for all four enzymes (ascorbate
peroxidase, monodehydroascorbate reductase, dehydroascorbate reductase, and
glutathione reductase) in both studied species. Also, in effective nodules GSH
and hGSH content was higher compared with ineffective ones. At the same
time, no such correlation was observed for ASC. Transcriptomic analysis re-
vealed increased expression of genes encoding the enzymes of the ascorbate-
glutathione pathway in nodules [65]. Therefore, the ascorbate-glutathione path-
way is one of the main mechanisms of their antioxidant defense [26].

In the ascorbate-glutathione pathway, GSSG is formed from GSH that
leads to the change in the GSH:GSSG ratio. Some other metabolic pathways
can also link the availability of oxidants and alterations in the GSH:GSSG ratio,
thus, affecting the signaling transduction via regulation of thiol-disulfide status of
the proteins. The key participants of these reactions are Prx, Gpx, Trx and Grx.
Some glutathione S-transferases (GST) can also use GSH for reduction of or-
ganic hydroperoxides, and others can generate GSSG, possibly, catalyzing the
deglutathionylation cysteine residues of proteins [66]. The role of these processes
in the formation and functioning of nitrogen-fixing nodule is still insufficiently
studied.

Thiol peroxidases and redoxins. Thiol peroxidases (Gpx and Prx) are
small proteins without gem, catalyzing reduction of the H,O, or alkyl hydroper-
oxides (ROOH) to water or corresponding alcohols (ROH) using mostly Trx as
electron donors. Trx contains a conservative interaction site (Try-Cys-Gly-Pro-
Cys) which reduce disulfide bridges of the target proteins [67]. Grx, with func-
tions similar to Trx, can also act as electron donor; GSH is used for its reduc-
tion [21]. Gpx, Prx and Trx are encoded by multigene families, and the corre-
sponding isoforms have different subcellular localization (cytosol, plastids and
mitochondria) [14].

In L. japonicus, six genes were identified to encode Gpx. Two of these,
LjGpx1 and LjGpx3, encoding Trx-dependent hydroperoxidases, are actively ex-
pressed in nodules. Immunolocalization showed the presence of Gpx around the
starch granules in amyloplasts in infected and non-infected cells of L. japonicus
nodules, and in infected cell of M. sativa nodules that may indicate formation of
hydrogen peroxide in amyloplasts as well [68]. Later, using in situ hybridization, a
high content of mRNA was shown in infection zone for LjGpxI and LjGpx3 and
in nodule cortical cells for the LjGpx3 as well. Immunolocalization detected
LjGpx1 in amyloplasts and in nuclei of infected cells, in cortical cells and in vas-



cular bundles. LjGpx3 was predominantly located in endoplasmic reticulum (ER),
cytosol and nuclei [69]. Conclusion, that LjGpx1 and LjGpx3 protect cells from
oxidative and salt stresses and membrane damage, was made basing on comple-
mentation experiments with yeasts.

PrxIIA (the cytosol isoform of Prx), the amount of which is reduced
with nodule age, and mitochondrial isoform PrxIIF, the amount of which does
not change were identified in the nodules of P. sativum. After exogenous treat-
ment with ASC, the PrxIIA level decreased in young nodules and increased in
old ones, the amount of PrxIIF was unchanged in both cases [70]. In M.
truncatula, L. japonicus and P. vulgaris, the proteomic analysis of nodules identi-
fied PrxIIB, PrxIIE and PrxIIF isoforms (B in cytosol, E in plastids, and F in
mitochondria), a cytosol isoform Trxhl, and also GrxC2 and GrxC4, which
possibly can serve as electron donors for Prx. Moreover, NADPH-thioredoxin
reductases (NTRA/B/C) were found in nodules of these legumes. Most of these
Prx isoforms are effectively reduced by Trx and non-plastid Trx is recovered by
NTRA and NTRB. The obtained data confirm the presence of this redox regula-
tor network in cytosol, plastids and mitochondria of nodule cells (cytosol forms
of PrxIIB, Trxhl and NTRA are most active).

In M. truncatula, two new isoforms of Trx (Trxs), functioning during sym-
biotic interactions, were found [71]. These ER-addressed Trx are similar to classic
ones, but have atypical catalytic sites. In silico, using the atlas of M. truncatula
gene expression in different organs and under various growth conditions, it was
shown that Trxs/ is mostly expressed during nodule formation, whereas 7Trxs2 ex-
pression is apparently less specific [65, 72]. The analysis of the spatial localiza-
tion of Trxsl and expression of Trxs2, using
https://iant.toulouse.inra.fr/symbimics/ resource, which gives access to results
of laser microdissection of M. truncatula nodules combined with RNA se-
quencing, has shown that these 7rx are mostly expressed in the infection
zone [73]. The expression pattern of Trxs indicates their participation in the
development of nodule and cell differentiation in the infection zone. In situ
hybridization revealed the presence of GmTrx mRNA in the root pericycle of
G. max in 2 days post inoculation and in the infected cells of mature 27-day-
old nodules. The transformation of the Trx-defective yeast mutant with the GmTrx
gene recovered tolerance to exogenous H,O,. RNA interference of GmTrx led to
the absence of nodules or formation of undeveloped nodules that indicates the
importance of this gene in their development [74].

Glutathione-S-transferases. These widely distributed enzymes participating
in detoxication of xenobiotics, especially herbicides. GSTs act as antioxidants as
well, directly trapping peroxides like Gpx. The final products of the peroxide
oxidation of lipids alkenals, 4-hydroxynonenal and other a- and B-unsaturated
aldehydes, may be removed after conjugation with GSH [75, 76]. In soybean,
GSTs are encoded by a multigene family of 25 genes [77]. In the nodules, the
expression of 14 GST isoforms was found; gene encoding GST9 showed maxi-
mum level of expression [76]. The suppression of the GST9 expression by RNA
interference significantly decreased the nitrogenase activity in the nodules [76].

Superoxide dismutases (SODs). SODs belong to the group of metal con-
taining enzymes, catalyzing dismutation of superoxide radical to hydrogen per-
oxide and molecular oxygen. Depending on metal cofactors, there are Fe-, Mn-
CuZn-dependent SODs (correspondingly FeSOD, MnSOD and CuZnSOD). All
of these SODs are present in nodules, but with different subcellular localization.

In indeterminate nodules of M. sativa and P. sativum, the transcripts of
the cytosol CuZnSOD, as well as the enzyme itself, are present predominantly in
the meristem, the infection zone and distal part of the nitrogen fixation zone



[78]. CuZnSOD was localized in the cytosol in the regions adjacent to cell walls,
to the walls of infection threads, and also in the matrix of infection threads.
Moreover, the enzyme was found in the intracellular spaces of the cortical cells
and cells in the nitrogen fixation zone. The transcripts of MnSOD and the enzyme
itself were localized predominantly in the nitrogen fixation zone. The enzyme was
present in bacteria inside the infection threads, in bacteroids and mitochondria. In
the nodules, the co-localization of H,O, with CuZnSOD was found, but not with
MnSOD, i.e. exactly CuZnSOD is one of the most important H,O, sources in
nodules [56] and possibly plays an important role in forming matrix of infection
threads and their growth [79]. Later, the transcriptome analysis of M. fruncatula
nodules has shown that the genes encoding CuZnSOD isoforms and mitochondri-
al MnSOD are actively expressed in nodules whereas expression of the gene for
cytosol FeSOD remains relatively low [65].

In determinate nodules of L. japonicus, the expression of genes of cytosol
CuZnSOD and mitochondrial MnSOD, as well as the amount and activity of
the enzymes reduced with age. In the young nodules, CuZnSOD is found in
dividing cells, in infection threads and in infected cells. The transcription of
FeSOD2 which encodes cytosol FeSOD activated and that of FeSODI encod-
ing plastid FeSOD did not change. With nodule age, the amount and activity
of FeSOD increased. At all stages of nodule development, this enzyme was
present predominantly in the amyloplasts in the cortical cells, uninfected and
infected cells. It was supposed that two cytosol enzymes, CuZnSOD and FeS-
OD?2, are capable to functionally compensate each other at later stages of nod-
ule development. Induction of FeSOD?2 is possibly associated with an increase
in Fe availability in the senescent nodules, possibly as a result of leghemoglo-
bin degradation [80].

Under salt stress, the total activity of SOD in the nodules of P. vulgaris in-
creased [81]; the activity of FeSOD also enhanced, and the activity of CuZ-
nSOD and MnSOD did not change [82]. In the peanut plants under draught,
the amount of CuZnSOD transcripts in the nodules increased whereas the ac-
tivity of SOD, MnSOD I and MnSOD II did not change [83]. The opposite re-
sults were obtained for SOD in P. sativum and G. max nodules at draught, when
total SOD activity decreased in P. sativum and increased in G. max [84, 85].
Such diverse responses of various species stress out a necessity of studying the
gene expression and regulation of enzyme activity in more detail.

Catalases. These are tetrameric gem proteins catalyzing the decomposi-
tion of hydrogen peroxide to molecular oxygen and water, which are predomi-
nantly localized in peroxisomes and glyoxysomes [86]. An important role of rhizo-
bial catalases has been shown for development of effective symbiosis [87]; howev-
er, the enzymes of plant origin have been insufficiently studied. In the nodules of
white lupine (Lupinus albus), the catalase was localized in the peroxisomes of in-
fected cells, and its concentration was reduced during nitrate-induced senescence
[88]. Also, the enzyme activity reduced in bean nodules under salt stress [82].

Thus, over 30-year studying antioxidant system of nitrogen-fixing nod-
ules in legumes, a significant progress was achieved. The principles of operation
and interaction of antioxidant molecules, enzymes and redox regulatory path-
ways during the processes of initiation, development and functioning of legume-
rhizobium symbiosis were analyzed. The complexity and ambiguity of the func-
tioning of the antioxidant system were identified. To date, it was shown that
GSSH participates in signal transduction via alteration of the redox state of the
cell and its compartments. This, in its turn, may control the thiol-disulfide status
of proteins, i.e. the conformation and activity of enzymes and transcription fac-
tors directly or via thiol-dependent peroxidases. Moreover, the oxidation of some



thiol-dependent peroxidases can itself serve as a signal or signal trigger. In 1988,
the distribution of GSH and hGSH in plant tissues of 13 Fabaceae species from
various tribes was analyzed [89]. In the following years, a lot of data was accu-
mulated indicating specific functioning of these thiols, including that among
species forming determinate and indeterminate nodules. In 2015, the distribution
of GSH and hGSH has been analyzed already in 73 species of three Fabaceae
sub-families [48]; however, the question of the GSH and hGSH specific func-
tions still remains open. At the same time, the role of GSH in the development
and functioning of meristem cells and nitrogen-fixing cells has been proven.
Moreover, it was demonstrated that the ratio of hGSH and GSH may activate
cell differentiation and dedifferentiation [49]. Data about new components of
antioxidant defense in nodules continue to appear, e.g. polyamines, the poly-
cationic compounds capable of modulating concentrations of ROS and RNS,
were described. However, the role of these molecules in the functioning and de-
velopment of nodules requires further studies [90].

Thus, the redox state of a cell and its compartments, determined by the
pro- and antioxidant ratio and interaction, controls a variety of processes via
changing oxidation/reduction balance under the influence of environmental sig-
nals and participating in their transduction and subsequent plant responses. The
antioxidant system plays a crucial role in formation and functioning of such a
sensitive system as a nitrogen-fixing nodule of legume plants characterized by
active metabolism and constant exchange of signal molecules between partners.
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Abstract

The range of disease-resistant varieties and hybrids of stone fruits (genus Prunus L.) is quite
wide. In Russia, these are the hybrids of sour cherry VP-1, Rubin, Vozrozhdenie Ne 1, Olymp, (A.F Kole-
snikova et al., 1998), Pushkinskaya, Akvarel, Feya, Practichnaya, Zelenoglazka (R.A. Chmir, 2003),
sour cherry varieties Livenskaya, Mtsenskaya, Novella, sweet cherry Poeziya, clonal rootstocks V-2-
180, V-2-230 (A.A. Gulyaeva et al., 2007), Rusinka, Businka, Yubileynaya 3, Pamyat Sakharova
(O.N. Kartashova, 2009), Al, 3-115, 10-15 (A. Kuznetsova et al., 2010), sour cherry samples Hin-
denburg, Obnovlennaya, Nochka 2, Rannyaya 2, and sweet cherry varieties Muscatnaya Krasnaya,
Royyal 23/16, Lamori Gin, Sladkaya Sentyabrskaya, Tseshenskaya Oktyabrskaya (M.S. Lenivtseva et
al., 2010). The varieties Anshlag, Lasunya, Lyubimitsa Turovtseva (M.I. Turovtsev et al., 2011) are
resistant in Ukraine, sour cherry cultivar Zhivitsa (E.P. Syubarova et al., 2002) is resistant in Belarus. In
Lithuania, the resistance of varieties Big Starking, Griot Ukrainskij, Maraska, Samsonovka (D. Gelvo-
nauskiene et al., 2004) is reported. In Poland, Melitopolska, Fortuna, Minister Podbielski, Zagoriew-
skaja varieties are resistant (G. Hodun et al., 2000; Z.S. Grzyb et al., 2004.). Cherry varieties Ka-
reshova, Kashtanka, Vinka are considered resistant in the Republic of Moldova (E. Cheban, 2005).
Also, the resistant samples are clones 5.55, 13.122 (B. Wolfram, 2000), varieties Almaz, Koroser
Gierstiddt, Coralin and species P. maackii, P. canescens (M. Schuster, 2004, 2008; M. Schuster et
al., 2004, 2013, 2014) in Germany, cherry varieties Celeste and Giorgia (G. Romanazzi, 2005) in
Italy, and Linda, 11/106, Piramis, Csengddi (Z. Rozsnyay et al., 2005; J. Apostol, 2008) in Hun-
gary. In the USA, Almaz, Gisela 6, and P. canescens (P.S. Wharton et al., 2003; P.S. Wharton et
al., 2005) are reported as resistant. In the review, we discuss a replenishment of effective resistance
gene pools using world genetic resources and based on plant resistance studies. It was shown that
Prunus leaf spot resistance usually dominates and is under monogenic, oligogenic or polygenic control.
In hybrids, the manifestation of resistance character depends on whether a resistant parent was male or
female one (A.M. Mikheev et al., 1978; O.S. Zhukov et al.,, 1981; A.F Kolesnikova, 1982; N.I Turov-
tsev et al., 1983; M.V. Kanshina, 2007; J. Apostol, 2000, 2008). Expression of resistance genes
derived from the most popular donor, P. maackii Rupr., remains quite high in the second and third
hybrid generations (I.E. Fedotova et al., 2001). Dominant resistance character is revealed in P. serru-
lata and P. maximowiczii (M.S. Chebotareva, 1993). The hybrids 85017, 82990, 83187, 85023 derived
from crosses with Kuril, Sakhalin cherry species, P. maximowiczii and P. serrulata plants are recom-
mended as donors of resistance to cherry leaf spot (N.G. Gorbacheva, 2011). A significant decrease
in resistance is noticed in the interspecific hybrid Almaz (with P. maackii in the pedigree) which is
widely used in breeding for immunity. Genetic diversity of cultivated varieties should be expanded by
involving in breeding not only derivatives of P. maackii, but also other stone fruit species resistant to
leaf spot such as P. kurilensis Miyabe, P. sargentii Rehd. (M. Schuster, 2004), P. incisa Thunb, P. pseu-
docerasus, P. subhirtella Mig. (M. Schuster, 2004; M. Schuster et al., 2004), P. concinna Koehne,
P. conradinae (Koehne) Yu. et Li (M.S. Chebotareva, 1986), P. canescens Bois. (M.S. Chebotareva, 1986;
M. Schuster et al., 2013, 2014; T. Stegmeir et al., 2014), P. padus L., P serotina Ehrh, P. asiatica



Kom., P. incana Stev. (M.S. Chebotareva, 1986), P. glandulosa Thunb. (M.l. Vyshinskaya, 1984;
M.S. Chebotareva, 1986). In breeding, the variability of pathogen populations must be considered

Keywords: stone fruits, leaf spot, resistance, wild Prunus L. species

One of the main reasons for the reduction of sweet cherry and cherry
acreage is a severe infestation of varieties and rootstocks with cherry leaf spot.
The causative agent of this disease is the fungus Coccomyces hiemalis (Higg.), the
conidial stage Cylindrosporium hiemale (Higg.), syn. Blumeriella jaapii (Rehm) v.
Arx. The most radical method to confront progressing cherry leaf spot diseases is
search and creation of the pathogen resistant assortment of sweet cherry and
cherry. A rational strategy of breeding for resistance to diseases and pests should
involve the extension of the genetic diversity of cultivated varieties. The literature
discusses several ways of solving the problem, including the alternation in time
of cultivars with different resistance genes, selection of multiline varieties (mix-
tures of phenotypically similar lines differing in resistance genes), cultivation of
varieties with different resistance genes in the area of the pathogen (mosaic),
combining different resistance genes in one cultivar (gene stacking). Implement-
ing any of these strategies is based on the study of inheritance of resistance and
creation of new donors protected by effective resistance genes.

An intensive study of the resistance of genetic resources of stone fruits to
C. hiemalis in Russia and the former Soviet Union was started in the late 1960s.
Infestation of sweet and sour cherries with cherry leaf spot was analyzed in all
the areas of distribution of the causative agent, i.e. in Central Russia [1], North
Caucasus [2], Ukraine [3], the Republic of Moldova [4], Belarus [5], the Baltics
[6] and Georgia [7]. The resistance of stone fruits was also studied in Germany
[8, 9], Poland [10, 11], Romania [12] and the USA [13]. It was found that there
are no highly resistant cherry and sweet cherry varieties, and a few varieties
characterized by field resistance were selected. These are cherry varieties Pamya-
ti Vavilova, Zhukovskaya, Komsomolskaya, Severyanka and Turgenevka for
Central Russia [1], cherry varieties Seyanets 1, Seyanets 2, Zhukovskaya,
Glubokskaya, Zvezdochka, Komsomolskaya, Pamyati Vavilova and sweet cherry
varieties Aeclita, Belobokaya rannyaya, Krasavitsa, Orlovskaya rozovaya and Se-
vernaya for Belarus [5], sweet cherry cultivars Bigarro Oratovskogo, Vinka, Dne-
provka, Izyumnaya, Konservnaya, Transportabelnaya and Frantsis for the Meli-
topol Region of Ukraine [3]. In large-scale screening, the following varieties
were considered valuable: sweet cherry Yellow Glass, Schmidt and Emperor
Francis from the United States, cherry Karneol, Morina, Safir and Topas from
Germany, and cherry Jareniywka, Wloszkowice and Wryble from Poland [8-13].

A study of the total species diversity of stone fruit cultures have amply
demonstrated that introgression is the most promising way of expanding the ge-
netic diversity of sweet cherry and cherry for resistance to cherry leaf spot. These
wild species are of interest for selection: cherries Prunus maackii Rupr. [syn.
Cerasus maackii (Rupr.) Erem. et Simag., Padus maackii Komar., Laurocerasus
maackii Schnaid.] [5, 14-20], P. kurilensis Miyabe [syn. C. nipponica var.
kurilensis (Miyabe) Erem. et Yushev, C. kurilensis Kaban. et Vorobiev, P. nip-
ponica var. kurilensis Wils.], P. sargentii Rehd. [syn. C. sargentii (Rehd.) Erem. et
Yushev, Cerasus sachalinensis Komar. et Klob. Aliss.], P. maximowiczii Rupr.
[syn. Padellus maximowiczii (Rupr.) Erem. et Yushev, C. maximowiczii Kom.] [5,
14, 17-20], P. serrulata Lindl. [syn. C. serrulata var. lannesiana (Carr.) Erem. et
Yushev, C. serrulata G. Don.], P. incisa Thunb. [syn. C. incisa Lois.], P. pseu-
docerasus Lindl. [syn. C. pseudocerasus G. Don.], P. canescens Bois. [syn. C. can-
escens (Bois.) Erem. et Yushev], P. subhirtella Mig. [14, 17-22], P. concinna
Koehne, P. conradinae (Koehne) Yu. et Li [17]; bird cherry P. padus L. [syn.



Padus racemosa Gilib.], P. serotina Ehrh. [syn. Padus serotina Borkh.], P. asiatica
Kom. [5, 17]; micro-cherry P. incana Stev. [syn. Cerasus incana Spash.,
Microcerasus incana Roem., Microcerasus incana var. araxina (Pojark.) Erem. et
Yushev] [17], P. glandulosa Thunb., [syn. Cerasus glandulosa Lois., Microcerasus
glandulosa (Thunb.) Roem.] [5, 17].

As a result of selection and breeding, a substantial fund of disease-
resistant varieties, hybrids, clonal rootstocks of sweet cherry and cherry has been
created in Russia. There are interspecific hybrids and cherry varieties among
them: VP-1, Rubin, Vozrozhdenie 1, Olimp, 30014, 31414 [23-24], Pushkin-
skaya, Akvarel, Dzhussi frut, Brilliant, Feya, Praktichnaya, Pamyati Vavilova,
Kharitonovskaya, Ustoichivaya, Zelenoglazka [16]; the sour cherry varieties Liven-
skaya, Mtsenskaya, Novella and Orlitsa; sweet cherry Poeziya; the clonal root-
stocks V-2-180, V-2-230, V-5-88, V-5-182 [25], Rusinka, Businka, Yubileynaya 3,
Shakirovskaya, Ballada, Polyanka, Pamyat Sakharova [26], 3-90, 11-17, Al, 3-
115, 10-15 [27]; the sour cherry samples Hindenburg, Ujfehertha Fiirthosh, Pod-
belskaya, Obnovlennaya, Lunered Mont Burhholder, Nochka 2 and Rannyaya 2;
the sweet cherries Muskatnaya krasnaya, Orlovskaya (3734), Planeta, Polyanka
1043, Royal 23/16, Lamory Guigne, Sladkaya sentyabrskaya and Tseshenskaya
oktyabrskaya [28].

In recent years, resistant varieties Anshlag, Lasunya, Lyubimitsa Turov-
tseva derived using sweet cherry Tseshenskaya Oktyabrskaya have been included
in the Ukrainian State Register of Plant Varieties [29]. Sour cherry cultivars re-
sistant to cherry leaf spot have been selected in Belarus (cultivar Zhivitsa) [30]
and in Lithuania (cultivars Big Starking, Griot Ukrainskij, Maraska, Samsonov-
ka, Oblacinska, Vytény zvaigzdé and Recta) [31]. Cherry variety Karesova is
moderately resistant to cherry leaf spot in Czechoslovakia [32]. In Poland, the
resistant cherry varieties are Melitopolska, Fortuna, Minister Podbielski,
Zagoriewskaja, Stevensbaer, Pomiati Vavilova and Oblacinska [11, 33]. The
sweet cherry varieties Kareshova, Kashtanka, Vinka, Maslovskaya and Pozdnyaya
Lermontova have been created in the Republic of Moldova [34]. In Bulgaria, the
sweet cherry cultivar Patriotca Krima is resistant [35]. In Germany, the cherry
clones 5.55, 13.122 and 19.130 [9] have been selected, as well as the varieties
Almaz (Russian breeding), Koroser Gierstadt, Korai Pipacsmeggy, Coralin and
P. maackii 18, 20, 36, 37]. In Italy, the sweet cherry varieties Celeste and Giorgia
[38] have been created; in Hungary these are Linda, 11/106 and Piramis [39-41].
In the USA, Almaz and Gisela 6 [21, 22] are considered resistant. The cherry
samples Almaz, Novella, Zhukovskaya, Pamyati Vavilova, Luch, Stepnoi Rodnik,
Feya, Kharitonovskaya, VP-1, Rubin, Oblacinska and others are disease-resistant
in different regions of Russia and abroad. The sweet cherry cultivars Sladkaya
sentyabrskaya and Tseshenskaya oktyabrskaya are disease-resistant in the Krasno-
dar Krai, the Crimea and Ukraine [42].

This review is the first summarizing studies of genetic control of stone
fruits resistance to cherry leaf spot in Russia and abroad.

It was shown that in combinations of cherry varieties resistant X resistant
most of the seedlings had increased immunity to cherry leaf spot, and in fami-
lies, obtained by crossing the susceptible samples, the plants with strong devel-
opment of the disease dominated. The number of susceptable seedlings varied
from 23.4 % (Lyubskaya X Shirpotreb) to 65.7 % (ground cherry X Shirpotreb).
In direct and inverse crosses of resistant varieties with the susceptible ones, in
most families more than half of the hybrid progeny was characterized by increased
resistance to the pathogen of cherry leaf spot. The number of resistant plants var-
ied from 52.9 % (Tserapadus No. 1 x Lyubskaya) to 95.4 % (family Griot Mos-
kovskij X Tserapadus No. 2) [43]. Similar results were obtained by A.A. Melesh-



kevich in Belarus [44]. When resistant varieties were parents (Kistevaya X Novo-
dvorskaya 2/3), the hybrids showed relative resistance, in combinations of sus-
ceptible X susceptible parents, the susceptible seedlings prevailed.

Relatively resistant varieties Solnechnyi shar, Vinka and Melitopolskaya
rozovaya have been obtained (Ukrainian Research Institute of Irrigated Horti-
culture, Melitopol), using the cherry variety Frantsis as s female parent. It is as-
sumed that the influence of the maternal genotype on the manifestation of the
resistance character in seedlings was more pronounced than of the paternal one.
Crossing susceptable cultivars resulted in a high percentage of susceptible seed-
lings [3].

Sweet cherry seedlings in the hybrid families 8-14 x 3-36, 3-36 X 6-72,
3-36 X Yantarnaya had the highest resistance in Bryansk Province. The propor-
tion of highly resistant seedlings in these families ranged from 23 to 50 %. In the
analysis of 15 hybrid families of sour cherry, a high overall genetic diversity was
revealed. It is due to the additive effects of genes in eight hybrid families, and to
the nonadditive effects in seven ones. According to the author, resistance to
cherry leaf spot is under control of oligogenes and polygenes [45].

In the works on the genetic control of cherry resistance to leaf spot and
breeding, the experiments with the Maack cherry (P. maackii) are mainly de-
scribed. This species was involved in breeding by 1.V. Michurin. When crossing
the ground cherry with the Maack bird cherry (cherry), Michurin obtained
Tserapadus 1. Later, a number of cerapaduses and padoceruses were created.
From a hybrid population (Padocerus M X cherry-sweet cherry Novosyolka) X Pa-
myati Vavilova, the hybrid A-135 (Almaz) was selected (I.V. Michurin All-
Russian Research Institute of Genetics and Breeding of Fruit Plants —
ARRIGBFP, Michurinsk). O.S. Zhukov and L.A. Shchekotova [46] selected
about 50 % of highly resistant seedlings in the progeny from a cross of this hy-
brid with highly susceptible varieties. This hybrid was recommended as a source
of monogenic resistance to cherry leaf spot. Analyzing crossing with the variety
Lyubskaya revealed splitting 1:1, i.e. the resistance gene to cherry leaf spot was
in a dominant state. The resistance gene of the hybrid Almaz is marked by the
authors with the symbol A [46]. In the further study of the progenies of this hy-
brid compared to relatively resistant variety Zhukovskaya and the highly suscep-
tible variety Lyubskaya, the highest percentage of resistant seedlings was ob-
served in the hybrid progeny, middle percentage was in variety Zhukovskaya and
the lowest one was in cultivar Lyubskaya. Cherry varieties, differing in re-
sistance, proved to be heterozygous by this character, therefore, the degree of
cherry leaf spot infestation is controlled polygenically [46]. Adaptive donors,
rootstocks and varieties resistant to cherry leaf spot were created on the basis of
the hybrid Almaz. Subsequently, the cherry-bird cherry hybrids Brilliant, Korall,
Luch, Stepnoi Rodnik, Feya and Kharitonovskaya were obtained, which, along
with resistance to this dangerous disease, have a good quality of the fruit [47]. Ac-
cording to R.A. Chmir [16], the samples Padocerus B, Pushkin, Pushkinskaya,
Akvarel, Dzhussi frut, Brilliant, Feya, Praktichnaya, Pamyati Vavilova, Khari-
tonovskaya, Ustoichivaya, Zelenoglazka are characterized by polygenic resistance
to cherry leaf spot.

Crossing Maack cherry plants with sour cherry varieties (All-Russian Re-
search Institute of Breeding Fruit Crops — ARRIBFC, Orel Province) resulted
in hybrids F; and donors of resistance to cherry leaf spot VP-1, Rubin and
28889 [48]. Given the nature of the progeny splitting, the resistance of sample
Tserapadus 28768 (VP-1) derived from self-pollination and free pollination is
heterozygous. In the offspring of this sample there was a dominance of the char-
acteristic, as the ratio of resistant and fragile seedlings was 3:1 [49].



As donors of resistance to cherry leaf spot and adaptability, the hybrids
of cherry Vozrozhdenie 1 (Zolushka X VP-1), ELS PI 15-21 15-21 (VP-1 X Mu-
za Fy) and ELS PI 14-1 (Muza X Vozrozhdenie 1 F3), tetraploid 1-36 (Shoko-
ladnitsa X P. serrulata Hally Tolivetta), triploids 1-13 (Shokoladnitsa X P. in-
cisa) and 2-13 (Shokoladnitsa X P. kurilensis Dolinsk 5) [50] may be suggested.
Based on backcrossing cherry cultivars Pamyati Vavilova, Lyubskaya, Vladi-
mirskaya, Zolushka, Muza, Turgenevka with derivatives of the Maack cherry,
the ARIBFC hybrid fund was created, and promising seedlings were separated
and multiplied. Differences in resistance to cherry leaf spot between the recipro-
cal hybrids F, and F3 were not detected. Ageing and declined physiological con-
dition of trees, as well as mass accumulation of the fungus led to a decreased
resistance of the hybrids. However, Maack cherry retained high resistance in
backcrosses not only in the second but also in the third generations [24].

According to E.N. Jigadlo and A.A. Gulyayeva [51], VP-1, 28889, Ru-
bin, 30013, Olimp, 30020, Vozrozhdenie 1, Vozrozhdenie 2 (31414) and Dol-
gozhdannaya (ARIBFC) created on the basis of the Maack cherry are of interest
for use in breeding as donors of mono-genic resistance to cherry leaf spot. The
assessment of resistance of the sour cherry seedlings obtained from backcrossing
with Maack cherry revealed a very small number of highly resistant plants. Thus,
highly resistant progeny amounted 7.4 % in VP-1 families from self-pollination,
11.1 % in VP-1 x Vladimirskaya combination, 0.3 % in VP-1 X sweet cherry
Muskatnaya, 0.7 % in Lyubskaya x 28889 cross, 2.1 % in Lyubskaya X Rubin
cross, 2.6 % in Lyubskaya urozhainyi klon X Rubin cross, and 7.7 % in 31414 x
33585 combination. A large part of resistant seedlings were observed in families
obtained with a participation of VP-1. According to the authors, the use of distant
hybrids of sour cherry with the Maack cherry in backcrossing with sour cherry
leads to a decrease in resistance to cherry leaf spot in hybrid offspring. Hybrids
resistant to cherry leaf spot were produced at Sverdlovsk breeding station of horti-
culture, i.e. 1-53-86, 1-35-89 and 1-39-89 with VP-1 involved, and 7-15-83, 8-
37-82 with Almaz involved [52].

In crossing immune sample P. serrulata var. lannesiana (No. 2) with
the susceptible sweet cherry varieties Krepysh, Kuban, Lyubimitsa Duki and
after free pollination, resistance dominated in F; in the field experiments and
under artificial inoculation. Obviously, the sample P. serrulata var. lannesiana
No. 2 has a dominant resistance gene (genes). In combination P. serrulata var
lannesiana No. 1 X P. avium L., there was complete dominance of resistance,
however, in reciprocal crossing incomplete dominance was marked, which can be
explained by the influence of the maternal cytoplasm. In families from cross-
es of Frantsuzskaya chernaya X P. sargentii (Sakhalin cherry 3/75) and
Frantsuzskaya chernaya X P. serrulata (Batumi 1), all seedlings were highly
susceptible to the fungus. Afterwards, crossing P. serrulata var. lannesiana No.
2 with the susceptible sweet cherry variety Frantsuzskaya chernaya showed com-
plete dominance of resistance. When using this sample as a male parent in cross-
ing with the susceptible cherry variety Zhagarskaya, incomplete dominance of
the trait was marked. The dominance of resistance, except for P. serrulata var.
lannesiana No. 2, was also found in a sample of P. maximowiczii (the Maksimo-
vich cherry) [17, 53].

Involving diploid species of the Kurile, Sakhalin, Maksimovich cherry
and P. serrulata, hybrids 85017, 82990, 83187, and 85023 were obtained, which
are recommended as donors of resistance to cherry leaf spot [54]. The study of
cherry leaf spot resistance of seedlings obtained by I.E. Fedotova and A.F. Kole-
snikova in crossing P. incisa, P. serrulata, P. kurilensis, P. sargentii at hard infec-
tion loads showed that resistant seedlings from all the combinations used aver-



aged 65.45 %, of which 32.93 % were immune. The amount of immune seed-
lings depends on the interaction of polygenes of the maternal plant (variety) with
oligogenes of the male parent (wild species). The seedlings obtained by crossing
Rovesnitsa possessing high polygenic resistance with P. serrulata were infested by
the fungus least of all [55].

In the United States, the Almaz variety obtained with the use of P. fruti-
cosa 18-6-44 from Krymsk (Krasnodar region), as well as the sample GI 148-1
with a resistant species P. canescens in the pedigree, showed high resistance to
cherry leaf spot after free pollination [21, 22, 56]. Note, Almaz variety was ob-
tained using the Maack cherry, and GI 148-1 was created uisng P. canescens, that
is, the resistance of these forms is probably under control of different genes. When
infected by five monosporous fungal isolates collected from plants of different spe-
cies and genera (cherry, sweet cherry, P. serotina, mahaleb cherry and plum),
Almaz and GI 148-1 plants showed a slight injury caused by fungi from cherry,
sweet cherry and mahaleb cherry. In Hungary, in studying inheritance of re-
sistance to cherry leaf spot in variety Csengodi, Cultivars Erdi bstermod, Meteor
korai, Erdi nagygyimolesi, M 221, 111-43/60, IV-2/152 were used as female par-
ents; Csengodi, Erdi botermo, Meteor korai and 1V-2/152 served as male parents.
A total of 35 resistant seedlings were identified of which 13 ones were tolerant.
Cherry resistance to cherry leaf spot is determined by the recessive polygenes [57-
60]. In Serbia, genotypes Feketicka demonstrated different field resistance to cher-
ry leaf spot [61]. In Germany, the inheritance of resistance to cherry leaf spot of
species P. canescens, P. maackii is being studied [62].

Thus, resistance to cherry leaf spot pathogen in genus Prunus L. usually
dominates and is under monogenic, oligogenic or polygenic control. Manifesta-
tion of the trait depends on the use of resistant plants as female or male parents.
The dominance of resistance in P. serrulata and P. maximowiczii (the Maksimo-
vich cherry) is revealed. Expression of cherry leaf spot resistance of the most
popular donor, the Maack cherry, was observed in its hybrids in the second and
third generations. The range of stone fruit varieties and hybrids resistant to the
disease is quite wide. The Russian State Register of Selection Achievements ad-
mitted to use includes resistant varieties Novella, Rusinka, Businka, Kapelka,
Feya, Kharitonovskaya created on the basis of the Maack cherry, the clonal
rootstocks V-2-180, V-2-230, V-5-88, V-5-172, and sweet cherry varieties An-
shlag, Lasunya, Lyubimitsa Turovtseva with sweet cherry resistant variety
Tseshenskaya Oktyabrskaya in the pedigree. The sample GI 148-1 with a re-
sistant species P. canescens in the pedigree showed high resistance to cherry leaf
spot after free pollination. Note, most breeders use only derivatives of Almaz
variety (with Maack cherry in pedigrees) as donors. However, as shown by our
studies, clones of the fungus which can greatly infest this variety are sufficiently
high frequent in the pathogen populations. It is necessary to improve genetic
diversity of cultivated varieties by involving in breeding not only the Maack cherry
derivatives, but other stone fruit plants resistant to cherry leaf spot such as P. ku-
rilensis Miyabe, P. sargentii Rehd., P. incisa Thunb., P. pseudocerasus, P. subhirtel-
la Mig., P. canescens Bois., P. concinna Koehne, P. conradinae (Koehne) Yu. et
Li, P. padus L., P. serotina Ehrh., P. asiatica Kom., P. incana Stev., P. glandulosa
Thunb. In breeding, one should take into account the variability of this pathogen
populations.
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Abstract

Soybean is a strategic crop of multipurpose use. Production and consumption of soybeans
are increasing year by year, with new uses appeared. Soybean can become one of the key plants in
bioeconomics. Food, fodder, technical, medical and pharmaceutical use of soybeans is diversified
and requires specialized varieties with the target traits. This poses new challenges for breeders and,
accordingly, for holders of germplasm collections that supply source material for breeding. VIR soy-
bean collection for many years serves as a genetic source for breeding. Based on long-term pheno-
typing, the accessions are systematized by a number of traits. Rapid development of new molecular
technologies, e.g. marker-assisted selection (MAS) and genomic breeding are targeted to optimize
both creation of new varieties and searching for the necessary genotypes. A number of agronomically
important quantitative trait loci (QTL) have been found for soybean (Y. Xu, J.H. Crouch, 2008;
D.C. Leite et al., 2016; Y. Ma et al., 2016; H. Liu et al., 2017), and putative candidate genes have
been determined (E.Y. Hwang et al., 2014; J. Zhang et al., 2015; J. Zhang et al., 2016). This allows
quick and targeted search for genotypes in germplasm collections, and necessitates relevant
knowledge of the gene pool, i.e. the trait variability, the industrial uses, including the use of alterna-
tive values, etc. The purpose of this paper is an overview of the genetic diversity of VIR soybean
collection in the context of modern breeding needs, in particular the creation of specialized varieties
for target use, taking into account the crop studying and diversifying in the world, as well as develop-
ing new breeding technologies. It is shown that the VIR soybean collection contains genetic sources
for high grain quality, i.e. high in protein and low in antinutritional substances, improved in oil and
soy milk characteristics, etc. Breeding early maturated varieties for all soybean producing regions
based on relevant gene sources is urgent. For all the traits discussed, the paper gives the modern data
on genetic control, genomic organization and mapping genes and QTL. It is concluded that the
range of soybeans uses should be based on a diversity of specialized varieties with specified parame-
ters for target use and different adaptive abilities.

Keywords: Glycine max (L.) Merr., soybean, VIR collection, genetic resources, initial ma-
terial, QTL, genes, breeding, specific uses, grain quality, early maturation

Soybean Glycine max (L.) Merr. is a strategic crop for multipurpose use.
The production of soybeans is steadily increasing in the world and in the Russian
Federation. In 2016, the world soybean areas were 120.31 million hectares [1].
In the Russian Federation over the last 10 years, they have increased by almost
1,500,000 hectares (up to 2,228,485 hectares in 2016). Commercial crops have
expanded, including regions for which soybeans were not previously traditional.
For 10 years, the crop yield has also increased from 9.2 centner/ha in 2007 to
15.6 centner/ha in 2016 (Official Internet Portal of the Federal Service of State
Statistics, http://www.gks.ru/). To a large extent, this is due to the success of
breeding.



Currently, 210 soybean varieties are registered in the State Register of
Selection Achievements admitted to use in the Russian Federation. Their signifi-
cant share (32 %) comprises varieties of foreign origin [2]. Meanwhile, there are
at least 43 institutions engaged in the selection of soybean in the Russian Feder-
ation. The geography of these institutions, like the soybean acreage, has a certain
dynamics. Since the 1990s, most of the institutions working with soybeans are in
the European part of Russia, while earlier production and selection of soybeans
in our country were considered the prerogative of the Far East. An increasing
variety of soil and climatic conditions makes specific demands on the source
material in connection with the need to create adaptive varieties, as for each
region, genotypes with a certain photoperiodic sensitivity, requirements for heat,
moisture, tolerance to edaphic stressors of the terrain, etc. are needed.

As science develops, along with new production and processing capaci-
ties, new directions of soybean use arise. The soybean use is also diversified
within its traditional range as a food, fodder and technical crop. The need for
pharmaceutical and medical purposes is increasing. Soybean, as a raw material
for the production of biofuels and organic fibers, can become one of the key
vegetative objects in developing a bioeconomy. According to scientists and the
US Department of Energy, biodiesel from soybeans is the only alternative fuel
that meets all environmental requirements [3]. The production of fibers from soy
protein has long been a reality. Fabrics from it are called textiles of the 21st cen-
tury [4, 5]. All these innovations require the creation of new varieties that de-
termine the quali-milk, okara and tofu-based products, which are increasingly
recognized among the population, especially in southern Russia. In many coun-
tries of the world, interest in the use of soybean as a vegetable crop, which was
popular in the ancient times in the East, is reviving, the direction so far little
known in the Russian Federation. Soybean grain is also suitable for products
with preventive and therapeutic properties in a number of diseases. Therefore,
since 1990, soybean is classified as functional food [6, 7]. Along with the use of
traditional soybean feed (meal, cake, fat soy flour, feed phosphatides, straw,
chaff, green mass, etc.) for many types of farm animals and poultry, such feeds
are increasingly used in unprecedentedly fast-growing industry of fish farming, as
evidenced by the reports of the international conference ‘Aquaculture of Ameri-
ca 2017’ held in early 2017 in Texas [8].

Herein, we have given an incomplete list of soybean use, but those al-
ready listed make us reconsider the traditional way of deriving new varieties from
existing ones which are considered good in this or that region and often called
universal. Selection should focus on specialized varieties with high quality and an
increased level of target ingredients. All this requires a parental material with
identified traits of interest specific for the intended purpose [9, 10].

However, perhaps the main reason to know the existing diversity of the
gene pool is the radical change in breeding methods with the inevitable transi-
tion from traditional to genomic technologies on the threshold of which we are
standing. Soybeans have being subjected to transgenic manipulation for a long
time, but in this review we will focus on those molecular technologies that gen-
erate new conceptual level for searching genotypes of interest in germplasm col-
lections. Soybean has already been involved in MAS, based on description and
mapping many quantitative trait loci (QTL) in Glycine max genome which de-
termine, in particular, grain quality, resistance to diseases, tolerance to some
abiotic stressors, vitamin E content, seed weight, etc. [11-14]. The genomic se-
lection of soybeans has been laid [15]. To date, whole-genome sequencing re-
vealed candidate genes determining seed protein and oil content [16], seed size
[17], and made it possible to find several new loci and clarify linkage groups of



known ones associated with early flowering, early maturity and plant height in
early ripening soybeans [18].

The gene pool stored in the VIR collection was systematized basically on
phenotypic characters obtained in studding the accessions in different soil and
climatic conditions and in laboratory tests. However, the task for a curator is to
know the world trends and priorities, both recent and future, in use and selec-
tion of a crop. It is necessary for seeking parental forms and donors to be in-
volved in deriving varieties for the intended use. The possibility of such a search
is based on the wide variability of traits revealed in the VIR soybean collection,
and knowledge about the differentiation of the gene pool on these traits.

The purpose of this paper, in the context of current needs in varieties for
target use, is to overview genetic diversity of the VIR soybean collection, which
for many years served as a source of material for breeding, with a focus on the
world’s achievements in modern breeding technologies, soybean studying and
diversified use.

The quality of raw materials is the main requirement for agricultural
crops, regardless of their use. For soybean, it is primarily the grain quality, i.e.
the composition and content of protein and oil, antinutrients. In VIR collection,
soybeans have traditionally been evaluated for protein, oil and trypsin inhibitors
in seeds. Very often breeders want to find in the gene pool sources for breeding a
variety with high levels of both protein and oil, using their total value. It was
found that over the last 30-40 years this value increased from 49.7 to 66.3 %,
mainly due to a decrease in the proportion of the seed coat, and practically
reached the biological limits of the crop [9]. However, the accumulation of pro-
tein and oil in the soybean seed usually reveals a strong negative relationship that
cannot be broken [19]. The negative correlation between the traits can vary from
r=-0.25 to r = -0.93 [20] at high heritability of 0.89-0.93 [21]. Moreover, the
total plant productivity often negatively correlates with the protein content, alt-
hough this relationship is weaker than that between protein and oil levels [9, 22].
It is shown, however, that there are no permanent metabolic barriers between
these traits. The amount of seed proteins can be increased by backcrossing.
Thus, a 4.7 % increase required eight cycles of recurrent selection [23]. It was
also reported about a 5.6-6.9 % increase in the portion of proteins without re-
ducing seed oil level and grain yield under univariate intravarietal selection [24].

It is known that modification variability of protein and oil levels in seeds
is high, and oil content is much less influenced by environment conditions than
protein content [25]. According to the assessment of biochemical indicators of
936 soybean samples (Kuban branch of the Vavilov All-Russian Institute of Plant
Genetic Resources — VIR, steppe zone of the Kuban plain, Krasnodar Krai),
the seed protein content ranged from 23.5 to 48.0 %, and the oil content ranged
from 13.8 to 27.2 %. The relationship between the protein and oil content was
negative (r = —0.57). In this, 24 donors of high protein content (45.1-50.0 %)
and 111 donors of high oil content (24.1-27.1 %) were identified. A total of 12
samples were simultaneously high in protein and oil (from 20.1 to 22.0 %), and
22 samples of different ripeness groups showed high oil content and high seed
production, and all samples with high protein content had an average or low
productivity [26]. When assessing 189 samples in the Adler branch of the VIR
(Black Sea coast, Krasnodar Krai), the seed protein content was higher (34.4-
51.0 %), and the oil content was lower than in the conditions of Kuban (14.7-
24.8 %). The relationship between the protein and oil levels was also negative
(r = -0.63). An apparent correlation between seed productivity and protein and
oil content was not found [27, 28].

Since the seeds protein and oil level is resultant of interaction of multiple



genes and loci, influenced by the environment, traditional selection for this trait
in a number of world breeding centers is accompanied by an analysis of linkage
groups to identify QTLs that determine oil and proteins in different genotypes
and under different environmental conditions [29-31]. Several QTLs affecting
seed protein content have been detected. Loci located on the Gm20 chromo-
some have been identified in many mapping populations. The genes present in
these loci are described in the offspring from crossing NILs (near-isogenic lines)
with the contrast trait values [32]. In particular, the genes encoding the potential
protein regulator of Mov34-1 family, heat shock protein Hsp22.5 and AT syn-
thetase were identified. QTLs associated with protein synthesis and related traits
in combination with genomic analysis may contribute to the rapid selection of
soybean QTLs that are significant for protein accumulation and the identifica-
tion of candidate genes regulating seed protein content [33].

As noted, differentiation that determines the variety character exists
within a certain use, for example, for food. A variety of products from soybean is
difficult to list. This is oil, soy milk and its derivatives, flour, protein concen-
trates, isolates, textures, lecithin, etc. However, the relevant specialized varieties
are still often produced mainly on the basis of any highly productive forms. In
particular, for the varieties suitable for soy milk production, the breeders use
large-seed samples with a light seed coat, light hilum and high protein content.
These are the characteristics of the soybean variety Donskaya, which is com-
monly referred to as “milky” (All-Russian Research Institute of Grain Produc-
tion), and Lakta (All-Russian Research Institute of Oil Crops). Such varieties
should also have low trypsin-inhibiting activity, good extractability of solids and
improved taste. The assessment of the above traits is rather time-consuming. It
seems more constructive to screen the collection to reveal the soybean gene pool
polymorphism of the level and proportion of glycinin (11S) and B-conglycinin
(7S) protein fractions which constitute 70 % of the total soybean protein. The
need for such assessment is determined by the fact that soy milk production ne-
cessitates soybean varieties rich in conglycinin as an emulsifier. Varieties with an
alternative trait, in turn, should be suitable for protein texturates produced from
soybean seeds [34]. Thus, tofu should be manufactured only from seeds with the
prevalence of 11S fractions [35]. Soybean varieties are significantly polymor-
phic on content of these fractions [36-39], which allowed conclusion about the
possibility of selection for the predominance of a fraction or even its subunits
without reducing the total amount of protein. Such data can also be useful for
the tactics of fodder production, since varieties containing more conglycinin
are more suitable to fattening pigs, while cattle need more glycinin fractions
[40]. The variability of this trait in gene pool may be assessed using molecular
screening, since the families of genes encoding for these protein fractions are
well known, their genomic organization has been studied and QTLs have been
found and mapped [41-43].

When creating oil-bearing varieties, the characterization of the parental
forms for the quality of the oil is also not always performed. In the VIR collec-
tion, the sources of valuable traits are found and corresponding genotypes are
identified to optimize the oilseed selection. These valuable forms are those with
high oil content (above 25 %), high levels of linoleic acid (50-52 %) and poly-
unsaturated acids, with fan gene recessive allele, determining the content of seed
linolenic acid, and fapI gene recessive allele, determining the seed palmitic acid
level [43]. The accumulation of oil in soybean seeds is under multiple genes con-
trol. Thus, about 110 corresponding QTLs have been mapped. Alleles of 14
genes, which control significant differences in fatty acids content, have been
identified in the regions containing QTLs, and the greater number of “high oil”



alleles, the higher oil content is [44]. Interestingly, in samples adapted to high
latitudes, the seed oil level is higher than that for those growing in low latitudes,
which also correlated with the number of “high oil” alleles. This indicates the
additivity of the action of genes controlling the synthesis and quality of oil in
soybean. The study of the 10 most widely distributed varieties in China showed
that they do not carry all the identified alleles for high oil content, which gives
prospects for pyramiding additional alleles.

Modern technologies of improving storability, taste and nutritional quali-
ties of soy oil suggest regulating proportion of certain fatty acids. Therefore,
screening the gene pool polymorphism for fatty acids and tocopherols (vitamin
E) content is constructive in searching for the parental forms for soybean breed-
ing. In soybean seeds, there are y-, 8- and a-tocopherols, amounting 60-70, 20-
25 and less than 10 % of the total seed tocopherols, respectively [45-46]. It is a-
tocopherol that is the most active as vitamin E in mammals. To date, a QTL has
been identified for high a-tocopherol content, a mapping of this region has been
carried out and y-TMT3 gene was identified which appears to be responsible for
increased a-tocopherol accumulation [47]. In the VIR collection, the search for
genotypes with high a-tocopherol based on identification of y»-TMT3 and QTL is
a matter of a near future.

The quality of soybean oil is largely depends on concentration of lipoxy-
genase (coenzyme Q). Lipoxygenase catalyzes synthesis of peroxide products
(hexanal, etc.) from unsaturated fatty acids, which determine the “bean” flavor
of raw soybean. Soybean seeds are considered as the richest natural source of
lipoxygenase [48]. Three lipoxygenase isozymes are described of which lipoxy-
genase 2 mainly contributes to flavoring. Low content or inactivation of at least
one isoenzyme eliminates bitter taste, improving the organoleptic characteristics
of soy products. Forms with a low amount of lipoxygenase are also used for se-
lection of edamame, the vegetable soybean which is very popular in Japan and
the USA [49]. The presence of lipoxygenase fractions is controlled by the domi-
nant Lx gene, and their low content or absence is controlled by the recessive Ix
allele. In the VIR collection, there are samples with /x recessive alleles; adding
them to the genome of commercial soybean genotypes will reduce lipoxygenase
activity to get products that are less prone to undesirable oxidation. To date,
these genes have been sequenced, and molecular markers can be used to speed
up the search for the desired genotypes [50].

Sugars are also important characters of soybean grain quality. Water sol-
uble sugars of soybean are mainly sucrose disaccharide and stachyose and raffi-
nose trisaccharides. In most varieties, the content of sucrose is 4.0-4.5 %, reach-
ing 7-11 % of dry matter in some. The increased content of sucrose is desirable
both for vegetable and feed use [51, 52].

Till now, targeted selection has been carried out for concomitants of soy-
bean oil (phospholipids, tocopherols), biologically active substances (oligosaccha-
rides, isoflavones) and for improving organoleptic parameters [9], so screening of
the VIR soybean collection by these indicators has not been done yet.

Increasing the nutritional and fodder value of agricultural crops, endowing
food varieties with the qualities of highly functional products is the prerogative of
selection technologies, referred to as “bio-fortification”. The creation of varieties
containing more vitamins, bioactive substances, antioxidants, oils with an opti-
mized fatty acid composition, a reduced content of antinutrients, etc. is aimed at
combating the so-called hidden hunger. This is facilitated by high variability in the
content of macro and micronutrients in plants. Unfortunately, in Russia this field
has not yet found a proper development and the gene pool has not been screened
for these characteristics. However, the impressive results of legume biofortification



obtained abroad (including traditional methods of selection) are known. As for
soybean, the most famous example of bio-fortification is high-oleic oil, and also
oil with a reduced content of saturated fatty acids. DuPont Pioneer obtained a
variety for high-oleic food oil (80-85 %) through transgenesis. Varieties for tech-
nical purposes also have been created with containing up to 50 % linolenic acid in
oil in contrast to 3 % characteristic of food varieties. Usually, the proportion of
oleic acid in the soybean oil does not exceed 23 %. The high-oleic variety does
not differ from the control ones in total proteins, oil, hydrocarbons, coarse fiber,
certain amino acids, vitamins, ashes, minerals, trypsin inhibitors, oligosugars [53].
By traditional selection, low palmitic acid lines were created [54, 55]. In Japan,
after chemical mutagenesis and x-ray treatment of seeds, lines with a high content
of saturated fatty acids were revealed to increase the oil stability and to produce
margarines and other solid and semi-solid fats. In total, the proportion of palmitic
and stearic acid in soybean is usually 5 %, reaching 38 % [55] for new lines. A
form with increased vitamin E content, more resistant to herbicides, was obtained
by physical mutagenesis in the United States [56].

Molecular study revealed 35 QTLs associated with accumulation of Ca,
Mg, Fe, Zn and P in soybean seeds. It creates the prerequisites for bio-
fortification by MAS [57]. In addition, the researchers explore possibilities to
improve utilization of these elements from soil by plants. For example, the QTL
gPE8 was identified on the GMO08 chromosome, which also contains gene
GmACPI encoding the acidic phosphatase, a putative candidate gene for high
phosphorus utilization. Overexpression of this gene in soybean root hairs leads to
a 2.3-fold increase in acid phosphatase activity and an 11-20 % increase in the
efficiency of phosphorus utilization compared to the control [58].

Our brief overview of successes in soybean biofortification is done in or-
der to emphasize the need to study the soybean gene pool, i.e. variability of
traits and the branches of industry in which they can be used, including alterna-
tive trait manifestations. In this, the variability of proteinase inhibitors in soy-
bean seeds can be seen as an example. The study of the VIR collection acces-
sions carried out earlier showed high activity of these antinutrients in the sam-
ples of cultivated and Ussuri soybean, and their low level (several times less) in
wild Australian species [59, 60]. These species, constituting the tertiary gene
pool, were often considered as agronomic potential for crosses with cultivated
soybeans [61]. However, presently, the samples with an alternative (high) activity
of trypsin inhibitors may be of great importance, since the participation of pro-
tease inhibitors in plant protection from pests and diseases has been shown, and
most importantly, anticarcinogenic and radioprotective functions of protease in-
hibitors have been proven [62, 63]. Both of these properties are most pro-
nounced in the Bowman-Birk protease inhibitor. In biochemical studies of the
polymorphism of soybean varieties from VIR collection with regard to Bowman-
Birk protease inhibitor and Kunitz-type soybean trypsin inhibitor, using a devel-
oped methodological approach to mass screening, the sources of raw material for
the pharmaceutical industry have been identified. In addition, it has been shown
that it is more reliable to identify soybean varieties by proteinase inhibitor elec-
trophoretic spectra than by reserve proteins or DNA fragments detected by
RAPD (random amplification of polymorphic DNA) [64].

A key role in expanding the geography of soybean cultivation plays
high-yield varieties with a shorter vegetation period. The reaching of ripeness is
relevant for all regions of soybean cultivation in Russia. In the southern re-
gions, the early-ripening soybean varieties will optimize time of harvesting.
Early ripeness can also ensure the growth of soybean in the more humid
northern areas. This problem, posed by N.I. Vavilov in the early 1930s [65],



becomes especially relevant now due to warming and frequent droughts.

Expansion of soybean crops to the north is a worldwide trend. The main
soybean country in the world, the United States, has long come to the need to
create fast-ripening varieties, which led to the emergence of a new classification
of ripening groups. If in the 1980s there were 10 such groups and the classifica-
tion began with MG1 (maturity group 1), the appaeance of early maturing forms
led to an increase in the number of ripeness groups to 13 and the appearance of
groups MGO0, MG00, MGO000 [66]. In recent years, due to expansion of soybean
crops to the high-latitude regions of China, MGO0000 category with the fastest
ripening to date has been added to this classification [67].

Crop adaptation to the cultivation zones is ensured by the time of flow-
ering and maturation. The molecular genetic basis of precocity is not yet fully
understood, but 10 loci determining the periods of flowering and maturation and
designated as E loci have been identified by classical methods. Of these, four
(E1l, E3, E4 and E7) are classified as photoperiodic genes. It was suggested that
allelic variants and combinations of these genes determine the variability of mat-
uration period [68]. The dominant alleles £6, £E9 and J lead to early blooming,
while the dominant alleles of other genes, on the contrary, slow the flowering
and the onset of ripeness [69]. The EI, E2, E3, F4 and E9 loci were categorized
as QTLs. The casual genes of these loci are, respectively, the genes of the DNA-
binding protein Q3, GIGANTEA, Phytochrome A3, Phytochrome A2 and GMFT2a
[69-73]. Casual genes of other loci have not been identified. In the field, the
locus E1 [74] exerts the greatest influence on the flowering time. Thus, molecu-
lar screening on the basis of early maturity is still a matter of the future. Howev-
er, we have data of phenotypic assessment reflecting soybean ripeness periods in
different Russian regions, including the northernmost point of the world’s soy-
bean cultivation (VIR, Leningrad Province). Breeders are given varieties corre-
sponding to one or another region with regard of ripening groups, including ul-
tra-ripe genotypes of the “northern ecotype”, which, in our opinion, corre-
sponds to the American ripeness groups MG00-MGO000 [75-77].

So, at the present development of molecular selection, the diversity of
soybean genetic resources from the VIR collection should be used more efficiently.
The variability of the traits in gene pool and the molecular methods that optimize
identification of gene pool differentiation by the target properties contribute to
purposeful and targeted selection of parental forms for breading. The range of soy-
bean application areas should be based on the varieties with specified parameters
for different uses and different adaptive capabilities.
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Abstract

In vitro plant propagation is a developed biotechnology, however until now there are no ef-
fective protocols for many perennials, especially for trees. High contamination of mature explants
during tissue culture initiation, low multiplication and rooting during following passages are the main
challenges. Aseptic culture of explants is associated with stress due to tissue damage and exposition
to aggressive disinfectants and antibiotics during initiation. These could be the reasons of virulence of
endophytes in following propagation. Plant-associated microorganisms were until recently seen as a
problem for micropropagation, leading to contamination of in vitro explants. However recent studies
showed that colonization of endophytes often play crucial role for increasing viability of in vitro and
ex vitro plants. Most endophytes affect positively plant growth, providing nutrients and exhibiting
antagonism to pathogens, as well as decreasing stress effects on plants. Beneficial effects were ob-
tained in using Beauveria bassiana (J. Akello et al., 2007), Piriformospora indica and other members
of family Sebacinales (P. Sharma et al., 2014), Fusarium oxysporum (A.S.Y. Ting et al., 2008), Ophis-
toma-like fungi (M. Mucciarelli et al., 2003), Phialocephala fortinii (M. Vohnik et al., 2003), Tricho-
derma harzianum and other Trichoderma species (P. Franken et al., 2012). Of bacteria, Acetobacter
diazotrophicus (C.O. Azlin et al., 2007), Achromobacter xylosoxidans (A. Benson et al., 2014), Azospi-
rillum brasilense (E.E. Larraburu et al., 2015), Azotobacter chroococcum (E.E. Larraburu et al., 2007),
Bacillus subtilis (M. Vestberg et al., 2004), B. megaterium (P. Trivedi et al., 2007), Burkholderia phy-
tofirmans (E.A. Ait Barka et al., 2000), B. vietnamiensis (M. Govindarajan et al., 2006), Enterobacter
sp. (M.S. Mirza et al., 2001), Klebsiella variicola (C.-Y. Wei et al., 2014), Microbacterium sp. (M.
Quambusch et al., 2014), Pseudomonas fluorescens (J. Thomas et al., 2010) u P. putida (R. Lifshitz et
al., 1987) also can beneficially influence plants. But until now it is unclear which factor is a trigger
switched endophytes from mutualism to virulence. The only way to control such a change is to de-
velop optimal conditions (time of obtaining explants, culture media composition and pH, tempera-
ture, etc.) in view to save in vitro mutualism with benefit for both host plant and the endophyte.
Studies of many perennials showed the in vitro biotization to be helpful in microclonal propagation
and plant rooting. Particularly, arbuscular micorhyza, ectomicorhyzal fungi, ericoid micorhyzal fun-
gi, and wide range of bacteria influence positively plant micropropagation. Bacterial and fungal en-
dophytes could stimulate plant growth due to activation of plant protection mechanisms, induction
of systemic resistance to pathogens, phytohormone synthesis and better transport of water and nutri-
ents. In this, the difficulties of classification and obtaining pure cultures of microorganisms are the
main problems faced with.

Keywords: micropropagation, endophyte, plant culture media, growth regulators, phyto-
hormones

In vitro plant propagation is a developed field of biotechnology; howev-
er, until now there are no effective protocols for many perennials, especially for
trees [1, 2]. Low yield of aseptic explants for tissue culture, low multiplication
and rooting of microshoots during passages are the main challenges. Surface
sterilization of explants and treatment with antibiotics do not relieve plant tissues
from endophytic microflora, but often provoke the virulence of latent microor-
ganisms [3]. In the culture, bacteria and fungi may appear in the first or, what
happens more often, after a few passages (the so-called secondary infection) [4-



6]. Moreover, even in the absence of visible traces of microorganisms in the ex-
plant culture the efficiency of multiplication and rooting of the perennial mi-
croshoots is often low [7, 8] which can also result from a misbalance of endo-
phyte bacterial communities [3].

Endophytic microorganisms contribute to growth and development of
the host plant through production of phytohormones, better transport of water
and nutrients, activation of biological protection mechanisms and induction of
systemic resistance to phytopathogens [9].

The metabolic activity and the nature of the plant cell wall play a key
role in the colonization of the host plant by microorganisms [10]. At different
stages of colonization, the plant innate immunity is suppressed by phytohormo-
nal signaling, which leads to better compatibility between the endophyte and the
plant [11]. According to the latest data, plants and microorganisms coevolve,
and, probably, even in “aseptic” in vitro tissue culture, there is no plant free
from microorganisms [12, 13].

This data has been confirmed in numerous works, including in our stud-
ies, which mark visually the appearance of microorganisms in aseptic Pelargoni-
um, Citrus spp., Camellia sinensis, Hydrangea macrophylla cultures and many
other perennial species in multiple subcultivation [14, 15] The localization of
microorganisms in the host plant is different: they occur in the apoplast, the in-
tercellular spaces, the lumen of differentiated dead cells (sclerenchyma and xy-
lem cells) of organs (roots, branches, leaves, flowers, fruits and seeds) and very
rarely inside the cell [16].

The first reviews related to the application of microorganisms in cultures
of in vitro plant tissues were published by J. Novak [17] and M.K. Rai [18]. J.
Novak coined the term “biotization” and summed up the positive examples of
its use in the plant micropropagation. The second article gives examples of my-
corrhization in cultivated in vitro plants, deals with the problems of finding
strains, obtaining a pure culture and the possibility of using mixed fungal cul-
tures. The recently published review of the Russian colleagues focuses on identi-
fication and classification of bacterial microorganisms, their possible role in the
culture of in vitro explants [5]. After that, the reviews on the positive results of
the bacterial and fungal endophytes use in multiplication of in vitro plants have
not been published. Filling the gap, we have summarized the progress made in
recent years in biotization of in vitro plant cultures by fungal and bacterial mi-
croorganisms, and have identified promising areas of research in this field. In
addition, in our review we briefly touch upon mechanisms to foster plant growth
and defense reactions with the help of endophytic microorganisms.

Biostimulation and bioprotective potential of in vitro mi-
croorganisms. For plant micropropagation, the researchers used a wide range
of microorganisms, fungi and bacteria. They evaluated the effect of arbuscular
mycorrhiza [19], ectomycorrhizal fungi [18] and ericoid mycorrhizal fungi [20].
Beneficial effects were obtained in using Beauveria bassiana [21], Piriformospora
indica and other members of family Sebacinales [22], Fusarium oxysporum [23],
Ophiostoma-like species of fungi [24], Phialocephala fortinii [25], Trichoderma
harzianum and other Trichoderma species [26]. A meta-analysis of the influence
of root fungal endophytes showed that woody plants generally respond negatively
to their presence, while herbaceous monocotyledons often respond positively to
inoculation [27]. Of bacteria, Acetobacter diazotrophicus [28], Achromobacter xy-
losoxidans [29], Azospirillum brasilense [30], Azotobacter chroococcum [31], Bacil-
lus subtilis [32], B. megaterium |33], Burkholderia phytofirmans [34], B. viet-
namiensis [35], Enterobacter sp. [36], Klebsiella variicola [37], Microbacterium sp.
[38], Pseudomonas fluorescens [39] and P. putida [40] were studied. Bacterial in-



oculation resulted in increased fresh and dry weight of shoots and roots, plant
height, leaf area and rhizome mass [19, 20], better in vitro rooting (number and
length of roots) [30], best adaptation (the percentage of acclimatization, the ap-
pearance of the plant) [41], early flowering and increased number of flowers,
increased resistance to stress and immunity [42]; moreover, there were differ-
ences in profiles of metabolites [43].

The beneficial impact of microorganisms on the growth and biomass ac-
cumulation is due to the improvement of nutrient absorption by plant tissues and
the production of various secondary metabolites, growth regulators [45], chi-
tinolytic enzymes involved in protection against pathogens [46] and osmoprotect-
ants, by which plants overcome abiotic stresses [47]. Below, some mechanisms
and examples of biostimulation will be discussed in more detail.

Plant growth can be improved directly due to secondary metabolites and
phytohormones produced by the microbial endophyte cell. For example, Strep-
tomyces atrovirens ASU14 uses tryptophan and synthesizes indoleacetic acid TAA
(22 rg/ml) [47]. Auxin-like activity was also observed in pteridic acid, which is
synthesized by S. hygroscopicus TP-A0451 — endophyte of Preridium aquilinum
plant (L.) Kuhn ex Decken (Commom Bracken Fern) [48]. This substance
stimulates the elongation of roots and the formation of adventitious roots in hy-
pocotyls of Phaseolus vulgaris pinto bean. Another class of compounds produced
by certain endophytes is gibberellins [49]. Strong growth stimulating influence of
many endophytes is also due to the fact that they can turn plant exudates and
macromolecules into forms digestible by other growth stimulating microorgan-
isms, which is one of the mechanisms of plant growth biostimulation [50].

Microcuttings of Pinus pinaster Sol. and P. sylvestris L. pines rooted
more effectively in the processing by Hebeloma cylindrosporum Romagnesi strains
[51], and spontaneous rhizogenesis of Larix eurolepis larch microcuttings ob-
tained from somatic embryos increased significantly in the presence of four ec-
tomycorrhizal fungi, while the length and the degree of root branching increased
[52]. Another study shows the influence of Achromobacter xylosoxidans AUMS54
and indolyl-3-butyric acid (IBA) on the growth of in vitro Naravelia zeylanica
(L.) DC medicinal plant. A. xylosoxidans is a diazotrophic endophytic bacterium,
which showed a pronounced ability to enhance the uptake of NO3™ by roots and
reduce the content of ethylene (presumably due to the production of deaminas-
es) [53]. Plant processing by these endophytic bacteria in combination with IBA
improved the growth of shoots propagated in vitro, increased the length and the
number of roots, the content of chlorophyll, nitrogen, antioxidant enzymes (pe-
roxidase and superoxide dismutase) and enhanced resistance to stress (ethylene
level) compared to the indicators in the untreated control. In the separate appli-
cation of bacteria and IBA, a positive effect was much weaker [29]. In case of in
vitro plant inoculation of Elaeis guineensis Jacq oil palm with Acetobacter diazo-
trophicus and Agzospirillum brasilense diazotrophic rhizobacteria, there was
strengthening of roots and shoot growth through fixing atmospheric nitrogen
[28]. A. brasilense was more effective than A. diazotrophicus. Inoculation of mi-
cropropagated Handroanthus impetiginosus (Mart. ex DC.) Mattos plants with
A. brasilense strains of Cd and Az39 stimulated in vitro rooting, reducing the
need for auxin by 49 % on MSG half medium [30]. On this medium, Cd strain
in combination with IBA (30 uM) induced root formation in 98 % of the shoots
21 days earlier than in the control without inoculation. The biomass index of
inoculated shoots increased from 127 to 286 %.

Plant inoculation with endophytic microorganisms influenced positively
not only the root formation, but the increase of in vitro plant biomass, the mul-
tiplication coefficient and the synthesis of biologically active substances. Thus,



subtracting nitrogen-fixing bacteria from sugar beet and their positive impact on
the growth of micropropagated plants was described [36]. Two nitrogen-fixing
bacterial isolates (SC11 and SC20; 10°® CFU/g of dry weight) were obtained
from shoots and two ones (SR12 and SR13; 107 CFU/g of dry weight) — from
roots of plants in the open ground. Isolates identified as Enferobacter sp. pro-
duced IBA in pure cultures, and its synthesis increased on a nutrient medium
with tryptophan. These isolates were used for inoculation of micropropagated
plants. The maximum increase in the weight of roots and shoots and the most
active nitrogen fixation were observed in case of SC20 strain. In the study of in
vitro growth and the terpene synthesis, Mentha piperita peppermint in response
to the inoculation of leaves with fungal endophytes had an increasing plant
growth, increased leaf area, dry matter content, root biomass and higher men-
thol content [24].

Non-pathogenic strains of Paenibacillus glucanolyticus, Curtobacterium
pusillum and Methylobacterium extorquens bacteria were isolated from the tissue
culture of hosta and raspberry plants [54]. With these bacteria, the microshoots
of chrysanthemum Chrysanthemum X hortorum, gerbera Gerbera jamesonii, hos-
ta Hosta japonica and rose Rosa sp. were inoculated. C. pusillum bacteria stimu-
lated the formation of lateral shoots in all studied genotypes. In the inoculation
of M. extorquens, the number and the length of shoots and roots of gerbera and
hosta, and the number of shoots of chrysanthemum were higher; the length of
shoots of chrysanthemum and rose and the length of roots of rose were lower
than in the noninoculated control. P. glucanolyticus affected the number and the
length of shoots of chrysanthemum and gerbera, but the number of roots of ger-
bera and hosta was lower than in the control without inoculation; the length of
roots of rose was just 0.2 cm. All three bacteria strains assimilated atmospheric
nitrogen, and M. extorquens and P. glucanolyticus also synthesized IBA.

Biofertilization with microorganisms increases the vitality of multiplied
in vitro plants at the stage of ex vitro acclimatization. For example, in studies
of Czech scientists [20] from the roots of several host plants belonging to Eri-
cales (Vaccinium sp., Calluna sp., Rhododendron sp., Empetrum sp., etc.) row,
over 200 strains of endophytic fungi have been allocated. In these experiments,
10% of the identified strains proved to be effective and influenced positively
the growth of micropropagated plants of rhododendron species (Rhododendron
sp.) during ex vitro acclimatization in peat substrate. None of the isolates had
a negative effect on the growth of host plants. In another study [55], in the
optimization of a scheme for in vitro production propagation of wild indigo
Baptisia tinctoria medicinal plant, it was shown that the application of arbuscu-
lar mycorrhizal fungi increased the acclimatization percentage of microshoots
and rooted microplants.

So, according to the research results, cocultivation of plant microshoots
and endophytic microorganisms may be an effective method of overcoming the
difficulties encountered in some species during in vitro micropropagation.

Bioprotective activity of endophytes. The study of the potential of
Pseudomonas sp. PsIN rhizobacteria strain as growth promoters and an increase
in resistance of Vitis vinifera L. grape to gray rot caused by Botrytis cinerea
showed that inoculation leads to a significant increase in plant growth, making
them more resistant and viable [56]. The observed effect enhanced in transplan-
tation. Cocultivation with B. cinerea led to significant differences in the patho-
gen aggressiveness of inoculated and intact plants. In the presence of the studied
strain, the plants became more resistant to the pathogen.

Another good example of bioprotective potential of endophytes is the
banana tissue culture [42]. One of the most serious banana viral diseases is



caused by Banana bunchy top virus (BBTV). The treatment of in vitro banana
microplants by Pseudomonas fluorescens and Bacillus sp. microbial inocula isolat-
ed from the banana roots increased the resistance of plants to biotic and abiotic
stresses. For this, the micropropagated banana plants were inoculated with Pseu-
domonas fluorescens Pfl and CHAO strains in combination with EPB5 and
EPB22 (Pfl + CHAOEP + B5 + EPB22) endophytic bacterial strains, which
limited significantly the development of BBTV infection in the field (the fre-
quency of contamination was 33.33 %, or by 60 % less than in the control).
Production of protective enzymes and proteins was greater, and morphological
and physiological characteristics were better in the plants treated with rhizo-
spheric and endophytic bacteria (in particular, the plants responded to treatment
with increased growth). In this report, induction of systemic resistance in banana
with the help of associated bacteria was demonstrated, which may have practical
importance for the development of methods for culture banana protection
against BBTV virus [42].

Some authors have noted that the systemic bioprotective effect depends
on the degree of tissue colonization by the microbiota [57]. Thus, in wheat, the
observed antagonism of endophytes against pathogenic microflora was more a
consequence of the protection mechanisms activation in the host plant, but not
the result of direct antagonistic relations in the microbiota [58]. In experiments
to study the effect of Neotyphodium lolii endophytic fungus on the induction of
specific protection mechanisms, the inhabited plants were much less susceptible
to Fusarium poae infection. In perennial grasses inhabited by endophytes, the
number of chitinases is significantly higher than in intact plants, and depends on
the time of inoculation [59].

Some endophytes can affect positively the resistance of plants to adverse
abiotic factors [60]. Thus, mycorrhizal fungi improve the sodium neutralization
under salt stress [61], which may serve as a mechanism for increasing the toler-
ance of plants in salinization. A similar technique is used in tissue culture to en-
hance the plant adaptability to abiotic stress (particularly, to salt one), and some
endophytes are considered as useful and effective tools [62].

Achievements and problems of identification and use of en-
dophytes in biotechnology. The development of modern methods of mi-
croscopy and molecular technologies (e.g., omics technologies) enabled a deeper
understanding of interaction in the system of plant — endophytic microorgan-
isms, mechanisms of mutualism and pathogenicity, which is clearly shown by
P.R. Hardoim et al. [63], ecologically and evolutionary justifying the term
“microbial endophytes”. Sequencing of DNA and RNA has radically changed
the approach to the study of microbial communities [64, 65]. The result of the
application of these methods has received a lot of new data on the plant-
associated microorganisms [66]; however, there is a problem with the interpre-
tation and the analysis of this huge volume of genetic information for its effec-
tive use [67]. Full sequencing of the endophytic metagenome remains a chal-
lenge, as it requires separation of the genome of host plant from metagenome
of endophytes [68]. A relatively easy technique is the analysis of the composi-
tion of endophytic microbial communities using polymerase chain reaction
(PCR) enabling to determine the taxonomic composition of such a community
and its structure [69], which, in turn, may reflect functional modifications in
the groups of microorganisms [70].

As an example, we present a study of endophytic bacterial communities
of six Prunus avium L. genotypes differing in the growth pattern during in vitro
micropropagation [38]. For the analysis of uncultivated fractions of endophytic
bacteria, a clone library of amplified 16S rDNA fragments was compiled. The



bacterial diversity was investigated using the analysis of restriction fragment
length (restriction fragment length polymorphism — RFLP) in ribosomal DNA
with clone sequencing for each certain taxonomic unit. For this purpose, 799f
and 1492r-Y primers were used to separate amplified 16S rDNA fragments. The
purified PCR products were cloned into pJetl.2 vector and were transferred into
Escherichia coli DH10B. E. coli ampicillin resistant colonies were selected and
tested in PCR using Hpall, Hhal, and BsuRI restriction enzymes. In the result,
the dominant group of endophytes proved to be Mycobacterium sp. mycobacteria
identified in clone libraries from all analyzed genotypes of Prunus genus. Other
dominant bacterial groups of easily propagated genotypes were Rhodopseudomo-
nas sp. and Microbacterium sp. The structure of the endophytic communities dif-
fered largely from the easily and hardly propagated in vitro genotypes: in the first
one, bacteria groups were identified that stimulate plant growth.

As for the industrial use of endophytes in biotechnology and production
of medicines-bioinoculants, the main problem is to find the most effective strain
or a combination of strains. Over 80 % of endophytes are not detected in seed-
ing on conventional nutrient media [71], which creates difficulties in obtaining a
pure culture, identification and use of many strains. Besides, you must be sure
that the selected endophyte will inhabit the internal plant tissues again and will
have a positive effect. Another difficulty is the compatibility of endophytes iso-
lated from one species of plants with plants of another species.

So, one of the innovative approaches recognized by the international ex-
perts as promising for an agricultural model under formation is the application of
biologized technologies based on natural processes occurring in the soil — plant
system. In this connection, plant-associated microorganisms and products of
their metabolism are considered as a resource in the development of biotechnol-
ogies and their application for effective adaptation and rooting of microclones,
as well as in plant protection. During the introduction of plant explants in asep-
tic culture, they are exposed to stress effects due to tissue damage and treatment
with aggressive sterilizing agents, antibiotics, etc. This may be the cause of the
sudden appearance of malicious endophytes during following passage. It is un-
clear until now what factor changes the nature of the interaction of an endo-
phyte with its host, leading to the development of the pathological process in-
stead of mutualistic relationship. The only way to control processes in such sys-
tems is the choice of the optimal passage time, optimal cultivation conditions
and nutrient medium content to maintain mutualistic symbiosis beneficial for
both the host plant and its endophytes.
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Abstract

Plant-microbial symbiotic interaction is a unique highly specific biological system for fixing
atmospheric nitrogen and its transformation into compounds accessible to living organisms. A fun-
damentally new approach may be the creation of a system for genetic monitoring of the stability of
economically valuable strains in microbioms of agroecosystems. By comparison of the genomic char-
acteristics of symbiotically active strains functionally significant marker sequences could be identified
and the basis for genetic monitoring system will be created. In the review, we compared genomic
characteristics of the symbiotic active strains obtained on the basis of Sinorhizobium meliloti 425a and
SU47 strains, used for production of biologicals. Strain 425a was isolated from alfalfa nodules in the
mid-1970s in the Almaty region (Kazakhstan), which is a part of the Central Asian primary center of
cultivated plant origin designated by N.I. Vavilov. Strain SU47 was isolated from alfalfa nodules in
the late 1930s in Australia, which is the secondary center of the diversity of cultivated plants. Strains
CXM1-105 (CXM1) and Rm1021 (Rm2011) are widely applied as a reference strain as they have
been used to develop or adapt a wide range of symbiogenetics methods. Genomes of both the origi-
nal strains and their derivatives consist of a chromosome (SMc) and two megaplasmids (SMa, SMb),
and do not contain cryptic plasmids. However CXM1-105 genome, unlike Rm1021 genome, did not
contains 508 protein encoding ORFs (open reading frames) of which 242 are located on SMa, 121
are on SMb and 145 are on SM, as it was found using DNA biochips. This indicates significant dif-
ferences in the structure of all three replicons in the reference strains CXM1-105 and Rm1021.
Chromosome of CXM1-105 (CXM1), as well as of 425a did not contain sequences of phage origin
(the «genomic islands») described in Rm1021. It was found that 62 ORFs of genomic islands are
similar or homologous to those of the members of the same species or genus, as well as of phyloge-
netically distant bacterial classes. However, in the CXM1-105 chromosome there are sites for the
integration of genomic islands (EU196757, EU196758 and EU196759), which are 99-100 % homol-
ogous to appropriate sequences of Rm1021 (Rm2011). We studied the occurrence of S. meliloti
strains harboring type SMcrmio21 or SMccexmi-105 chromosome (presence or absence of genomic
islands, respectively) in native populations. The significant prevalence of strains inherited SMcrm1021
was shown for the area, belonging to the Middle-Asian gene center of cultivated plants, while strains
harboring the chromosomal type SMccxmi-105 were dominant in the area of extremely saline soils
next to Aral Sea area (P < 0.05). Consequently, the presence of additional «foreign sequences»,
which could participate in horizontal gene transfer, is typical of native S. meliloti isolates abundant in



the primary center of the diversity of their host plants whereas those sequences are lost under an
abiotic stress (salinity) impact. In addition, strains harboring different chromosome types, according
to structural differences in the intergenic sequence of rrn-rrl operons, can be referred to divergent
clonal lineages. According to the discussed data, it was suggested to consider strain 425a and its de-
rivatives as the model S. meliloti strains to create a system for genetic monitoring of practically valu-
able strains in agrocenoses.

Keywords: symbiosis, alfalfa, reference strains, Sinorhizobium meliloti, molecular genetic
analysis, genomic islands, sites for specific integration, accessory genome

Plant-microbial symbiosis is a unique highly specific biological system for
fixing atmospheric nitrogen and its transformation into compounds available for
living organisms. An important role in increasing the productivity of plants is per-
formed by the microbial component [1], the importance of which is often under-
estimated [1-3]. It is known that the microorganisms that form the basis of bio-
pharmaceuticals must have certain properties, including virulence, specificity,
competitiveness, symbiotic activity and efficiency (productivity), and also must
meet a number of technological requirements [4]. In order to comply with these
requirements and to preserve the properties, strains should be subjected to sup-
porting selection, because their economically valuable properties deteriorate or are
lost over time [5-6]. One of the reasons may be that genes that determine the
symbiotic properties of nodule bacteria are localized, as a rule, on plasmids, the
availability and structure of which may be unstable (for example, under the influ-
ence of an abiotic stress factor), which, in turn, can lead to a decrease or loss of
efficiency (productivity) of inoculated plants [7, 8].

A fundamentally different approach is to create a system for genetic moni-
toring of the stability of economically valuable strains and to study the pan-
genome of nodule bacteria of alfalfa and the microbiome of agroecosystems [9-
11]. The comparison of the genomic characteristics of symbiotic active strains will
allow identifying functionally important marker sequences and can become the
basis for creating such a system [12]. One of the stages of this study is a compari-
son of the properties of production strains that can be recommended as model in
the development of a system for monitoring the stability of agroecosystems.

This review includes the first analysis of the strains of Sinorhizobium meli-
loti, obtained on the basis of the commercial strains 425a and SU47, which have
been studied for a long time in domestic and foreign laboratories dealing with the
issues of symbiogenetics.

Origin of the 425a, SU47 strains and their derivatives. A
modern taxonomic name for the strain Rhizobium meliloti 425a is Sinorhizobium
(Ensifer) meliloti. The strain was isolated as highly active from the nodules of
alfalfa in the Almaty Region (Kazakhstan, AS No. 549454 dated May 25, 1977).
In 1986, on its basis, a highly efficient, resistant to streptomycin (StrR) strain
425a-str-6, or CXM1 [13] was obtained, from which subsequently, as a result of
UV mutagenesis, the strain CXM1-105 [14] was obtained. The strain R. meliloti
SU47 was isolated from the nodules of Medicago varia in New South Wales
(Australia) in 1937 [15]. On the basis of SU47, the strain Rm2011 was created.
The strain Rm1021 is its StrR derivative. Also, the derivatives of Rm2011 in-
clude the strain RCR2011. All strains obtained from SU47 were maintained in
different laboratories of the world, which caused differences in their names.

Alfalfa is one of the oldest cultures used by mankind. It is mentioned in
the Babylonian texts relating to 700 BC [16]. The main centers of the formation
and distribution of the more ancient diploid species of blue and yellow alfalfa are
Asia and Middle Asia, included, according to the theory of N.I. Vavilov [17-19],
in different primary centers of origin of cultivated plants (gene centers). These
centers, in which natural and artificial selections are intensively and jointly act-



ing, serve as a source of the diversity of natural plant genotypes [20-21]. The
Almaty Region in Kazakhstan, where the 425a strain was isolated from the nod-
ules, is adjacent to the Central Asian gene center, while Australia (the place of
isolating the SU47 strain) does not belong to the primary center of diversity of
perennial alfalfa species; however, a secondary gene center of the genera Medi-
cago L. was formed in this continent. Perennial alfalfa first arrived in the territo-
ry of Australia from France (at the end of the 18th century), and then from the
US [19].

Taking into account the historical ways of distributing alfalfa as a host
plant, it can be assumed that strains-microsymbionts have also undergone similar
distribution. It is possible to assume that the strain SU47 could be introduced
with seeds or soil from the territory of the Central Asian center. This does not
contradict the conclusions of the researchers that the chromosomal genotype of
the strain RCR2011 (derived from SU47) has a wide geographical prevalence
[22]. Thus, it is possible to assume that the strains 425a and SU47 considered
could have common historical origin.

Symbiotic effectiveness of the strains 425a, SU47 and
their derivatives. The SU47 strain was available as a symbiotic effective in-
oculant for di- and tetraploid forms of alfalfa in Australia for farms since 1955
and was used there on an industrial scale since the 1960s, and in New Zealand
since 1973-1975 [23]. On the basis of the strain Rm2011, the biopreparation Ni-
trogin [24] was created. The symbiotic properties of Rm1021 and Rm2011 have
been studied during long-term model microvegetation and field experiments,
which served as a rationale for the classification of these strains as referent
strains [25-26]. The strain 425a is used to prepare the Rhizotorphin bioprepara-
tion. The average increase in the yield of alfalfa during inoculation with this
strain, as it was stated (AC No. 549454 of May 25, 1977), was 14.5%. Field and
plot experiments conducted using different varieties of alfalfa (Yakutskaya, Ag-
niya, Pastbishchnaya 88, Vega) in the continental and transitional conditions of
the temperate climatic belt (Tyumen, Vladikavkaz, Leningrad Region), as well as
in the Far North in the Republic of Sakha (Yakutia) in the period from 1999 to
2016, showed an increase in the yield of green alfalfa mass by 9.8-48.4% when
inoculated with the strain 425a (P < 0.0015) [27]. Its derivatives — the strains
CXMI1 and CXMI1-105, have also been studied for economically valuable prop-
erties, such as productivity (symbiosis efficiency), nitrogen-fixing (acetylene-
reductase) activity, host specificity, competitiveness in model and plot experi-
ments [13, 14, 28]. According to the results of independent micro vegetation and
vegetation experiments performed in different years, it should be concluded that
the strains CXM1 and CXM1-105 stably retain high symbiotic activity. The av-
erage increase in dry weight in inoculated plants was 90.8-100.2% (P < 0.0015)
with respect to the control without inoculation and 28.6-32% (P < 0.0015) com-
pared to the strain Rm1021. Differences between the strains under study in
terms of the ability to form a symbiosis with the model diploid species of alfalfa
— M. truncatula of the Jemalong variety in model micro vegetation experiments
was identified. The strain CXM1-105 formed effective pink nodules, and the
increase in the dry weight of plants with respect to control without inoculation
was 31.5% higher compared to similar plants inoculated with the strain Rm1021.
The fact that Rm1021 does not form an effective symbiosis with M. fruncatula
Al7 was shown by Australian researchers [29]. At the same time, in the condi-
tions of poor salinity (0.3% NaCl), significant differences (P < 0.05) between the
strains under study in terms of symbiotic efficiency were not found with either
M. truncatula or M. varia (V.S. Muntyan, personal message). Therefore, the
strains obtained on the basis of 425a (CXM1, CXM1-105) are used as reference



ones: they have higher indicators of symbiotic activity compared with the strain
Rm1021 and stably exhibit them under standard (typical) conditions.

Methods of molecular genetic analysis developed on the basis
of reference strains S. meliloti. Using the reference strains listed above, vari-
ous models have been developed or adapted to study the formation and func-
tioning of symbiotic systems and for their molecular genetic analysis. The meth-
ods of UV and chemical mutagenesis, protoplast fusion, transduction, conjuga-
tion, and transformation were developed on the basis of derivatives of the strain
425a [30, 31]. Using the species-specific region of the ISRm2011-2 chromosome
of the strain Rm2011, a system for typing genomes (fingerprinting) of natural
strains of nodule bacteria of alfalfa has been developed [32]. In the genome
Rm2011 (Rm1021) there are 12 copies of ISRm2011-2, in the genome of the
strain CXM1 — 11 copies [33]. A significant step in the study of symbiotically
important genes was the development of systems of general en masse and di-
rected Tn5-Mob and mini-Tn5 mutagenesis. A collection of 12,000 mini-Tn5
mutants was obtained on the basis of the reference strain Rm2011, an analysis of
more than 9,000 of which showed that insertions of mini-Tn5 into genes encod-
ing peptides occurred at a frequency of 0.6 [34, 35].

More than 20 genes involved in the control of the synthesis of poly- and
lipopolysaccharides, symbiotic efficiency, competitiveness, salt tolerance, and
acid resistance have been sequenced, and their phenotypic manifestation in the
derivatives of the CXMI1 strain has been studied [36-41]. The genomes of the
strains Rm1021 and Rm2011 were sequenced in 2001 and 2013 respectively and
are presented in databases (https://iant.toulouse.inra.fr/S.meliloti, https://iant.tou-
louse.inra.fr/S.meliloti2011). Further, this allowed proposing methods of modern
genomic analysis using phenotypic, DNA and expression biochips [42-43] to
simultaneously study the work of more than 14,000 genes and intergenic regions,
and compare their expression and phenotypic manifestations [35, 44].

Comparative genomic analysis of reference strains. The ge-
nomes of the considered reference strains are similar; they have three replicons
(a chromosome and two megaplasmids) and do not contain additional cryptic
plasmids. According to the data of the genome-wide sequencing, in Rm1021 the
chromosome size (SMc) is 3.5 million bp, the sizes of the megaplasmids SMa
and SMb are 1.35 and 1.68 million bp, respectively, which is accepted as a typi-
cal characteristic of the genome of nodule bacteria of the species Sinorhizobium
meliloti.

The replicon SMb is considered as a small chromosome Rm1021, since
it has an average composition of GC pairs of 62.4%, which is 0.3% lower than
that of the chromosome. 1,570 genes are located on this replicon (open reading
frame, ORF), which are functionally related to 20 different COG-groups (clus-
ters of orthologous groups) [45]. However, mainly these are the genes responsi-
ble for the carbohydrate metabolism and synthesis of polysaccharides necessary
for successful microbial-plant interaction and for the saprophytic existence of
bacteria in the soil or in the rhizosphere. The second mega-replicon Rm1021-
SMa contains 1,293 genes (ORF), and its nucleotide composition contains
60.4% of GC pairs on average, which is significantly lower than in SMc and
SMb. In this replicon, there is a zone of 90 thousand bp including clusters of
nod, nif, fix genes that determine the process of formation and functioning of
nitrogen-fixing symbiosis with the host plant.

Comparative analysis of the genomes of the reference strains CXM1-105
and Rm1021 using the DNA biochips SM6kOligo showed that 242 ORFs, local-
ized on SMa, and 121 ORFs, localized on SMb, were changed or absent in
CXM1-105 [46]. This indicates significant differences in the structural organiza-



tion of mega-replicons in the reference strains CXM1-105 and Rm1021.

We identified 69 genes belonging to five different groups that are in-
volved in the control of such features of symbiosis formation as virulence (xnod),
nodule formation and its specificity (nol, noe), and the process of nitrogen fixa-
tion (fix and nif), and analyzed them using the technique of DNA-biochips [46].
As a result, it was found that in both model strains 65 ORFs are similar, includ-
ing nodDI1, nodABC, nodEFGH, which also had similar PCR-RFLP types (the
analysis of polymorphism of the length of restriction DNA fragments) [46]. The
remaining four ORFs were not detected in CXM1-105 [46], which meant the
absence or significant alteration of these sequences (divergent sequences). Three
of them are localized on SMa and belong to the fix-genes group, and the fourth
is localized on SMb and presumably encodes the acyltransferase (EC 2.3.1.-),
that belongs to the proteins gene family cysElacA/lpxA/nodL.

The Rml1021 chromosome contains 3,341 open reading frames, whose
products are involved in the functioning of information systems — replication,
transcription, translation, and are also responsible for the key pathways of metabo-
lism and the formation of cellular structures [45]. Therefore, genes located on the
chromosome are often called core.
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Comparative analysis of the chromosome structure in the strains Sinorhizobium meliloti Rm1021 (A,
B) and CXM1-105 (C): A — the content (%) of GC pairs in Rm1021 chromosome determined by
the moving average method (10,000 bp window, 5,000 bp step, Unipro UGENE program); B and
C — graphics images of the chromosome structure in Rm1021 and CXM1-105; oriC — the point of
the origin of autonomous replication of the chromosome; I, II, III — the genomic islands
Sme2lT, Smel9T, Sme80S, respectively; — the projection of the regions of localization of
genomic islands on the graphic image of chromosomes Rm1021 and CXM1-105; O — sequences
that are homologous in Rm1021 and CXM1-105, O — sequences, that are not detectable in the
CXM1¥105 genome; V — rrm-operons; V — loci betABCI and SMc04407-SMc04881 (for details, see
the text of the article).

We analyzed 5 loci in chromosomes Rm1021 and CXM1-105, which are
located in remote regions of the chromosome and can give an idea of the struc-
ture of a vital replicon. This is the intergenic sequence SMc04407-04881 with a
length of 1,280 bp between the genes SMc04407 and SMc04881, which is locat-
ed to the left of the origin of replication of oriC (Fig.). The second sequence is
the locus, which includes the part of the bet operon located at a distance of
1,039 million bp to the right of the oriC (see Fig.). This sequence of 1,544 bp
included 1,400 bp of the befC gene, an intergenic region of 1 bp and 143 bp of
the betB gene, which are involved in the synthesis of osmoprotectant glycine-
betaine. PCR-RFLP analysis did not identify differences in loci SMc04407-
04881 and berCB in the referent strains under consideration [47]. Three other
regions correspond to taxonomically significant intergenic sequences of riboso-
mal operons (#rn, see Fig.). According to the data of PCR-RFLP analysis, all
three intergenic sequences of rrm operons in the Rm1021 strain, 1,307 bp long
each, are of the a-type [48], and similar regions of CXM1-105 are b-type, which



may indicate that the genomes of the strains under consideration belong to phylo-
genetically remote divergent clonal lines [48, 49].

The regions in which the content of GC pairs is 6-8% lower than the av-
erage content (62.73 %) are of particular interest in the structure of the chromo-
some Rm1021. Such regions have less structural rigidity [50] and are evolution-
arily younger in comparison with the core part of the chromosome. In the
chromosome Rm1021 (Rm2011) there are three such sequences (Sme80S,
Sme21T and Smel9T), which are considered as so-called genomic islands (see
Fig.). These structures are atypical extended mobile elements that contain se-
quences of phage origin, IS elements and functionally significant genes, as well
as more than seven dozen sequences from which non-coding RNAs are tran-
scribed. The islands can actively participate in the horizontal transfer of genes
[51]. It is necessary to consider in detail the structural arrangement of the is-
lands in Rm1021 relative to the origin of replication of the chromosome oriC
(see Fig.) The two islands (Sme2lT and Smel9T) are located adjacent to the
right of the oriC and have a similar length (20.7 and 18.6 thousand bp).
Sme21T is located at a distance of 541 thousand bp from the oriC, Smel9T —
at a distance of 98.6 thousand bp on the right of it (see Fig.). The third island
(Sme80S, length 80.2 thousand bp) is located to the left of the oriC and is
216.4 thousand bp away. Such an arrangement of islands in regions close to
oriC, as well as to ribosomal operons, indicates that these sequences can have
important functional significance, since they are replicated in the first place.
Structures analogous to genomic islands were not detected by us in the chro-
mosomes of the strains 425a, CXM1 and CXM1-105. In addition, according to
data obtained using DNA-biochips, 145 protein-coding ORFs [46] are absent
in the structure of the chromosome CXMI1-105. The figure above illustrates
the differences between the chromosome structure in the reference strains
Rm1021 and CXM1-105.

All three genomic islands, like the so-called pathogenicity islands, which
are most well studied, have site-specific embedding. The places of integration of
the Sme21T and Smel9T islands are direct nucleotide repeats located at the 3'-
ends of the two isoacceptor tRNA of threonine (tRNA-Thr), and in the case of
Sme80S at the 3'-end of the tRNA of serine (tRNA-Ser) [52]. Based on the
complex in silico analysis of the site-specific integration of genomic islands in S.
meliloti Rm1021, a system for their in vivo detection by PCR and original pairs
of primers was developed [52]. According to the technical parameters of the
PCR method, the PCR products can be synthesized with primers for amplifica-
tion of the outer border regions of the islands (regions of integration) only in the
absence of islands, as, for example, in the strain CXM1-105 [52]. Sequences
obtained as a result of PCR and corresponding to the border regions in the
chromosome CXM1-105 are sequenced and deposited in GenBank (EU196757,
EU196758 and EU196759). A comparative analysis of these sequences in
CXMI1-105 and the integration regions of genomic islands in Rm1021 made it
possible to study their structure and to estimate the degree of homology. It has
been found that the sequence EU196757 (1,230 bp) contains a site for the spe-
cific integration of the Sme21T island with a length of 16 bp (direct repetition),
to the left and right of which there are sequences of 880 and 334 bp, respective-
ly, which are 99% homologous in Rm1021 and CXM1-105. The sequence
EU196758 (561 bp) has one direct repeat of 31 bp in length — the site for the
specific integration of the island Smel9T, and to left and right of it there are
sequences of 53 and 530 bp with 100 % homology in the reference strains under
consideration. The site for the specific integration of the third island Sme80S —
a direct repeat of 15 bp in length is identified in the sequence EU196759 with a



length of 826 bp. To the left and right of it there are sequences of 397 and 417
bp respectively, which are 100 % homologous in Rm1021 and CXM1-105. On
the left in the region between the SMc03748 gene and direct repeat, the
Rm1021 also has an IS element of TRm11, which is not present in CXM1-105.
An analysis of the border regions of the islands shows that in the CXM1-105
genome, sites for specific integration/insertion of existing genomic islands are
preserved. In addition, it is possible to assume that the absence of islands can
contribute to a greater structural stability of the chromosome in CXM1-105, as
well as in CXMI1 and 425a; however, in order to confirm this, appropriate stud-
ies are required.

The island detection system was used to identify structural types of chromo-
somes similar to those of Rml021 (SMcrmio21, have islands) or CXMI-105
(SMccxmi-10s, do not have islands) in four geographically remote regions. It was
established that the natural strains of S. meliloti, isolated in the southern region of
Uzbekistan, which is part of the Central Asian gene center, had the chromosome
type SMcrmi021, Which has a frequency of 0.72. Strains from the northern region
of the Caucasus, adjacent to the Front Asian gene center, which played a lead-
ing role in the formation of cultural diploid alfalfa, as well as from the modern
center of introgressive hybridization of alfalfa [21] located in the foothills of the
Mu-dozhary in the north of Kazakhstan, also predominantly had the chromo-
some type SMcRm1021. The frequency of these types was similar, but was lower
(0.54) than in the Central Asian center [52]. Only in the territory located at a dis-
tance of 500 km from the modern shore of the Aral Sea, which was subjected to
extreme salinization, strains isolated from the liquorice rhizosphere or from saline
sands predominantly had a chromosome type SMcCXM1-105 with a frequency of
0.62, that is, they had no genomic islands. Differences between samples of strains
from the Central Asian gene center, in which strains with the chromosome type
SMcgrmi021 predominated, and from the Aral region where strains with the chromo-
some type SMccexmi-105 prevailed were significant (2 = 4.388; P < 0.05). Conse-
quently, strains that had islands were significantly more frequent in the area of the
primary gene center of alfalfa, whereas under the influence of the stress factor (sali-
nization), loss of islands occurred.

The evaluation of the functional significance of genomic islands in
Rm1021 was of interest. The islands contain copies of functionally important
genes which, for example, can participate in the protection of cells from foreign
DNA (locus AsdRSM), and can also affect the resistance of cells to the specific
soil conditions (involved in the synthesis of the melanin pigment, proline osmo-
protectant). In addition, one of the islands contain the fixT3 gene — a copy of
the fixT gene [52], which, as previously shown [53], is involved in the control of
nitrogen metabolism, is influenced by the two-component global regulation sys-
tem FixJL and is induced at a low oxygen content, as well as in nodules. How-
ever, the functional role of a significant portion of ORFs is not known. We con-
ducted the search for sequences similar (homologous) to those in the strain
Rm1021, in the closely related genomes, as well as in the taxonomically distant
species. It was found that there are 62 ORFs in the Rm1021 islands, the se-
quences of which are similar or homologous to those in bacteria — representa-
tives of 22 genera from 4 fillets, as well as from uncultivated bacteria. In most
cases (33%), the islands contained OFRs, whose homologues were detected in
the o-proteobacteria. They were functionally related to the storage of infor-
mation (K, L; 21 %), metabolism (E, P, G, M; 33 %) or belonged to the group
of poorly characterized (R, S, 17 %). ORFs that are homologous or similar to
those in taxonomically distant representatives of the B-, y- and &-prote-
obacteria, were predominantly belonged to the group involved in cellular pro-



cesses and to the signaling group (O, T, V; 17 %). Differences in ORF distribu-
tion between the indicated bacterial taxa were significant (32 = 11.02, P = 0.01).
Thus, the Rm1021 gene has an “additional genome” that includes functionally
significant ORFs that are similar or homologous to those in representatives of
the predominantly the same species or genera, as well as in phylogenetically re-
mote classes of bacteria. Such diversity of ORFs is the result of high activity of
horizontal gene transfer, which could take place both in the soil microbiome and
in planta in the nodule. In the latter, according to a recent publication [54], dif-
ferent representatives of phylogenetically remote groups of bacteria can be pre-
sent simultaneously. Indirect evidence of the possibility of horizontal transfer of
genetic determinants in the nodule can be the fact, discovered by us, of the
presence of a high phylogenetic diversity of OTF in the genomic islands of the
strain Rm1021 — typical representative of saprophytic bacteria that form a non-
obligate mutualistic symbiosis with leguminous host plants. Currently, it is not
possible to conclude that the genomes of the reference strains Rm1021
(Rm2011) and CXM1-105 (CXM1) differ in terms of the presence of an "addi-
tional foreign genome", since "foreign" genes can be fixed in the core part of the
chromosome CXM1-105; however, such a statement can be confirmed with full
genome sequencing.

Thus, summing up the results of the comparative analysis of chromosome
structures in the reference strains obtained on the basis of the production strains
425a and SU47, it should be concluded that these strains can relate to the evolu-
tionarily diverged lines of nodule bacteria that were distributed in the Central
Asian center of the origin of cultivated plants. Based on the set of data present-
ed, the derivatives of the strain 425a-CXM1 and CXM1-105 should be consid-
ered as model high-performance strains of the Sinorhizobium meliloti genera,
which are genetically different from Rm1021/Rm2011, which can be used to
develop methods for obtaining new genetically stable strains of nodule bacteria
that promote the formation of highly productive and stress-resistant plant-
microbial symbiosis, and to create an “umbrella” system for genetic monitor-
ing of the stability of economically valuable strains in microbiomes of the
agroecocenosis.
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Abstract

In the last decade, a new direction has been widely developed for industrial and food use
of Jerusalem artichoke (Helianthus tuberosus L.). At the same time significantly expanded the
cultivated areas of this crop, especially in Asian countries. Relevant extension studies therefore
becomes focused on breeding of new varieties, including those with high content of certain
biochemical components in tubers or leaves and stems. The future of J. artichoke as energy source
for biofuels, as well as a source of fiber, sugar substitute for people, who require insulin is very
promising. Despite the presence of a large number of varieties (more than 300) of J. artichoke in
different countries, its genetic diversity is not so wide (P.P. Wangsomnuk et al., 2011; R. Puttha et
al., 2013), because all breeding varieties are based on intraspecific hybridization, or as result of
selection of seedlings from self-pollination. In addition, due to the very low self-fertility, the breeding
of J. artichoke and its generative reproduction has yet little success. The experience on multi-year
studies of J. artichoke diversity and breeding work in many countries shows, that the effect of high-
directed breeding on desired traits can be achieved only through inter-specific hybridization. The
crossing J. artichoke with sunflower, allows transmitting at new generation the characters and
properties of the initial forms and improved through heterosis (L. Natali et al., 1998; C. Breton et
al., 2010). Thus, we can say with great certainty about reality of J. artichoke breeding to achieve the
desired traits using inter-specific hybridization. The inter-specific hybridization of artichoke J.
artichoke with sunflower (Helianthus annuus L.) can be successfully use as a breeding method for
creation of varieties with the desired traits for specific uses. Given the current demand for different
directions of use products from J. artichoke, it is likely that the breeding of J. artichoke will be
focused on creation of special varieties - for food, for medicinal purposes, for processing in the
inulin, purposes of animal feeding, for the production of bioenergy, technical and environmental
goals etc. (M. Baldini et al., 2004; G.J. Seiler et al., 2004; R. Puttha et al., 2012; S. Favale et al.,
2014). We can say with confidence that there are enough initial material for all areas of breeding.
For these, it is necessary to extend the researches to find the possibilities of using the existing gene
pool of artichoke in many gene banks. Today, there are a different of modern methods for this,
including molecular genetics. One has to stress for breeding J. artichoke the importance of molecular
genetics technologies towards the existing gene pool of artichoke in many gene banks.

Keywords: Jerusalem artichoke, sunflower, breeding, hybridization, selection, target traits,
food and forage use, raw for use, inulin production, bioethanol production

To breed varieties for a new use, it requires to start on a wide genetic
basis to ensure enough diversity in the future crop. In the past, several crops
have been transformed from a specific use to undergo new uses. Several
examples could be developed and among them are the crops, devoted to



industrial uses such as sunflower (Helianthus annuus L.), cotton, safflower, fiber
crops, linseed to make them an oil crop for food and recently extant to bio-fuel.
The second example is the root beet transformed into sugar beet in France at the
beginning of the eighteen century to provide sugar because of the blockade set
up by England to cut France from its colonies to import sugar from sugar cane.
Louis de Vilmorin (1850) has initiated sugar beet breeding and the main issue of
the research has been to harvest sugar beet plants separately, and not in mixture
enabling selection of individuals with with improved sugar quantity. Root beet
was devoted to feed livestock, it contains by 10 % sucrose and lower than in
table beet, but only Root beet was chosen because it was white devoid of
anthocyanins that makes white sugar, while because table beets that may content
more sugar are frequently colored, they were carefully not used to get sugar.

Sunflower story may shed light on this process and may give back what
we have to do on J. artichoke (Helianthus tuberosus 1..) before starting a
biotechnological platform to industrial production of inulin. Confectionery
sunflower has been transformed into an oil crop between 1860 to 1920 by
Russian peasant selection to give fat, because confectionery sunflower was not
on the list of forbidden plants to eat during the Orthodox Lent. During the Lent
period confectionery sunflower provided fats. Moreover, the seeds were
commonly eaten after baking and salted. Thus, scientists from the VNIIMK
(All-Union Research Institute of Oil Crops, former USSR) decided by the
1930's to screen through mass selection, populations thriving in plenty of gardens
for those with the most oil content. Each center had constituted one population
by mixing all the sources. The history of oil sunflower remains unclear because
most of the geneticists involved did not agree Lysenko theories and have
disappeared in jails. These tasks done in four main research centers have released
all oil Russian sunflower populations which are now designed as old Russian
populations (ORP).

For researchers not specialized in plant breeding it may appear
superfluous to spend time on this reflexion because the diversity of J. artichoke is
widely kept in several worldwide institutes [1-5] and hundreds of clones
appeared sufficient to carry out breeding programs. However, there is no genetic
diversity in a J. artichoke clone and thus the diversity is only between clones.
The number of clones to handle for breeding J. artichoke should be therefore
very important. The diversity can come only from new J. artichoke varieties
screened in the progenies of crosses between J. artichoke clones. Wild and feral
J. artichoke thrive as clones, but they may also come from seeds [6], that was
rarely observed from feral J. artichoke [7]. Seeds of J. artichoke are tiny, they
are as small as for wild sunflower, with the same troubles to induce germination
because of their dormancy, due to integuments. Thus it is required to make an
incision onto the integument and to bath seeds in Ethrel or GA3 to enable fast
germination. The novel protocol for seed germination improvement of J.
artichoke has been published by P. Wangsomnuk [8] which demonstrated that
the exogenous supplementation of growth regulators and temperature improved
germination of dormant seeds under in vitro and in vivo conditions.

The length of the vegetative period from a tuber put in soil to
blossoming is determined by the sum of temperature of each day. One clone has
a threshold genetically determined and when the sum of temperature from each
day, and as long as the threshold is not reached the plant cannot blossom. For a
given threshold the time length to get blossoming depend on the average sum of
temperature and as high the temperature as short the delay to blossoming.

Today Jerusalem artichoke, due to its richness of biochemical and
mineral components, is rapidly growing demand for its multilateral use [9-11].



As J. artichoke was commonly used for animal feed the concentration of miner-
als has been studied [12-14]. Also, in the last two decades, interest in Jerusalem
artichoke has resumed in many countries, as a plant from which cheaper alcohol
can be obtained [15-17], both from tubers, as well as from above-ground biomass
[18, 19]. The economic benefits of the production of Jerusalem artichoke alcohol
have been proven in many countries [19-22]. Accordingly, for this direction, no
doubt, we need varieties of Jerusalem artichoke with the highest content of sugars.
The demand for raw materials from Jerusalem artichoke for biofuel production is
noticeably increasing in various countries [23].

However, for future uses, the main storage compound in J. artichoke is
inulin that is synthesized in leaves by photosynthesis and accumulates in the
vacuole of each cell. Starch is poorly present in leaves, thus, the inulin induces
osmotic pressure depending on its polymerization degree [24]. Among J. arti-
choke clones the trait “inulin content” displays a wide range of variation and
“inulin yield at harvest” is the trait to improve for a biotechnological platform.
However, not all environmental factors that influence on inulin content at har-
vest time are known yet, but such influence factors were confirm manifold [25-
29], including irrigation [13, 30,] as well as the harvesting dates, methods and
conditions for storing tubers [27, 31, 32].

The range of variation between different clones is due to genetic differ-
ences in their potential. Thus, the targeted screening of breeding material should
release new varieties with regular higher inulin content, which justifies the cost
of the breeding program [33].

The choice of parents to obtain new progenies remains random because
we have no knowledge on the complementary effects between J. artichoke varie-
ties to release new varieties with improved inulin content at harvest time. We
have to define strategies to help breeders to make the best crosses by choosing the
adequate parents in order to succeed in the breeding program. Sunflower has been
improved partly by crosses with J. artichoke such as 9 sunflower X & J. artichoke
because in this direction the progenies provide most annual plants without tu-
bers. To transfer valuable genes from J. artichoke to sunflower, crosses have to
be made in the other direction, i.e. @ J. artichoke x & sunflower that is much
more difficult to carry out, but ensure most plants with tubers [34].

Another difficult feature to breed J. artichoke is that it is hexaploid car-
rying 3 times more chromosomes than sunflower [34]. It has been shown that J.
artichoke is probably auto-polyploid carrying 3 different elementary genomes
named H, C and P [35], as other polyploid species, H. tuberosus displays any
regular meiosis et is partially female fertile. Moreover, J. artichoke displays a
strong self-incompatibility system that prevents a plant to produce seeds after
self-pollination. Because S-alleles in J. artichoke have not been identified suc-
cess or failure of crosses between clones cannot be predicted and several crosses
have to be done to ensure some will succeed [34].

Although it was a long way, the two successes for transformation to
adapt crops to be used for other purposes revealed the difficulties, which the
breeders will face in J. artichoke adaptation to new uses. Thus, it is important to
explain which difficulties may be encountered with J. artichoke, for higher inulin
content at harvest.

Diversity: phenotype and genotype. The Jerusalem artichoke orig-
inated in the east of the North America at latitude (between 45° North to 27°
South). Depending on the latitude origin of the clone once transferred to Eu-
rope, in Montpellier as example (latitude 42° North) plants that had origin in
the North start the flowering earlier than those from South. Clones flowering
between the end of June to October, and clones that have not flowered in Octo-



ber indicate the presence of phenotypic diversity. The date of flowering is im-
portant and has to be as late as possible, that will avoid plants to loose energy
for flowering [36]. Wild forms of J. artichoke have tiny tubers with more or less
cylindrical shape. Seeds from wild J. artichoke display difficulties to germinate
because of integument dormancy. Seeds from cultivated J. artichoke display the
same difficulties to germinate and have to be treated as wild seeds. The tuber
shape and size displayed by one J. artichoke clone depends both on the latitude
and the average temperature of days during the growing season (between plant-
ing to harvest) [28].

In the former USSR the majority of J. artichoke varieties and hybrids
were produced by a clone selection method from local populations and forms of
foreign origin and by selection from the achene — grown seedlings from free pol-
lination of cultivated varieties. In 1966-1972 at VIR's Maycop experimental sta-
tion an inter-varietal hybridization was carried out, the tests showing its favoura-
ble prospects for J. artichoke breeding [37]. Among the seedlings grown, a large
diversity of hybrid forms was noted, comprising positive characters of initial pa-
rental forms and suitable to be used for crop production as well. Ethanol pro-
duction has been a goal

For the first time, the breeding work on J. artichoke began in USSR by
the 1934-1936 years, when several seedlings were obtained from inter-varietal
crosses, the greatest success achieved [38-40]. Their breeding method was based
on the inter-varietal hybridization followed by selection of seedlings. The scheme
of the selection process included 5 stages: 1) the obtaining seeds from open pol-
lination and artificial hybridization; 2) growing seedlings and evaluation in the
first year of life; 3) comparison of the vegetative progeny of seedlings in the sec-
ond year of life; 4) a preliminary test of selected clones; and 5) other types of
tests. N. Schibrya [38] in the one of his works noted about importance to attract
attention to necessity of crosses certain parental forms, bearing the desirable
traits. And the most interesting F; plants then easily can be fixed in vegetative
propagation. The experience in VIR breeding works, including experiments
under the leadership of the breeder Nicolay Pas’ko [40], shows that some Cau-
casian and French forms (Var), e.g. Blanc precoce, as well as 3 wild species,
H. macrophyllus Willd, H. subcanescens (Grau) Wats and H. rigidus (Cass) Desf.,
should be involved as donors. Since J. artichoke, as cross pollinator, is heterozy-
gous, than the breeder can always expect to obtain from the use self-pollination
of plants segregation to recessive forms that can be practically valuable.

An evaluation of a wide diversity of J. artichoke 315 varieties from 24
countries, collected during 80 years in N. Vavilov Institute (VIR) collection [3],
showed that some varieties have the same high seed productivity as well as sun-
flower and not all forms have a low fertility. The analysis of studies in inter-
varietal crosses showed that the formation of germinal seed of J. artichoke culti-
vars in a pairwise crossing varies from 0 to 98 % [40]. The crossability in some
combinations reaches 75-98 %, each pollinated inflorescence gives 20-30 seeds,
but the average statistical accounting the achenes germ forming reaches no more
than 11 %. Most important factors are the place and time, air temperature and
humidity. For example, in foothills of the Caucasus Mountains, the best time for
crossing is the second decade of July until the first decade of September [37].

Presently, the diversity in J. artichoke crop is represented by about 300
clones and it may have redundancies between collections based on the same
names of a clone or deformation by translation of names. Even though the phe-
notypic diversity is apparently huge as shown in results of some studies [40, 41],
the genotypic diversity is insufficient to start a breeding program on this basis.
Studies published by R. Puttha et al. [26] which have studied about four tens of



clones, showed that the molecular diversity — supposed to be neutral — is low
between clones. In contrast, each J. artichoke seed will generate a putative
clone, and thus the phenotypic and molecular diversity of wild J. artichoke
propagated by seeds is much more than the diversity of clones, but of course,
wild J. artichoke have not been screened for the quality of their tubers. In the
same way seeds from J. artichoke clones will lead to plants with a range of diver-
sity on tubers color and shape. Seeds are obtained on to the female plants by
crossing with an unknown male unless the cross has been controlled and the
male was identified. In INRA J. artichoke collections, we have harvested thou-
sands of seeds (200 g) that were conserved in a cold room as genetic resources
by institute. Noticeable is that on a J. artichoke head a few of flowers give seeds,
and we found broadly 5 seeds per head whereas the number of flowers is by 60.
We hypothesized that this is due to the self-incompatibility system in J. arti-
choke and also due to its polyploid structure. Several authors have studied meio-
sis in J. artichoke and they did not reveal abnormalities such as laggard segrega-
tion [42]. However, if most pollen grains are rejected, this cannot be due to the
self-incompatibility system only, and we should hypothesize that pollen grains do
not carry the adequate chromosome number.

The important point to increase seed productivity is the choice of varie-
ties-pollinators. For example, var. Vengersky at crossing with var. Tambovsky
krasnyi gives the highest percentage (98 %) of seed setting. Of course, the germ
forming depends from the fertility of maternal form. According to our observa-
tions, at VIR's Maycop experimental station the best parent varieties, providing
the highest percentage of seed setting are Vengersky, Tambovsky krasnyi, Gor-
no-Altaiskyi. Moreover, in order to predict the level of achene germ forming and
plan the work for their obtaining, when are going to select the parental pairs for
crossing, there is necessary to know their combining ability for seed productivity.
Also in breeding work, when doing the selection of varieties for the cross-
pollination, it is very important to know the extent of pollen fertility, because it
increases the seed productivity of maternal forms of J. artichoke. The increase in
a percentage of achene germ forming depends on involved pollinator varieties
with high pollen fertility. N. Pas’ko [40] proved that the larger the pollen, the
higher the fertility is.

The analysis of inheritance of desired traits in the progeny of inter-
varietal crosses shows that there are different degrees of trait dominance and
compulsory segregation of characters. Therefore, the most likely way for success
is selection of seedlings in the first generation with further testing in second veg-
etative reproduction

The variability on inulin content at harvest time. The Jerusa-
lem artichoke varieties are characterized by a wide variability in inulin and sugar
content [23-26, 32, 33] and elements productivity, which depend on environ-
mental conditions significantly [43-46]. As for all traits that follow quantitative
variation, inulin content at harvest should be evaluated for a series of putative
parents of future J. artichoke clones by crossing them following the diallel design
as male and female. The method provides information on the value of each
clone in the assay as male and female parents. Moreover, the method allows fur-
ther choosing parental clones with complementary parameters favorable to the
higher content in inulin at harvest time. Obviously, the clones and a few of
progenies can be evaluated simultaneously for other traits such as disease and
abiotic stress tolerance. Clearly, this experiment is heavy but without this infor-
mation obtained from each clone all mates will be made in blind and successes
may be low. In addition, in order to assess the potential of selected seedlings for
the manifestation of characteristics, the evaluation of the selected clones of seed-



lings should be carried out comprehensively, in different ecological and geo-
graphical conditions, as well as in various backgrounds - including with the irri-
gated method of cultivation. The results of the applied research of the last dec-
ades on Jerusalem artichoke show the influence of various factors both on the
productivity of Jerusalem artichoke and on the biochemical content of tubers
and aboveground biomass [23, 25, 47-50].

Variability on inulin content in tubers. Plenty of studies have re-
leased variation for inulin content at harvest in J. artichoke [14], but none has
release which clones could be the best parents to improve the trait inulin content
at harvest. The yield in inulin levels out at 19 % of the tuber raw material. The
upper theoretical limit is probably around 22-25 % as judged by other crops
(chicory) that produce inulin in roots.

Variability of inulin in leaves and stems. Most J. artichoke
growers harvest only tubers and leave the stems to dry and if harvested it is for
fire wood. Stems are rich in cellulose and could enhance profits from the crop.
They also contain inulin that could be extracted by water treatment and thus the
yield of the crop is indeed enhanced. The same design described previously
could serve to estimate the potential of each J. artichoke clone as a parent one.

A guide to mate Jerusalem artichoke clones. To mate two J. ar-
tichoke clones requires to envelope with a paper bag one head of the plant, cho-
sen as female, to prevent unwanted pollination and when the stigmata rose above
the tubular hermaphrodite flowers, the pollen from another plant has to be
spread with a small brush onto the stigma surface. The pollen is harvested onto
the one or several heads from the male plant that has enveloped in a paper bag.
The pollen is introduced into the paper bag of the female heads. Ten to fifteen
heads of the female have to be treated for one cross to ensure to have enough
seeds. Seeds are mature one month and half later and as birds are very fond of
them, they have to be protected under the bag until harvest.

Another method consist in leaving all heads free pollinated (at the con-
dition that none sunflower plants may blossom in the area). The J. artichoke
clones, which have been evaluated for the inulin production, could be mixed in
a plot for seed production. Bees are able to transport pollen up to 5 km from the
source. In general, around Montpellier sunflower is not cropped in the fall and
protection of heads is useless. Without bag protection, the yield in seeds is high-
er, i.e. several grams can be obtained and the diversity in the progenies is en-
sured. Seeds could be harvested on the clones of female plants that display the
higher ability for inulin content. To obtain seed germination is a challenge, one
has to break dormancy, both due to integuments and to hormone balance. Sev-
eral methods for seed treatments have been published [51, 52] by scarification
and/or hormonal treatments. Once the root has come through the integument
the seedling is immediately transferred in a pot with sandy soil without too much
moisture to avoid mold and rotting diseases [53]. Each plant is single, and all are
different from each other and thus before evaluation each plant able to give tu-
bers has to be retained. The evaluation plots should consist in a field plots with
repeats of tubers and random distribution of them. The field plot is costly and
has to be repeated each year for new plants. The bottleneck for getting enough
genetic diversity is at this level and thus the step cannot be shifted.

If progenies from hybridization between J. artichoke and sunflower are
looking for, in Montpellier we planted sunflower rows (different hybrids) besides
the J. artichoke clones. Once seeds have been harvested and cleaned, they are
separated based on the size (the upper size will be enriched in hybrid seeds).

Field experiments. Pre-screening of clones able to produce tubers in
the local field conditions is not sufficient for an acceptable agronomic behavior of



clones and requires verification in usual seeding. Conventional agronomic plots
should be carried out for their evaluation. Each evaluator has different evaluation
criteria because of the agronomic environment and the aim of the production he
(her) works with. The screening for hybrids between J. artichoke (2» = 102) and
sunflower (2n = 34) requires cytological controls such as chromosome counting
(the hybrids should display 68 instead of 102 chromosomes). Such plants are
called Topinsol. The diversity of Topinsol forms is scarce because crosses have
not been made with breeding aims. Their potential is practically unknown, but
in J. artichoke collections, Topinsols are detected only by cytological analyses
that means they probably yield tubers as J. artichoke clones.

Use inter-specific hybridization. The Russian breeders were the
first in the world who created the inter-specific hybrids between J. artichoke and
sunflower in 1935 [37-39]. It was a new artificial species tuber-bearing crop.
Genetically, J. artichoke and sunflower are members of polyploid series. J arti-
choke is hexaploid (2n = 102), sunflower is diploid (2# = 34). In the somatic
cells of J. artichoke and sunflower hybrids there were 68 chromosomes, which is
consistent with the theoretical assumption of 51 chromosome from J. artichoke
and 17 chromosomes from sunflower [54-56].

Since the most of J. artichoke varieties involved in breeding have a late
and middle maturity, to accelerate the flowering it is possible to use a method
of reducing the day length providing the creation of seeds to be held in a more
favorable time for this. For this, it needs to tie the leaves from the stalk to re-
duce their photosynthesis to 10 h of daylight. This method allows accelerated
flowering from 2 to 60 days and a successful crossing with sunflowers. At VIR’s
Maykop experimental station in 1966-1980, more than 25 varieties of artichoke,
3 of Helianthus wild tuberous species and 13 varieties of sunflower H. annuus L.
were involved in crossing and has been cultivated over 10,000 seedlings of inter-
specific hybrids (F;). The level of achene germ forming from crossing J. arti-
choke with sunflower is small — 0.1-4.5 % [57-59]. In VIR, Dr. N. Pas’ko [37,
40] assessed J. artichoke varieties on ability as pollinators and he singled out the
most fertile var. Patat Vilmorin, Maykopsky 33-650, Vengersky, which provide
42-46 % seed germ forming. The efficiency of seed productivity of J. artichoke
depends on the fertility of parent forms pollinators of sunflowers. More fertile
forms of J. artichoke at their pollination by the same varieties of sunflower an-
nually have a tendency to retain their best cross ability. Conversely, the varie-
ties with low fertility produce weak achenes germ forming [40, 60]. Analysis of
inheritance degree of traits shows that the first generation of F; hybrids be-
tween J. artichoke and sunflower thanks to heterozygosity present a wide diver-
sity of forms. The analysis of traits of hybrid plants shows that their inheritance
has an intermediate character or character of one of the parental forms. So,
the height and thickness of stem, and leaf number are inherited mainly from
the expression of heterosis [60]. The leaves of most hybrids become larger than
that of J. artichoke.

The tuber-creation of inter-specific hybrids in F; appears as a dominant
trait, and therefore almost all progenies (94-98 %) create the tubers. Also it was
found that the obtained hybrid plants on the most morphological traits tubers
retain maternal type, but at the same time increases the mass of tubers per plant,
so the average weight of a tuber. In some combinations has created the plants
with better tuber shape than the parental forms. Furthermore, it is important to
note that the biochemical analysis indicates on increased sugar content in tubers
of hybrid plants. The long-term evaluation has shown that the resulting heterosis
effect persists in further propagation by tubers. For example at Maikop experi-
mental station of VIR during many years inter-specific hybridization in 1984 was



created var. Vostorg (Delight, in Russian) (3M-1-156), which was obtained by
crossing of French var. Commun (high yield of tops of plants and high sugar
content in it) with sunflower var. Gigant 549 (silage type). As a result, this hy-
brid has a yield of tops reaches up to 90 tons per hectare, with average of plant
height up to 3.8 meters, and tuber yield 32 tons/ ha. The sugar content in the
stems and leaves reached 16 -18 % [37, 60]. Even greater success was achieved
with the creation at VIRs experimental station in 1986 of inter-specific hybrid,
which later became a famous whole country variety Novost’ VIR (News of VIR,
in Russian). The data of this class exceeded all previously created inter-specific
hybrids. All the main agronomic and biochemical properties: yields of tops at
experimental fields up to 100 tons per hectare and sugar content in them was
16 %, while at the same time, the tuber yield reached 60 tons per hectare, when
the sugar content in the tubers was 18 % and inulin was 14 %.

The future of J. artichoke as energy source for bio-fuel as well as source
of fibers and as sugar substitute for people, lacking of insulin is promising. How-
ever, because J. artichoke has never been improved for these uses as its genetic
basis is narrow and cultivars are clones, we suggested to improve J. artichoke for
inulin content before looking for new varieties. This strategy has been found effi-
cient to change confectionery sunflower in oil sunflower and to modify root beet
in sugar beet.

Thus, it is safe to approve the reality of selective breeding to achieve a
desired trait using inter-specific hybridization. Inter-specific hybridization of J.
artichoke (Helianthus tuberosus L.) with sunflower (Helianthus annuus L.) may
be successfully used as a method of breeding directed to the improvement of
the J. artichoke plant and creating Topinsol comprising characters and proper-
ties of initial forms with the expression of heterosis. Given the current demand
for different directions of using products from J. artichoke, it is likely that the
breeding of J. artichoke is aimed at the creation of special varieties — for food,
for medicinal, for processing, for inulin, for bioenergy, for feeding purposes
etc. And we can say with confidence that there is sufficient initial material for
all directions of breeding, the only need is to expand research in finding the
possibilities of using the existing gene pool of Jerusalem artichoke in many
gene banks. Today there are different modern methods for it, including molec-
ular genetics.

REFERENCES

1. Serieys H., Souyris I, Gil A,, Poinso B., Bervillé A. Diversity of Jerusalem
artichoke clones (Helianthus tuberosus L.) from the INRA-Montpellier. Genetic Resources and
Crop Evolution, 2010, 8: 1207-1215.

2. Diederichsen A. Phenotypic diversity of Jerusalem artichoke (Helianthus tuberosus
L.) germplasm preserved by the Canadian Genebank. Helia, 2010, 33(53): 1-16 (doi:
10.2298/HEL1053001D).

3. Kiru S., Nasenko I. Use of genetic resources from Jerusalem artichoke collection of N. Vavilov
institute in breeding for bioenergy and health security. Agronomy Research, 2010, 8: 625-632.

4. Wangsomnuk P.P., Khampa S.,, Wangsomnuk P., Jogloy S., Mornkham T,
Ruttawat B., Patanothai A., Fu Y.B. Genetic diversity of worldwide Jerusalem artichoke
(Helianthus tuberosus) germplasm as revealed by RAPD markers. Genetics and Molecular Re-
search, 2011, 10(4): 4012-4025 (doi: 10.4238/2011.December.12.4).

5. Wangsomnuk PP, Khampa S.,,Jogloy S.,Srivong T.,Patanothai A,
Fu Y.-B. Assessing genetic structure and relatedness of Jerusalem artichoke (Helianthus tu-
berosus L.) germplasm with RAPD, ISSR and SRAP markers. American Journal of Plant Scienc-
es, 2011, 2: 753-764 (doi: 10.4236/ajps.2011.26090).

6. Atlagi¢ J. Pollen fertility in some Helianthus L. species and their F; hybrids with the cultivat-
ed sunflower. Helia, 1990, 13: 47-54.

7. Faure N, Serieys H., Bervillé A. Estimation of the risk of gene flow from cultivated
sunflower to volunteer and wild Helianthus species in Europe. Agricultures & Environment, 2002,
89: 183-190.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Wangsomnuk P.P.,, Puangsomlee_P., Khampa_K., Jogloy_S. Exogenous supple-
mentation of growth regulators and temperature improves germination of dormant Jerusalem ar-
tichoke (Helianthus tuberosus L.) seeds under in vitro and in vivo conditions. Journal of Applied
Biological Sciences, 2015, 9(2): 23-30.

Eldridge S., Slaski J.J., Quandt J. Vidmar J.J. Jerusalem artichoke as a multipurpose
srop. Proc. Annual Meeting of the Canadian Society of Agronomy (abstracts). Edmonton, Alberta, 2005
July. Available http://agronomycanada.com/download/meetings/past_meet-
ings/2005%20CSA%20Annual%20Meeting%20Abstracts.pdf. No date.

Nemeth G., Izsaki Z. Macro- and micro-element content and uptake of Jerusalem arti-
choke (Helianthus tuberosus L.). Cereal Research Communications, 2006, 34: 597-600.

Favale S., Ciolfi G., Moretti S. Optimization of bioethanol production from Jerusalem
artichoke powder and fresh tubers. Global Advanced Research Journal of Microbiology, 2014,
3(5): 72-717.

Terzi S., Atlagi J. Nitrogen and sugar content variability in tubers of Jerusalem artichoke
(Helianthus tuberosus). Genetika, 2009, 41: 289-295 (doi: 10.2298/GENSR0903289T).
Geng-Mao Z., Liu Z.-P.,, Ming-Da C., Shi-Wei G. Soil properties and yield of Jeru-
salem artichoke (Helianthus tuberosus L.) with seawater irrigation in North China plain. Pe-
dosphere, 2008, 18: 195-202 (doi: 10.1016/S1002-0160(08)60007-7).

Kays S.J., Nottingham S.F. Biology and chemistry of Jerusalem artichoke (Helianthus tu-
berosus L.). CRS Press, Boca Raton, Florida, 2008.

Curt M.D., Aguado P.I., Sanz M., Sanches G., Fernandes J. On the use of stalks
of Helianthus tuberosus L. for the bio-ethanol production. Proc. Int. Conf. on Industrial Crops and
Rural Development (abstracts). Mursia, Spain, 2005. Available http://www.aaic.org/past-meeting-
program-and-abstracts.html. No date.

Thanonkeo P., Thanonkeo S., Charoensuk K., Yamada M. Ethanol production
from Jerusalem artichoke (Helianthus tuberosusL.) by Zymomonas mobilis TISTR548. African
Journal of Biotechnology, 2011, 10(52): 10691-10697 (doi: 10.5897/AJB11.1680).

Park J.M., Kim C.H. Ethanol production using whole plant biomass of Jerusalem artichoke
by Kluyveromyces maxianus CBS1555. Appl. Biochem. Biotechnol., 2013, 169: 1531-1545 (doi:
10.1007/s12010-013-0094-5).

Ge X.Y., Zhang W.G. A shortcut to the production of high ethanol concentration from Jeru-
salem artichoke tubers. Food Technology and Biotechnology, 2005, 43: 241-246.

Szambelan K., Nowak J., Jelen H. The composition of Jerusalem artichoke (Helianthus
tuberosusL.) spirits obtained from fermentation with bacteria and yeasts. Engineering in Life Sci-
ences, 2005, 5: 68-71 (doi: 10.1002/elsc.200400052).

Hill J., Nelson E., Tilman D., Polasky S., Tiffany D. Environmental, economic
and energetic costs and benefits of biodiesel and ethanol biofuels. PNAS USA, 2006, 103: 11206-
11210 (doi: 10.1073/pnas.0604600103).

Stolzenburg K. Topinambur (Helianthus tuberosus L.) Rohstoff fur die Ethanolgewwinung.
Forchheim, 2006.

Izdebski W. Jerusalem artichoke — potential and possibilities of use in power industry. TEKA
Kom. Mot. Energ. Roln. — OL PAN [TEKA. Commission of motorization and power industry in ag-
riculture, Polish Academy of Sciences Branch in Lublin], 2009, 9: 93-98.

Li L,Li L., Wang Y., Du Y., Qin S. Biorefinery products from the inulin-containing crop
Jerusalem artichoke. Biotechnol. Lett., 2013, 35: 471-477 (doi: 10.1007/s10529-012-1104-3).
Saengkanuk A, Nuchadomrong S.,,Jogloy S., Patanothai A., Srijara-
nai S. A simplified spectrophotometric method for the determination of inulin in Jerusalem ar-
tichoke (Helianthus tuberosus L.) tubers. Eur. Food Res. Technol., 2011, 233: 609-616 (doi:
10.1007/s00217-011-1552-3).

Kocsis L, Liebhard P., Praznik W. Einfluss des Erndetermins auf Knollegrosse und
Trokensubstanzgehalt sowie Inulin- und Zuckerertrag bei Topinabursorten unterschiedcher Rei-
fzeit (Helianthus tuberosus L.) in semiariden Produktionsgebiet Osterreichs. Pflanzenbauwissen-
schaften, 2008, 12(1): 8-21.

Puttha R, Jogloy S.,, Wangsomnuk P.P., Srijaranai S., Kesmala T.,
Patanothai A. Genotypic variability and genotype by environment interactions for inulin
content of Jerusalem artichoke germplasm. Euphytica, 2012, 183: 119-131 (doi: 10.1007/s10681-
011-0520-0).

Puangbut D, Jogloy S.,, Vorasoot N, Srijaranai S.,, Kesmala T.,
Holbrook C.C.,,Patanothai A. Influence of planting date and temperature on inulin
content in Jerusalem artichoke (Helianthus tuberosus L.). Australian Journal of Crop Science,
2012, 6: 1159-1165.

Puangbut D.,,Jogloy S.,,Vorasoot N.,, Patanothai A. Growth and phenolo-
gy of Jerusalem artichoke (Helianthus tuberosus L.). Pakistan Journal of Botany, 2015, 47(6):
2207-2214.

Puangbut D., Jogloy S., Vorasoot N. Srijaranai S., Holbrook C.C,
Patanothai A. Variation of inulin content, inulin yield, and water efficiency for inulin yield




30.

31.

32.

33.

34.

35.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

in Jerusalem artichoke genotypes under different water regimes. Agricultural Water Manage-
ment, 2015, 152: 142-150 (doi: 10.1016/j.agwat.2015.01.005).

Ruttanaprasert R., Jogloy S., Vorasoot N., Kesmala T., Rameshwar S.K.
Holbrook C.C.,, Patanothai A. Effect of water stress on total biomass, tuber yield, har-
vest index and water efficiency in Jerusalem artichoke. Agricultural Water Management, 2016,
166: 130-138 (doi: 10.1016/j.agwat.2015.12.022).

Saengthongpinit W., Sajjaanantakul T. Influence of harvest time and storage tempera-
ture on characteristics of inulin from Jerusalem artichoke (Helianthus tuberosus L.) tubers. Postharvest
Biology and Technology, 2005, 37(1): 93-100 (doi: 10.1016/j.postharvbio.2005.03.00).

Nazarenko M.N., Barkhatova T.V., Kozhukhova M.A., Burlakova E.V. Izmenenie
inulina v klubnyakh topinambura pri khranenii. Nauchnyi zhurnal Kubanskogo GAU, 2013,
94(10). Awvailable http://cyberleninka.ru/article/n/izmenenie-inulina-v-klubnyah-topinambura-
pri-hranenii. Accessed Octoder 23, 2017 (in Russ.)

Barkhatova T.V.,, Nazarenko M.N., Kozhukhova M.A., Khripko I.A. Obtaining and
identification of inulin from Jerusalem artichoke (Helianthus tuberosus L.) tubers. Food and Raw
Materials, 2005, 3(2): 13-22.

Breton C.,Serieys H.,, Bervillé A. Gene transfer from wild Helianthus to sun-
flower: topicalities and limits. Oléagineux, Corp Gras, Lipids, 2010, 13: 104-114 (doi:
10.1051/0¢l1.2010.0296).

Sossey-Alaoui K.,, Serieys H.,, Tersac M., Lambert P., Schilling E.,
Griveau Y., Kaan F., Bervillé A. Evidence for several genomes in Helianthus. Theor.
Appl. Genet., 1998, 97: 422-430 (doi: 10.1007/s001220050912).

Kays S.J., Kultur F. Genetic variation in Jerusalem artichoke (Helianthus tuberosus L.)
flowering date and duration. HortScience, 2005, 40: 1675-1678.

Pas'ko N.M. Trudy po prikladnoi botanike, selektsii i genetike, 1974, 53(1): 231-246 (in Russ.)
Shchibrya N.A. V knige: Teoreticheskie osnovy selektsii rastenii. Tom 3 [In: Theoretial basis
for plant beeding. V. 3]. Moscow-Leningrad, 1937: 162-175 (in Russ.)

Davydovich S.S. Selektsiya i semenovodstvo, 1936, 6: 20-26 (in Russ.)

Pas'ko N.M. Nauchnye trudy Maikopskoi opytnoi stantsii VIR, 1973, Vypusk 7: 78-91 (in Russ.)
Puttha R., Jogloy S., Suriham B., Wangsomnuk P.P., Kesmala T., Patanothai A.
Variations in morphological and agronomic traits among Jerusalem artichoke (Helianthus tu-
berosus L.) accessions. Genet. Resour. Crop Evol., 2013, 60(2): 731-746 (doi: 10.1007/s10722-
012-9870-2).

Atlagié¢ J., Dozet B., Skori¢ D. Meiosis and pollen viability in Helianthus tuberosus L. and
its hybrids with cultivated sunflower. Plant Breeding, 111: 318-324 (doi: 10.1111/.1439-
0523.1993.tb00648.x).

Janket A., Vorasoot N., Ruttanaprasert R.,, Kesmala T., Jogloy S. Genotypic vari-
ability of yield components and crop maturity in Jerusalem artichoke germplasm. SABRAO
Journal of Breeding and Genetics, 2016, 48(4): 474-490.

Ruttanaprasert R., Banterng P., Jogloy S., Vorasoot N., Kesmala T., Kanvar
R.S., Holbrook C.C., Patanothai A. Genotypic variability for tuber yield, biomass and
drought tolerance in Jerusalem artichoke germplasm. Turkish Journal of Agriculture and Forestry,
2014, 38(4): 570-580 (doi: 10.3906/tar-1310-43).

Sawichka B., Michalek W. Evaluation and productivity of Helianthus tuberosus L. in the
conditions of Central-East Poland. Electronic Journal of Polish Agricultural Universities, 2005,
8(3): #42. Available http:/www.ejpau.media.pl/volume8/issue3/art-42.html. No date.
Rodrigues M.A., Sousa L., Cabanas J.E., Arrobas M. Tuber yield and leaf mineral
composition of Jerusalem artichoke (Helianthus tuberosus L.) grown under different cropping
practices. Spanish Journal of Agricultural Research, 2007, 5: 545-553.

Frese L. Production and utilization of inulin. In: Cultivation and breeding of fructans. M. Suzuki,
N.J. Shatterton (eds.). CRC Press, London, 1993: 303-315.

Baldini M., Danuso F., Turi M., Vanozzi G.P. Evaluation of new clones of Jerusalem
artichoke (Helianthus tuberosus L.) for inulin and sugar yield from stalks and tubers. Ind. Crops
Prod., 2004, 19(1): 25-40 (doi: 10.1016/S0926-6690(03)00078-5).

Brkjaca J., Bodroza-Solarov M., Krulj J., Mikic A., Jeromela A.M. Quantification
of inulin content in selected accessions of Jerusalem artichoke (Helianthus tuberosus L.). Helia,
2014, 37: 105-112 (doi: 10.1515/helia-2014-0009).

Seiler G.J.,, Campbel L.J. Genetic variability for mineral element concentration of wild
Jerusalem artichoke forage. Crop Sci., 2004, 44: 289-292 (doi: 10.2135/cropsci2004.2890).

Le Page-Digivry M.-T., Barthe P., Garello G. Involvement of endogenous abscisic
acid in onset and release of Helianthus annuus embryo dormancy. Plant Physiology, 1990, 92(4):
1164-1168 (doi: 10.1104/pp.92.4.1164).

Maiti R.C., Vidyasagar P., Shahapur S.G., Ghosh S.K., Seiler G.J. Development
and standardization of a simple technique for breaking seed dormancy in sunflower (Helianthus
annuus L.). Helia, 2006, 29(45): 117-126 (doi: 10.2298/HEL0645117M).

Sennoi R., Jogloy S., Saksirirat W., Patanothai A. Pathogenicity test of Sclerotium




rolfsii, a causal agent of Jerusalem artichoke (Helianthus tuberosus L.) stem rot. Asian Journal of
Plant Sciences, 2010, 9(5): 281-284 (doi: 10.3923/ajps.2010.281.284).

Pas'ko N.M. Byulleten' VIR, 1980, 105: 85-88 (in Russ.)

Marchenko I.I. V sbornike: Otdalennaya gibridizatsiya rastenii. Moscow, 1960: 379-395 (in
Russ.)

Natali L., Giordani T., Polizzi E., Pugliesi C., Fambrini M., Cavallini A. Ge-
nomic alterations in the inter-specific hybrid Helianthus annuus X Helianthus tuberosus. Theoret-
ical and Applied Genetics, 1998, 97: 1240-1247.

Davydovich S.S. Selektsiya i semenovodstvo, 1947, 1: 33-37 (in Russ.)

Davydovich S.S. Zemlyanaya grusha. Moscow, 1957 (in Russ.)

Shchibrya N.A. V knige: Geterozis v rastenievodstve. Stavropol', 1966: 83-101 (in Russ.)
Pas'ko N.M. Materialy konferentsii molodykh uchenykh. Adygeisk, 1971, tom 2: 172-177 (in
Russ.)



AGRICULTURAL BIOLOGY, ISSN 2412-0324 (English ed. Online)
2017, V. 52, Ne 5, pp. 952-963

(SEL’SKOKHOZYAISTVENNAYA BIOLOGIYA) ISSN 0131-6397 (Russian ed. Print)
ISSN 2313-4836 (Russian ed. Online)

UDC 633.174:631.527.56:577.21 doi: 10.15389/agrobiology.2017.5.952rus
doi: 10.15389/agrobiology.2017.5.952eng

POLYMORPHISM OF GRAIN SORGHUM FROM VIR WORLD
COLLECTION FOR THE CHARACTERS ASSOCIATED WITH
THE CMS-Rf GENETIC SYSTEM

I.N. ANISIMOVAL, D.N. RYABOVA!L, E.V. MALINOVSKAYAZ2, N.V. ALPATIEVAL,
Yu.I. KARABITSINAL, E.E. RADCHENKO!

Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources, Federal Agency of Scien-
tific Organizations, 42-44, ul. Bol’shaya Morskaya, St. Petersburg, 190000 Russia, e-mail irina_anisimova@inbox.ru
(corresponding author);

2Kuban Experiment Breeding Station, Branch of Federal Research Center the N.I. Vavilov All-Russian Institute of Plant
Genetic Resources, Federal Agency of Scientific Organizations, 2, ul. Tsentral’naya, pos. Botanika, Gul’kevichskii
Region, Krasnodarskii krai, 352183 Russia

ORCID:

Anisimova 1.N. orcid.org/0000-0003-0474-8860 Alpatieva N.V. orcid.org/0000-0002-5531-2728
Ryabova D.N. orcid.org/0000-0002-1729-0900 Karabitsina Yu.l. orcid.org/0000-0002-8384-5134
Malinovskaya E.V. orcid.org/0000-0002-0547-0760 Radchenko E.E. orcid.org/0000-0002-3019-0306
The authors declare no conflict of interests

Acknowledgements:

The sequencing was carried out using equipment of the ARRIAM Center of Genomic Technologies, Proteomics
and Cell Biology (St. Petersburg).

The authors thank A.G. Pinaev (ARRIAM, St. Petersburg) for assistance in DNA sequencing

Received July 3, 2017

Abstract

Seven different types of cytoplasmic male sterility (CMS) are known for the grain sorghum
(Sorghum bicolor L. Moench), however, only Al (milo) is used in heterotic hybrid breeding. The ge-
netic control of pollen fertility restoration of CMS Al is complex and determined by two or three Rf
(Restoration of Fertility) genes, and also by a number of modifiers. It is very little known about mo-
lecular mechanisms of CMS Al and fertility restoration. Only one gene, Rf1, is identified at the mo-
lecular level (R.R. Klein et al., 2005). In the present paper we have demonstrated for the first time
the nucleotide polymorphism in the coding regions of the recessive and dominant alleles of Rf2 gene
and also of the candidate RFL-PPR gene homologous to the rice RfI gene. . Here, we studied poly-
morphism of the CMS-Rf genetic system related traits in sorghum accessions from the VIR collec-
tion, including the fertility restorers k-928 and k-929; a half-restorer k-1362, the sterile lines A-
10598 and A-83 (CMS Al) and their fertile analogs, the Fg-F; BC|-BC,; sister lines resistant to
Schizaphis graminum Rond. which have been isolated among the hybrids derived from crosses be-
tween the sterile (CMS Al) line N-81 and lines k-929 and k-928, and also hybrids between the sister
lines. For investigating variability of candidate genes associated with the CMS- Rf genetic system the
reference sequences were selected from the bioinformatic database (http://www.ncbi.nlm.hih.gov),
the eighth specific primers were designed, and the fragments amplified on the DNA of genotypes dif-
fering by the ability to suppression of the CMS phenotype were sequenced. In the CMS lines and
fertility restorers a significant polymorphism (18 polymorphic sites) was revealed in the 825 bp frag-
ment of the Rf2 coding region (reference fragment XM_002459403.1, chromosome SDI02) and also
in RFL-PPR candidate gene located in the chromosome 3 (reference fragment XM 002458104.1).
The sequenced regions of the structural nuclear gene ALDHZ2b encoding mitochondrial aldehyde de-
hydrogenase, the maize Rf2 gene homolog, and also of the mitochondrial FOF1 ATPase alpha subu-
nit were identical in the CMS and fertility restorer lines. Variability of pollen fertility indices was
studied using acetocarmine stained cytological preparations. The lines resistant to S. graminum, and
their hybrids differed in the percentage of stained (fertile) pollen grains, the presence of anomalous large
pollen grains (54-70 um in diameter), giant pollen grains (up to 84 um in diameter) and deformed pol-
len grains. In the fertile Fg-F|, BC{-BC; lines which derived from the hybrids produced in crossings
with fertility restorers, the frequency of stained pollen grains was relatively high and reached 72.2-83.8
% for k-929, and 57.4 and 63.4 % in two lines, respectively, for k-928; large pollen grains occurred at
different frequency in five lines, and the giant ones were observed in two lines. The variability in pollen
fertility could be due to the differences in the alleles derived from the recurrent parent.

Keywords: Sorghum bicolor L. Moench, grain sorghum, CMS, fertility restoration, Rf, pol-
len fertility, candidate genes, nucleotide polymorphism



The phenomenon of cytoplasmic male sterility (CMS) was discovered in
the United States in 1931 by M. Rhoades and in the USSR by M.I. Khadzhinov
(All-Union Institute of Plant Industry — VIR). To date, it has been described
for more than 150 species of plants [1, 2]. CMS is widely used in the production
of hybrid seeds of many crops (maize, rice, rape, cotton, sunflower, cabbage,
etc.). The creation of heterotic hybrids based on CMS is considered as a priority
of modern breeding programs for sorghum (Sorghum bicolor L. Moench), an im-
portant cereal crop widely spread in arid and semi-arid regions of the planet.
The first mention of heterotic hybrids of sorghum dates back to 1927 [3, 4];
however, commercial hybrids were made only after the discovery of stably inher-
ited cytoplasmic male sterility Al (milo) in Kaffir sorghum and the sources of
pollen fertility restoration [5]. Later, alternative types of CMS — A2-A6, 9E [6]
were identified, but because of the difficulties in obtaining reliable sources of fer-
tility restoration genes, as well as the epigenetic variability of the trait depending
on environmental conditions [7-9], CMS Al only is used for breeding programs
[10]. At least two main genes, RfI [11] and Rf2 [10], whose dominant alleles are
responsible for the restoration of the Al-milo CMS fertility, have been identified
by hybridological analysis. Their manifestation depends on the environmental
conditions and the action of the modifier genes. It is also suggested that in the
case of CMS Al, pollen fertility restoration is controlled by the dominant alleles
of the main and two duplicated complementary genes, whereas it is determined
by the dominant alleles of the three genes interacting complementarily in CMS
A2 and A3 [12]. The Rf5 gene and a number of modifiers that restore the pollen
fertility of CMS Al and A2 have been found [13]. Fertility restoration with
CMS A3 is controlled by dominant alleles of Rf3 and Rf4 genes at gametophyte
level [14], and is explained by paramutations of Rf genes at sporophyte level
[15]. The molecular mechanisms of CMS manifestation and fertility restoration
in sorghum have been little studied. It has been shown that, like in other plants,
sorghum CMS is caused by aberrant mitochondrial genes [16].

Most of the Rf genes characterized to date (in petunia, maize, rice, rad-
ish) encode proteins that contain repeating motifs of 35 amino acid residues
(PPR, pentatricopeptide repeats) and regulate the coordinated work of the nu-
cleus and mitochondria. PPR genes with the fertility restoration function are al-
located to a separate subfamily RFL-PPR (Restoration of Fertility Like-PPR). The
structural and functional diversity of PPR-RFL genes is supported by the varia-
bility of PPR motifs, as well as by the complex cluster organization of Rf locus
in the genome [17-19].

Only one gene for pollen fertility restoration, RfI, has been characterized
for sorghum at the molecular level [11]. It was found that the locus Rf! is in the
linkage group 08 and includes four open reading frames (ORFs) that code for
Ca2*-ATPase of the plasma membrane, cyclin D-1, and also an unknown mito-
chondrial protein containing 13 PPR motifs and belonging to the E-type of PPR
genes subfamily. There are 19 polymorphic sites in the coding sequence and in
the 5'- or 3'-end flanking regions of the dominant and recessive alleles of the
candidate gene PPRI3. Sorghum PPRI3 gene differs significantly from other
representatives of the PPR-RFL genes subfamily in the structure of PPR motifs
[19-21]. Another candidate gene (Rf2) is located on 236,219 bp region of SDI02
chromosome. The region includes 31 ORFs, including one PPR gene character-
ized by high similarity to the rice gene RfI [10]. The polymorphism of the nu-
cleotide sequences of the dominant and recessive alleles of the Rf2 locus has not
yet been studied thus limiting the development of specific molecular markers for
their identification. Other sequences of sorghum genome potentially associated
with pollen fertility restoration were not identified, too.



The VIR collection of sorghum totals about 9 thousand accessions. In
the collection, there are CMS Al (milo) sterile lines, fertility restorers and ste-
rility maintainers. In sorghum, like many other plants, cytological analysis of
pollen in F; hybrids is used, in addition to seed setting rate under self-
pollination, to assess the male fertility restoration [8, 13, 22]. However, the
variability of this trait and the polymorphism of genomic sequences potentially
associated with the CMS-Rf genetic system have not yet been studied yet in
the samples of VIR collection.

In this study, we first reported on significant nucleotide polymorphism
in coding regions of Rf2 gene recessive and dominant alleles (the reference
fragment XM_002459403.1, chromosome SDI02), and also of the candidate
gene RFL-PPR (the reference fragment XM _002458104.1) homologous to the
rice gene RfI.

In order to elucidate the character of variability associated with the
CMS-Rf genetic system in sorghum lines, we studied nucleotide polymorphism
of the candidate genes associated with the genetic system CMS-Rf, and com-
pared the formation of pollen in fertile forms and plants with a sterile cytoplasm
of type Al (milo).

Techniques. Studied sorghum samples were the VIR collection accessions
which differ in their ability to restore pollen fertility, i.e. fertility half-restorer k-
1362; restorer lines k-928 and k-929; sterile lines A-10598 and A-83 based on
CMS Al (milo) and their respective fertile counterparts B-10598 and B-83; sis-
ter lines Fg-F;, BC-BC, resistant to Schizaphis graminum Rond. which were de-
rived from the hybrids produced by crossing sterile line (CMS Al) Nizkorosloe
81 (N-81) with the restorers k-928 and k-929; F| hybrids from crosses of the
sterile and the fertile lines [23]. The lines k-928 and k-929 selected from the
samples of grain sorghum Dzhugara Belaya from Western China possess different
alleles of for resistance to . graminum [24]. The sample k-1362 (Dzhugara Be-
laya, Syria) is a donor of resistance to S. graminum and the fertility half-restorer.
The sterile lines of grain Kaffir sorghum A-10598 and A-83 and their fertile ana-
logues B-10598 and B-83 entered the VIR collection from India in the 1980s.
The lines and hybrids were grown in 2014-2016 (field tests, VIR Kuban Experi-
mental Station, Krasnodar Krai).

For estimation of pollen fertility, mature anthers were collected early in
the morning in the period of mass flowering and fixed in 70 % ethanol. The pro-
portion of pollen fertile grains was counted according to Navashin method |[cited
from 25] in preparations stained with aceto-carmine glycerol (Zeiss Axioplan 2
imaging, Carl Zeiss, Germany). The percentage of fully stained (fertile), weakly
stained and unstained pollen grains (PGs) was calculated based on at least 30
fields of view at a magnification of X20 and considering pollen diameter, uni-
formity in diameter and the presence of abnormal PGs.

DNA was extracted according to a CTAB protocol [26]. Eleven sequenc-
es were identified as a result of bioinformatic search (GenBank database, NCBI,
USA) (http://www.ncbi.nlm.hih.gov). These sequences have a homology to the
nuclear Rf genes and mitochondrial genes associated with CMS in sorghum [27]
and other plant species. Eight pairs of specific primers flanking the full-sized and
internal fragments were designed based on four selected reference sequences
(Table 1). Amplicons produced with the developed primers using template DNA
of genotypes, contrasting in pollen fertility, were purified in 1 % agarose gel and
sequenced on a genetic analyzer ABI 3500xl (Applied Biosystems, USA). The
alignment and analysis of the sequences were implemented using Mega 5.1 soft-
ware (http://www.megasoftware.net/) [28].

The means (M) and standard error of means (f£m) were calculated for



the fertile pollen grains number.

Results. To determine the variability of Rf2, one of the main genes for
CMS Al fertility restoration located on chromosome 8, we studied the polymor-
phism of fragments amplified using designed primers specific for the S. bicolor
genomic sequence (XM_002459403.1) which contains PPR motifs and is the
closest [10] to the sequence of rice Oryza sativa L. RfI gene restoring the fertility
of CMS type BTII (Boro II) (Table 1). In this, we revealed a similarity of the
reference fragment with several fragments of sorghum genome (presumably, the
gene RfI sequences) and also with the predicted fertility restorer genes of Setaria
italica (L.) P. Beauv. and Zea mays L. The reference fragment length was 951 bp
and the sequenced fragment size was 825 (positions 76-901). The length of in
silico translated sequence was 275 bp.

1. Primers designed to amplify fertility restoration gene homologs in Sorghum bicol-

or L. Moench
Positions in
Reference Sequenced
. . . the refer-
fragment Gene, protein Primers, nucleotide sequence 5'—3’ fragment,
(length) bp ence se-
quence

XM_002458104.1 Not identified, 02458104fwl: CACCCAATTCTCCAGACCAT 818 301-1119
(2801 bp) PPR protein  02458104revl: ACATCTGCCGGTACATAGCC

02458104fw2: GGCTATGTACCGGCAGATGT

02458104rev2: GATGGGATCAAATGGAATGG

104_inner_fw: TTGCTTGCATGGAGAAATTG

104_inner_rev: CTGCGAGATCACAGCAGTTG
XM_002459403.1 Rf2, 2459403fw: CAGGGGCCAAATGTTGTTAC 825 76-901
(951 bp) PPR protein ~ 2459403rev: CACAGTTTTATATTTTCCGTGAT-

AGTG
AJ278689.1 atpA, AJ278689fw: AACTTTTACACGAATTTTCAAGTGG 1183 60-1243
(1324 bp) a subunit of  AJ278689rev: TGACAGCAGCATAAATAACAACAA

ATPase syn-  AJ inner fw: TCCTATAGGCCGTGGTCAAC
thase FOFL  AJ jnner_rev: CGTCTCCAGCTTGTGTTTCA

AB084898.1 ALDH?2b, AB084898fw: TTCTGGTTTTGGCCCTACTG 738 858-1596

(2159 bp) mitochondrial  AB084898rev: CTCTTCTAACAAATGTTTTTTCAT-
aldehyde dehy- AAT

drogenase AB_inner_fw: AACCATACGAATAAAGCCTTGC
AB_inner_rev: CTCGCATTTGCCCTCTTAAT

For the restorer lines k-928 and k-929, presumably carrying dominant
alleles of Rf2, the studied sequences differed in six nucleotide substitutions,
whereas sterile lines A-10598 and A-83, the carriers of recessive alleles, differed
in three nucleotide substitutions. The reference sequence which originates from
of BT X 623 line, a maintainer of sterility with a putative genotype rf2rf2, was
more similar to the sequences of the sterile lines A-10598 and A-83 and differed
from them in two and four polymorphic nucleotide positions, respectively. At
the same time, the sequenced fragments of k-928 and k-929 genomes differed
from the reference fragment and fragments found in sterile lines in 18 nucleo-
tides substitutions and 7 amino acid substitutions (Fig. 1). It is known that the
polymorphism of the coding sequences of Rf genes of plants, particularly Rf/
gene in sorghum, is associated with their functional status [11, 18]. We can as-
sume that the polymorphic sequences identified in CMS lines and fertility re-
storers, are different allelic variants of gene Rf2 which products are involved in
editing mitochondrial RNA. In the sequences, we found six and five PPR re-
peats for the carriers dominant and recessive Rf2 alleles, respectively. In general,
the Rf2 locus polymorphism in the dominant and recessive allele carriers was
relatively high (2.2 % of polymorphic sites).

We studied polymorphism of 2,801 bp XM_002458104.1 fragment located
on chromosome 3, using three pairs of primers (Table 1, Fig. 2). XM _002458104.1
contains 17 PPR repeats and is the closest to nuclear gene Rfo of radish Raphanus
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Fig. 1. Alignment of the nucleotide sequences of the candidate gene Rf2 of Sorghum bicolor L. Moench
lines from the world VIR collection: k-928 and k-929 — carriers of dominant allele, A-10598 and A-
83 — carriers of recessive allele; XM_002459403 — reference fragment. For comparison, homolo-
gous fragments of the genes Rf Setaria italica and Zea mays are given.

sativus (L.) Domin., restoring the fertility of CMS Ogura [29], and the gene RfI of
rice O. sativa Japonica Group. The reference fragment and 818 bp DNA fragment
of line A-83 genome were identical, but differed from the DNA fragment of the
fertility restorer k-929 (17 polymorphic sites and 8 amino acid substitutions re-
vealed) (Fig. 2). The highest similarity (90 % identical nucleotide positions) was
found between the identified fragment and XM_008677263.2 sequence from Gen-



Bank database for Zea mays PPR protein.
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Fig. 2. Alignment of the nucleotide sequences of the locus encoding mitochondrial PPR protein in
Sorghum bicolor L. Moench lines from the world VIR collection: k-929 — fertility restorer, A-83 —
sterile line; XM _002458104.1 — reference fragment. For comparison, the homologous sequence of
Zea mays is given.

Rf2, one of maize genes restoring fertility of T-type CMS line, encodes
the aldehyde dehydrogenase (ALDH), the enzyme catalyzing oxidation of alde-



hydes. It is known that ALDH is involved in the detoxification of acetaldehyde,
produced during the development of pollen, also ALDH may be involved in cell
energy metabolism, especially during anther development, and possibly interacts
with the mitochondrial protein URF13 related with the T-type CMS in maize
[30, 31]. It is believed that the action of ALDH as a fertility restorer controlled
by gene Rf2 is due to the tunnel cavities on the surface of the enzyme molecule,
through which the protein can bind long-chain ligands of different lengths
and/or potentially toxic products of the mitochondrial CMS gene expression
which are harmful for pollen development [32].

To test the hypothesis about the possible involvement of sorghum alde-
hyde dehydrogenase gene in control of pollen fertility restoration, we designed
primers specific for coding sequence of the enzyme based on ALDH2b mRNA of
S. bicolor (AB084898.1) from GenBank database. In sorghum ALDHZ2b, a gene
of subfamily 2 of the extensive ALDH superfamily of higher plants, nucleotides
located at the positions 858-1596 was homologous to the ALDH sequences of
other cereal species including maize (94 % identical amino acid residues). At
the same time, we found no differences between the fertility restorers and
CMS lines in nucleotide sequences of this fragment. It should be noted that we
succeeded to determine the sequence of an extended 2055 bp region of
ALDH?2b gene of line A-83, but sequenced and reference fragments differed
considerably in the N-terminal regions. It may be due to a considerable varia-
bility of residues in the specified part of the molecule [32] or the presence in
the amplified product of an intron or introns information of which is still lack-
ing for sorghum and maize ALDH genes.

It is known that promoter regions of ATP-synthase genes or parts of
these genes are found in many mitochondrial loci associated with CMS. For ex-
ample, gene wurf13-T associated with T-type CMS in maize contains 59 nucleo-
tides from the regulatory region of the afp6 gene. Gene orf221 linked to and co-
transcribed with urf13-T was identified as a fragment of gene encoding a subunit
of FO component of ATP synthase FOF1 [16]. We used AJ278689.1 sequence
(GenBank database) of gene atpA encoding the o subunit of ATP-synthase FOF1
of line CS3541, the fertility restorer for CMS Al, as a reference sequence to an-
alyze fragments of S. bicolor mitochondrial genome potentially associated with
CMS Al. Aligned fragments had a length of 1183 bp and were identical in epy
forms with sterile (A-83) and fertile (k-929) cytoplasm types. The translation
products of these sequences in the CMS line and the restorer line, as well as the
reference sequence AJ278689.1 and sequences coding o subunit of ATP-synthase
FOF1 in maize, rice, Triticum aestivum L., T. durum L., and Secale cereale L.
were highly homologous.

Thus, in this work, the polymorphism of nucleotide sequence fragments
of a candidate gene Rf2 which controls fertility restoration for CMS Al in sor-
ghum was revealed for the first time. The greatest number of polymorphic sites
was found when comparing these sequences in sterile lines and restorers. In par-
ticular, the nucleotide polymorphism was found in the fertility restorers k-928
and k-929 which served as parental forms for S. graminum resistant lines Fg-Fi;
BC;-BC,. These lines have sterile cytoplasm and, apparently, differ in allelic
composition of Rf genes derived from the male parent. Despite the high homo-
zygosity of the lines Fg-F{, BC;-BC,, their pollen fertility varied significantly.

The studied genotypes differed significantly both in the amount of fertile
(stained) pollen grains and in their diameter (Table 2). It has been reported [33]
that normally the diameter of fertile PGs in diploid sorghum does not depend on
the year condition and varies within 37.5-54.2 um. PGs of more than 54.2 um in
diameter (large pollen grains) occur in diploid sorghum quite rarely and, appar-



ently, contain an unreduced number of chromosomes. B-10598 line, the fertile
analog of CMS A-10598 line, as well as k-1362 and k-928 (75.5 %, 100.0 % and
83.3 % of fertile PGs, respectively), was characterized by high pollen quality. At
the same time, k-1362 and k-928 had a large number of large PGs with a diameter
of 55 to 70 um. Seven fertile lines Fg-F, BC{-BC; resistant to . graminum which
were selected from the hybrids N-81 % k-928 and N-81 x k-929, showed a rela-
tively high percentage of fertile PGs. This index was slightly higher for five lines
in which k-929 served as the donor of the Rf genes (72.2-83.8 %, respectively)
than that for two lines from crosses with k-928 (57.4 % and 63.4 %, respective-
ly). Different frequency of large PGs of 55-70 pmin diameter showed five lines,
and two lines had giant PGs of up to 84 um in diameter.

2. Pollen grains of sorghum (Sorghum bicolor L. Moench) lines with different types of
cytoplasm from the world VIR collection

Type Characterization of pollen grains
Sample |of cyto- Genotype F PGs, % | D PG, um | G PGs, | L PGs, |D uniformi-
plasm (M=*m) min | max | % % ty/abnormal PGs

k-1362 F Fertility half-restorer
Dzhugara
Belaya 100 51.8  68.9 0 70.0 +/-
k-928 F Fertility restorer
Dzhugara
Belaya 83.3£3.73 40.1 60.5 0 60.0 -/-
B-10598 F Sterility maintainer 75.51£9.71 422 483 0 0 +/-
2146/15 S Fertile line FgBC,

(N-81 % k-929) 75.3£4.65 199 503 0 0 -/-
2148/15 S Fertile line Fj(BC,

(N-81 % k-929) 76.6£5.56 26.5 58.5 1.8 0 +/+
2149/15 S Fertile line Fj(BC,

(N-81 % k-929) 75.6£3.30 27.6 522 0 0 +/-
2150/15 S Fertile line Fj(BC,

(N-81 % k-929) 83.84£3.66 28.7 84.3 2.7 8.2 -/-
2151/15 S Fertile line, F,BC,

(N-81 % k-929) 72.2+6.34 164 572 0 2.1 -/-
2152/15 S Fertile line F,BC;

(N-81 x k-928) 63.4+3.90 20.8 56.1 0 2.8 —/+
2153/15 S Fertile line F,BC;

(N-81 x k-928) 57.4£3.20 28.5 56.1 0 3.1 -/-
73/16 S Hybrid F; between

sterile line and fertility

restorer 27.0£588 134 525 0 0 —/-
74/16 S Hybrid F; between

sterile line and fertility

restorer 58.3£8.96 28.5 60.2 0 3.0 -/-
Note. F PGs — fertile (stained) pollen grains, D PG — diameter of pollen grains, G PGs — giant pollen grains
(diameter > 70-80 microns), L PGs — large pollen grains (diameter > 55 microns); “+” or “~” mean presence

and absence of traits.

Only the line 2149/15 of seven analyzed sister lines had PGs uniform in
the diameter. Since fertile lines have sterile cytoplasm inherited from the mater-
nal form N-81, it can be assumed that their genotypes contain alleles of nuclear
Rf genes derived from the male parents which to varying degrees influence pol-
len fertility restoration under sterile cytoplasm. Deformed PGs were encountered
in two lines. The hybrids from the crosses of sterile lines resistant to S. graminum
with presumably fertility-restoring sister lines also significantly differed in the
proportion of fertile pollen, from 9.0 % to 58.3 % for different F; plants. One of
the hybrids from crossing the sterile line with the sister maintainer line was
completely sterile and did not form pollen while the other had pollen in the an-
ther, which, however, was not stained, that is, was sterile. Thus, the variability in
pollen fertility rates observed in the S. graminum resistant sister lines and in the
interlinear hybrids derived from crossing with these lines indicates differences in
the alleles of genes participating in fertility restoration (possibly minor genes or
modifier genes), which is consistent with the hypothesis of complex genetic con-



trol of the trait [13].

Thus, the nucleotide sequence of Rf2, which is a candidate gene for fer-
tility restoration of CMS Al in sorghum, is polymorphic in the sterile lines A-
10598 and A-83 and in the pollen fertility restorers k-928 and k-929 (Dzhugara
Belaya). A 825 bp fragment of coding sequence of Rf2 gene in the carriers of re-
cessive and dominant alleles differs in 18 polymorphic sites, and the translated
sequence differed in seven amino acid substitutions. The genomic fragment of
one of the PPR genes homologous to the rice gene Rf7 (XM _002458104.1) is
highly polymorphic in the lines differing in ability to suppress CMS phenotype,
and contains 17 polymorphic sites. Identified polymorphism can be used in the
development of allele-specific molecular markers for Rf2 locus. The sequenced
1183 bp fragment of mitochondrial gene afpA, which encodes ATP synthase
FOF1 subunit, and the 738 bp fragment of ALDH2b aldehyde dehydrogenase
nuclear gene are identical in the studied lines. Lines Fg-F, BC;-BC,; resistant
to Schizaphis graminum, which were selected among hybrids derived from
crosses of CMS line Nizkorosloe 81 with fertility restorers k-928 and k-929, as
well as hybrids between these lines differ in pollen fertility and the presence of
large, giant and abnormal pollen grains. Since these lines have sterile cyto-
plasm, it can be assumed that they carry different alleles of genes derived from
the recurrent parent that affect the manifestation of pollen fertility restoration.
Grain sorghum lines resistant to S. graminum can serve as a model for studying
mechanisms of pollen fertility restoration.
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Abstract

Nowadays potato breeding is targeting to develop genetically divers high yielding varieties
with multiple pathogen resistance traits. Interspecific hybridization jointed with marker-assistant-
selection (MAS) can effectively combine the R genes from different resistance sources. Additionally
to effective pyramiding the target genes, MAS allows to restrict introgression of genetic factors con-
ferring the undesirable traits, for example, male sterility of interspecific hybrids associated with Sola-
num stoloniferum-derived W/gamma cytoplasm that complicate the traditional breeding. Current
study is targeting to search for the opportunities to improve the efficiency of introgressive hybridiza-
tion between common potato and Mexican polyploid species Solanum. neoantipoviczii (=S. stolonifer-
um) and S. guerreroense using MAS with DNA markers for different cytoplasmic types and markers
associated with major R-genes to the most harmful potato pathogens. DNA-based markers of genes
for late blight resistance (R2 like, R3a, Rpi-blb1, Rpi-stol), for extreme resistance to Potato virus Y
(PVY) (Ryadg, Rysto, Ry-fsto) and for H1I gene for resistance to the root cyst nematode (Globodera
rostochiensis, pathotype Rol) were used in this study. Based on the MAS, hybrid genotypes with dif-
ferent combinations of these markers were selected. Among them, there were the clones with high
field resistance to late blight and to PVY. Of 29 hybrid clones from different combinations of cross-
ing with polyploid Mexican species used as the maternal forms, 15 had a W/y cytoplasmic type and
were male sterile; both these traits were maternally inherited. The remaining hybrids with W/a cyto-
plasm produced fertile pollen and were used in interspecific crosses as pollinators. Selection of re-
sistant clones with W/alpha cytoplasm and elimination of genotypes with sterile W/y cytoplasm
among wild species germplasm could increase the probability of obtaining male fertile introgressive
lines. This approach allows to obtain the multi-species hybrid genotypes that combine R genes for re-
sistance to pathogens from different Mexican species and to avoid various types of male sterility in
breeding. The joint use of two systems of DNA markers, i.e. nuclear markers associated to R genes,
and cytoplasmic markers for male sterility factors, could reduce costs and increase efficiency of target
gene pyramiding programs.

Keywords: Solanum spp., potato, DNA markers, R genes, cytoplasmic types, interspecific
hybridization

Based on studying wild and cultivated potato accessions from the VIR col-



lection (All-Russian Institute of Plant Genetic Resources), the formation of which
began during expeditions of 1926 to 1933 [1-3], Russian scientists had developed a
theory on the centers of origin and diversity of potatoes [1, 2] and for the first
time proved and realized introgressive interspecific hybridization as a new trend in
the world potato selection [2-4]. By the end of 20t century, interspecific hybridi-
zation became the main potato selection technique owing to the developed meth-
ods for overcoming pre- and post-zygotic interspecific incompatibility, such as
planning crosses based on EBN (endosperm balance number) of parent species,
variation of the ploidy of crossing samples, search for bridge species, reciprocal
crossbreeding for leveling nuclear-cytoplasmic conflicts, which allowed involve-
ment of wild species from secondary and tertiary genetic pools in breeding [5-9].

Nowadays, potato selection is focused on broadening the genetic variety of
the genetic sources and donors of commercially valuable traits to produce cultivars
which combine high productivity with complex and group pathogens resistance.
These problems are solved be means of interspecific hybridization, marker-assisted
selection (MAS) [10-12] and developed biotechnological methods [13]. MAS dras-
tically increases the efficiency of stacking target genes/QTLs for pathogen re-
sistance, and facilitates control of spreading unwanted genetic determinants. Thus,
the hybrids with R genes introgressed from Mexican polyploid Solanum stolonifer-
um and S. demissum often inherit features which complicate traditional selection
[14, 15]. Many hybrids and varieties possessing immunity to the potato virus Y
(PVY) are, at the same time, male-sterile, that is, forming fully sterile pollen
grains with anomalous morphology [16, 17]. This feature hindering the selection of
crossings pairs is transmitted via the maternal line from wild species S. stoloniferum
which is the sources of gene Ry, for the extreme YBK resistance [16, 17]. Markers
associated with o, B and y mitotypes have been developed, and a statistically sig-
nificant relationship between the y mitotype (W/y cytoplasm type) and cytoplas-
mic male sterility has been established in the varieties and hybrids having S. sto-
loniferum in their pedigree [18]. These results found their confirmation in the works
of other researchers [16, 17]. At the same time, PVY resistant cultivars with the
W/a cytoplasm type are mostly fertile [16]. The hybrids which conferred R
genes for race-specific resistance to late blight and cytoplasmic determinants
from S. demissum Mexican species are another examples of joint transfer of
target genes and male sterility [17, 19]. The hybrids and cultivars with D cyto-
plasm (W/a) from S. demissum can form morphologically normal pollen grains
which, however, are functionally sterile [17, 20]. It is obvious that, while trans-
fer of sterilizing cytoplasm types to various introgressive forms, the R gene
stacking may have serious limitations.

In the present paper, we report on improving efficiency of introgressive
hybridization based on screening parental forms for DNA markers of cyto-
plasm types and R genes encoding potato plant resistance to the most harmful
pathogens. Hybrid clones selected within the segregating populations of two- or
multi-species hybrids derived from polyploid Mexican species S. neoantipoviczii
(=S. stoloniferum) and S. guerreroense due to their resistance to pathogens and
tuber characteristics were involved in MAS for the first time. For the S. guerre-
roense species, the relationship of male sterility and W/y cytoplasm type has been
shown for the first time as well.

The aims of this study were i) to breed the progenies of the multi-species
hybrids derived from wild polyploid Mexican potato species, and ii) to screen
obtained progenies for the type of cytoplasm and resistance to the most dangerous
potato plant pathogens, Phyfophthora infestans, potato virus Y (PVY) and golden
potato nematode (GPN), using DNA markers.

Techniques. The initial parental forms of the original interspecific hybrids



were the accessions of Mexican and South American species, breeding clones
and varieties from VIR and SLU (Swedish University of Agricultural Sciences)
collections, which were selected due to high foliar and/or tuber resistance to late
blight and PVY resistance [21-23]. The VIR accessions were the clones of the
Mexican wild species S. neoantipoviczii (=S. stoloniferum) (K-8505) (nan) and
S. guerreroense (K-18407) (grr). These clones possess high foliar resistance to late
blight and also are PVY resistant: S. neoantipoviczii is resistant to three strains,
PVY?, PVYN-Wi_ PVYNIN and S. guerreroense is resistant to two strains, PVYY,
PVYN-Wi [22]. Most likely, the Ry, gene of S. neoantipoviczii K-8505 is in the
homozygous state, because PCR analysis revealed Ryy, gene marker YES3-3A in
each of 20 individually tested seedlings [24]. The South American wild species were
the clones of accessions with high (S. microdontum, K-20320) (mcd) and partial
(S. tarijense, K-10712) (tar) foliar resistance [22, 25] or tuber resistance (5. kurt-
zianum, K-12488) (ktz) to late blight [22]. The clones of S. kurtzianum (K-
12488) and S. rarijense (K-10712) at long day conditions are capable of forming
tubers with good morphologic characteristics. A part of the plants from population
of cultivated Andian species S. tuberosum subsp. andigenum (selected from K-
8077) (adg) showed tuber late blight resistance. The fertile and productive S. tuber-
osum breeding clones from SLU collection, with good tuber characteristics, were
involved in hybridization. These clones were SW-0906512 which shows field
resistance to PVY, SW93-1015 of unknown origin, with resistance to PVY [23]
and high field late blight resistance of constitutive type [26] conferred by R2 like
gene [27], and SW93-1015 having an increased content of a-chaconine in tubers
[23]. In this evaluation, the breeding clone NZ2010-10nb with foliar late blight and
PVY field resistance derived from S. stoloniferum and the potato varieties Campina
(nematode resistance), Desirée, Sarpo Mira (high late blight resistance) and
Superb from SLU collection were also used in crossing in order to improve the
agronomic traits of developing forms. All interspecific hybrids were developed by
Dr. N.M. Zoteeva. Earlier some hybrids derived from two-species crossing were
evaluated in the field and laboratory phytopathological tests [28-30]. In order to
develop multi-species hybrids, the genotypes selected for PVY and late blight
resistance were involved in further crossings. The current study examined a total of
35 hybrid clones (11 cross-combinations) which were split into three groups having
different initial maternal forms (the cytoplasmic determinant donors).

The DNA was isolated by modified CTAB method from leaves of field
grown plants [31].

The primers used in molecular screening for PVY [16, 32-33], foot rot [27,
34-37] and golden potato nematode [38] resistance markers were chosen based on
the analysis of the parental forms of wild Mexican species.

The cytoplasm types of hybrids was determined as per K. Hosaka and
R. Sanetomo [17] using a kit they proposed for four markers to detect various
plastid DNA sites (ndhC/trnV, rpl32/trnL-UAG, cemA, rps16/trnQ loci) and two
mitochondrial genome sites (rps10 and rps19 loci).

The PCR was carried out in 20 ul reaction mixture containing 10 ng total
DNA, 1% buffer (Dialat Ltd., Russia), 2.5 mM MgCl,, mixt of dNTPs at a final
concentration of 0,4 mM each, forward and reverse primers (0.2 uM each), 1 unit
of Tag DNA polymerase (Dialat Ltd., Russia). For ALM4/ALMS5 primers, the
dNTPs concentration was 0.6 mM. PCR was carried out in a Mastercycler®
Nexus Gradient (Eppendorf, Germany) at annealing temperatures reported earlier
(see the Results section). PCR was repeated at least 3 times for all markers except
CAPS, and at least 5 times for ALM4/ALMS5 primers.

The restriction was carried out in 30 pl reaction mixture according to the
manufacturer’s protocol (NPO SibEnzyme, Russia; http://russia.siben-zyme.com).



The electrophoresis was carried out in the TBE buffer and 2 % agarose gel fol-
lowed by ethidium bromide staining and UV visualization. The molecular weight
marker 100 bp + 1500 bp + 3000 bp (NPO SibEnzyme, Russia) was the standard.

Fertility of the hybrids was determined by staining the pollen with aceto-
carmine and by crossing method.

Foliar field resistance to late blight was assessed in 2014-2015 under the
strong infection pressure (SLU, Sweden) as well as in the epiphytic season of
2016 in the experimental field of VIR Pushkin labs (Leningrad Province). Each
year, the assessment was carried out from the first infection symptom manifesta-
tion on susceptible varieties (Desire and Bintje, SLU collection) until the end of
vegetation. The nine-grade estimation scale was used, with 1 for totally diseased
plant and 9 for the absence of disease symptoms.

The field resistance of the hybrids to PVY was assessed in 2012-2014
(SLU) when high infection spreading had been initiated by strong aphid invasion
on untreated plantations. In the same field, the susceptible variety Magnum Bo-
num (SLU collection) annually exhibited strong disease symptoms. The plants
without visible viral disease symptoms were studied using ELISA kit (BIOREBA
AG, Switzerland) according to the manufacturer’s instruction. The absorption
was measured on a Multiskan™ GO Microplate spectrophotometer (Thermo Fish-
er Scientific, USA). The absorption above 0.1 means a positive reaction (plant
sensitivity to viral infection). The tests were carried out twice a year (at the end of
June and at the very beginning of August) according to the age-specific require-
ments for plants of different maturity groups (the International Potato Center,
http://www.cipotato.org).

Results. Earlier it has been shown that . guerreroense accession (K-
18407) had a marker of the R3a gene [24], and S. neoantipoviczii (=S. stolonifer-
um) (K-8505) had a marker of the Ry, gene [24]. Since the aborigine and cur-
rently used potato varieties resistant to PVY and GPN (pathotype Rol) have been
involved in hybridization, the markers of the Ryadg and HI genes were also used
in the molecular screening.

The PCR conditions and primers used in the molecular screening of the
obtained potato hybrids are given in Table 1.

1. DNA markers associated with R genes

1L [ 2 | 3 ] 4 | 5] 6 | 7
Resistant to potato virus Y
Rygo XIT GP122- F: CAATTGGCTCCCGACTATCTACAG 52 406 [32]
406/EcoRV R: ACAATTGCACCACCTTCTCTTCAG
Ry-fs10 YES3-3A° F: TAACTCAAGCGGAATAACCC 55 341 [16]
R: AATTCACCTGTTTACATGCTTCTTGTG
Ryaag XI RYSC3 F: ATACACTCATCTAAATTTGATGG 60 321 [33]

R: AGGATATACGGCATCATTTTTCCGA
Late blight resistance

Rpi-blb1 VIII blb 1 F: AACCTGTATGGCAGTGGCATG 58 821 [34]
R: GTCAGAAAAGGGCACTCGTG

Rpi-stol VIII Rpi-stol F: ACCAAGGCCACAAGATTCTC 65 890 [35]
R: CCTGCGGTTCGGTTAATACA

R 1 \% R1-1250 F: CACTCGTGACATATCCTCACTA 65 1205 [36]

R: GTAGTACCTATCTTATTTCTGCAA-
GAATTCTTATTTCTGCAAGAAT

R2-like 1V R2area 1/2 F: AAGATCAAGTGGTAAAGGCTGATG 60 1137 [27]
R: ATCTTTCTAGCTTCCAAAGATCACG
R3a XI RT-R3a F: ATCGTTGTCATGCTATGAGATTGTT 56 982 [37]

R: CTTCAAGGTAGTGGGCAGTATGCTT
Golden potato nematode resistance
HI v 57 R F: TGCCTGCCTCTCCGATTITCT 60 452 [38]
R: GGTTCAGCAAAAGCAAGGACGTG
Note. 1 — gene, 2 — chromosome, 3 — marker, 4 — primer sequence (5'—3'), 5 — primer annealing tempera-
ture, Ty, °C, 6 — diagnostic fragment size, bp, 7 — references.

The cross-combinations many of which are reported for the first time are



described in Table 2.

2. Molecular screening and phenotyping of potato hybrids derived from crossings
with polyploid wild Mexican species (in groups depending on the initial maternal

form)
Diagnostic fragments
Cytoplasm of R gene markers Late blight
Grou type (num- resistance in
oup, Combination ber of stud-| PF, % ™~
variant . m S 2014-2016,
ied seed- = S| s 2 .
lings) NEI T - DN
SIS EAEEESEEES
1 SW93-1015 (?) 0 -+ - - - - + + +80;80;nd
1 (SW93-1015 x adg) x Desirée W/y (3) 0-1.0 + - - - - 4+ + -nd;7.0;8.0
2 (SW93-1015 x adg) x {[nan x
X (mcd X trj)] X (grr x adg)} W/y (3) 0-0.3 -+ - - - - 4+ + +170;6.0;6.0
11 S. neoantipoviczii (?)
3.1 [nan X (med X trj)] X (grr X adg)  W/a (1) 69.8 -+ - + + + + - -7.0;80;7.0
32 [nan X (med X trj)] X (grr X adg)  W/a (1) 66.7 - 4+ - + + 4+ + - -28.0;80;6.0
4 [{nan x (mcd Xtar)} x (grr X
x adg)] X SW-0906512 W/a (1) 267 - - - - — + + + -6.0;6.0;55
I S. guerreroense (Q)
5 grr X adg W/a (6) 18.0-241 - + + - - + - - -28.0;80;7.0
5.1 grr X Superb W/a (4) 38.0-650 - + + - - - -28.0;7.0;8.0
6 (grr X Superb) X Sarpo Mira W/a (3) 16.0-168 - + + - - + - - - 80;7.0;8.0
7 (grr X Superb) x Desirée W/a (1) 14.5 - - - - - + - - -6.5;65;69
8.1 (grr X Superb) x NZ2010-10nb W/y (1) 0.2 - - -+ + - + + -65;7.0;6.0
8.2 (grr X Superb) x NZ2010-10nb W/y (1) 0 - - -+ + - + + -170;7.0;55
9 [(grr X Superb) x NZ2010-
10nb] X ktz W/y (1) 1.0 - 4+ 4+ - - + - - -nd;6.5;7.0
10 [(grr X Superb) x NZ2010-
10nb] X {[nan X (mcd X tar) X
X (grr x adg)] X SW-0906512} W/y (4) 0-07 - - + 4+ 4+ + + + -nd;7.0;65
11.1  [(grr x Superb) x NZ2010-
10nb] x cv. Campina W/y (1) 0 - + + 4+ + - + 4+ -nd;6.0;50
11.2  [(grr x Superb) x NZ2010-
10nb] x cv. Campina W/y (1) 0 -+ + - - - + + +nd;7.0;7.0
11.3  [(grr x Superb) X NZ2010-
10nb] X cv. Campina W/y (1) AF - - - - - - + + -nd;40;10

N ote. Three crossing series were carried out (the samples were grouped according to the initial maternal forms
used). R gene marker data is given for individual hybrid genotypes selected from the segregating populations for
resistance to pathogens and/or tuber morphology. PF — pollen fertility in the analyzed genotypes (min-max),
AF — absence of flowering in the 11.3 hybrid; "+" — marker found, "- " — marker not found, nd — no data
(parameter was not studied). Potato species: grr — Solanum guerreroense; ktz — S. kurtzianum; mcd — S. mi-
crodontum; trj — S. tarijense; nan — S. neoantipoviczii (=S. stoloniferum); adg — S. tuberosum subsp. andigenum.

The cytoplasm types are given for all analyzed genotypes, of 1 to 6 per combination.

It is known that the potato plants of the same effective ploidy (EBN)
can relatively easy cross with each other producing viable hybrid seeds [39].
Crossings of tetraploid potatoes (EBN = 4) with wild Mexican hexaploid S. guer-
reroense (EBN = 4) species closely related to S. demissum (both are the members
of series Demissa Buk. in classic taxonomy) are good examples of such combina-
tions. Analogously, all the forms involved in the combination nan X (mcd X trj),
i.e. 8. neoantipoviczii (=S. stoloniferum), S. microdontum and S. tarijense, have
EBN = 2 (see Table 2). The EBN rule does not apply to more complex combi-
nations, which often occurs in the production of multi-species hybrids [9].

Screening of cytoplasm types and R gene using molecular
markers. Hybrids from crossings of the breeding clone SW93-1015. All studied
hybrid clones from the two crossings combinations, derived from the breeding clone
SW93-1015 (maternal form), had the W/y cytoplasm type and fully sterile pollen of
anomalous morphology (see Table 2), which indicate on the presence of S. sfo-
loniferum in the SW93-1015 pedigree. The presence of S. stoloniferum characteristic
markers YES3-3A34; and GP122-406/EcoRV,ye linked to genes Ryy, and Ry-fy,,
respectively, which are located on chromosome XII is in favor of this assump-
tion. These markers are absent in other parental forms, i.e. S. tuberosum subsp.
andigenum K-8077 and Desirée variety, used in the combination No. 1 [16, 40].



Moreover, the selected hybrid clones had the markers of R2-like gene for re-
sistance to late blight and the HI gene for GPN resistance (see Table 2). Com-
pared to the breeding clone SW93-1015, the hybrids from the combination No. 1
(SW93-1015 x adg) x Desirée produced more tubers per plant which were more
uniform in size.

Hybrids derived from crosses with S. neoantipoviczii (=S. stoloniferum). It
is shown that of two cytoplasm types, W/a and W/y, characteristic of S. stolon-
iferum |41], only W/y is associated with male sterility [16-18, 41]. S. neoan-
tipoviczii (=S. stoloniferum) K-8505 having W/a cytoplasm was a maternal form
of these hybrids. All hybrids of K-8505 also had the W/a cytoplasm and varied
in fertility levels (26.7-69.8 %). In further crossing, the hybrid form [nan X
(mcd X trj) X (grr X adg)] was a successful pollinator, which indicates function-
al fertility of its pollen (see Table 2).

All hybrids of group II had the markers of R genes for extreme resistance
to PVY, and multi-species hybrid No. 4 had markers of three genes, Ry,qe, Rysso,
Ry-f;, (see Table 2). The genotypes with markers of late blight resistance genes R2
like, Rpi-blb1, Rpi-stol were selected from multi-species hybrids of this group.

Hybrids derived from S. guerreroense. S. guerreroense species was involved in
breeding for the first time. Hybrid plants derived from the combinations (grr X adg)
and (grr X Superb) often had violet corolla color typical for S. guerreroense, but
unlike the wild parent, could form tubers under long light day conditions. The
plants of hybrid combination (grr X Superb) had long stolons and an irregular
tuber shape. Progenies of (grr X Superb) X Desirée hybrid showed high poly-
morphism by tuber shape and skin color. The plants of S. guerreroense hybrids
formed a large number of berries via self-pollination. The percentage of fertile
pollen in these hybrids reached 24 % and the plants of the (grr X adg) hybrid
were successfully used as effective pollinators for production of multi-species hy-
brids, which indicated functional fertility of their pollen (see Table 2). Two-species
hybrids of three combinations, (grr X adg), (grr X Superb), and [(grr X Superb) X
Desirée], had the W/a cytoplasm type. However, the y mitotype was detected in
multi-species hybrids of the group III with S. guerreroense as an initial maternal
form, at that, all of the multi-species hybrids of the combinations Nos. 8-11
were sterile (see Table 2). The absence of amplification in the intragene spacer
rps10 cob (mtDNA cytoplasm type W/y) in these multi-species hybrids could be
associated with the rearrangement of mtDNA sequences which occurred due to
multiple hybridization.

The hybrid clones from group III derived from S. guerreroense displayed
in various combinations up to 4 markers for late blight resistance genes and 1 to
3 markers for PVY resistance genes (see Table 2). The variety Superb and S. fu-
berosum subsp. andigenum K-8077 could be donors of the Ry,q gene in the se-
lected hybrid clones. In multi-species hybrids combinations Nos. 8-11, the do-
nors of the Ry, and Ry-f;;, genes were either S. neoantipoviczii (=S. stolonifer-
um) (combination No. 10), or the PVY-resistant breeding clone NZ2010-10nb,
derived from S. stoloniferum (combinations Nos. 8, 9, 11) (see Table 2).

We did not revealed genotypes with R1-1250 marker for R/ gene in any
of the combinations studied (see Table 2).

In each of the hybrids of groups II and III, the markers for genes Rpi-
stol and Rpi-blb1 were found simultaneously (see Table 2). It is known that the
Rpi-blb1 and Rpi-stol genes are orthologues related to the same Rpi-blb1 family
which is located on chromosome VIII close to CT88 marker, and their sequences
possess high homology [34, 42, 43]. Functional homology of these genes has also
been reported [43]. Intragenic markers developed for Rpi-blb1 gene of diploid
Mexican S. bulbocastanum species were found in Mexican polyploid species



S. stoloniferum and S. papita (=S. stoloniferum) [34] and also in hybrids derived
from S. stoloniferum [12]. Therefore, in our research, both markers, Rpi-stol and
Rpi-blbl, detect the sequences of the same Rpi-stol gene in the hybrids derived
from S. stoloniferum.

Assessment of hybrid resistance to late blight and PVY. In
2014-2015, the plants of the Bintje and Desirée varieties were significantly af-
fected by Ph. infestans 2.5 weeks after the first symptom manifestation, and in
the epiphytotic season of 2016, plants of the same varieties in the same dates
were affected completely. Simultaneously, the hybrid clones which were select-
ed earlier from segregating populations were studied. The study in epidemic
2016 season confirmed resistance to late blight of the number of clones derived
from crosses with SW93-1015, S. neoantipoviczii K-8505 and S. guerreroense K-
18407 (see Table 2). High field resistance (7-8 point score) was observed in two-
species hybrid combinations Nos. 1, 5, 6 (see Table 2). Previously, the hybrids
combination (grr X adg) expressed the same hypersensitivity reaction in the lab
leaflet test as the parental S. guerreroense plants [24]. The leaflet test, in which
the inoculums of three Ph. infestans isolates, SWO058 [26], 88069 [44] and H7,
were used at the concentration three times higher than that of the standard [30],
allows us to select the genotypes with extremely high late blight resistance from
segregating population of the grr X adg hybrid. These data indicate that S. guerre-
roense K-18407 is a valuable source of late blight resistance which effectively trans-
mits this trait to hybrid progenies. Clones of the multi-species hybrid [nan X (mcd
X trj) X (grr X adg)] showed high resistance to late blight (see Table 2). In 2017
season with strong Ph. infestans invasion, high resistance of hybrid clones expressed
in the season of 2016 was confirmed completely (data are not shown).

In some cases, sequential crosses of hybrids with varieties and/or breed-
ing clones led to a decrease in late blight resistance degree though other agro-
nomic characteristics improved. Thus, late blight resistance scores in some clones
from the combinations Nos. 7, 8, 9, 10, and 11 were 6.0 to 7.0 points, and in hy-
brids No. 4 and No. 11.1 the scores averaged 5.5 to 6.0 points (see Table 2). The
clone No. 11.3 was selected for good agronomic characteristics (cultivated type tu-
bers) but its plants were totally affected by late blight in 2016. In this clone, none
of the markers of genes R2 like, R3a, Rpi-blb1, Rpi-stol conferring late blight re-
sistance were detected (see Table 2).

Among plants of groups I, II and III, the molecular screening revealed
late blight resistant genotypes with various combinations of markers for broad-
spectrum resistance genes R2 like, Rpi-blbI, Rpi-stol, and the race-specific re-
sistance gene R3a. However, the presence of these markers did not always de-
termine phenotypic resistance. E.g. hybrid No. 11.1 had all four markers for late
blight resistance genes (see Table 2) bur showed moderate pathogen resistance.
Apparently, the markers which we used in the analysis detected in these geno-
types the non-functional homologues of R genes. At the same time, high field late
blight resistance (7-8 points) in the absence of some markers may be due to an in-
trogression of not yet identified genes/QTLs from S. guerreroense (e.e. combina-
tions Nos. 5 and 7, see Table 2) or resulted from functioning other R genes in
these hybrids (e.g. hybrid No. 6 could confer the dominant alleles of R4, RS,
Rpi-Smiral genes from the Sarpo Mira variety) [46, 47].

The field PVY resistance was assessed only in two hybrids combinations,
No. 3 and No. 5, and in their progeny (10 seedlings per combination). During the
entire study, the plants of multi-species hybrid [nan X (mcd X trj)] X (grr X adg)]
showed no susceptibility to PVY under high infection pressure and, by ELISA
test, were free of the viral infection (absorption value from 0 to 0.001). This hy-
brid had the markers for two genes, Ry, and Ry,q,, which determine extremely



high resistance to PVY (see Table 2). All studied clones in the hybrids progeny
of the combination No. 3 also showed field resistance to PVY during the entire
study period. The plants of PVY susceptible variety Magnum Bonum grown in
the same field developed strong disease symptoms (the absorption value in
ELISA test for PVY infection was from 2.19 to 2.37). RYSC3 marker for Ry,q,
gene determining extreme PVY resistance was detected in the combination No. 5
(grr x adg). About 3/, of this hybrid population consisted of plants free from
viral infection.

Hence, the results of our study indicate that 17 of 35 hybrid clones eval-
uated had W/a cytoplasm, and 18 had W/y cytoplasm. Of 18 hybrid genotypes
with the W/y cytoplasm type, 17 formed fully sterile pollen grains of anomalous
morphology and one genotype did not flower. The male sterility and the W/y cy-
toplasm type were transferred via the maternal line to multi-species hybrids of
various crossing combinations. In 17 hybrids with the W/o cytoplasm the
amount of fertile pollen grains varied. Some of these hybrids were used as polli-
nators. This pattern was characteristic of both the plants of groups I and II
which were based on S. stoloniferum cytoplasm and the hybrids of group III de-
rived from S. guerreroense as maternal forms. In the latter, the y mitotype might
have appeared in multi-species hybridization. Such a linkage between the male
sterility and W/y cytoplasm type in breeding clones and varieties derived from
S. stoloniferum has been reported earlier [16, 17]. Note, for S. guerreroense, this
phenomenon was shown for the first time. Our data and the findings obtained by
other researchers allows us to assume that searching for the pathogen resistance
sources within the populations of S. stoloniferum, S. guerreroense (and possibly
other Mexican species) can be done simultaneously with the selection against the
donors of sterilizing cytoplasm type W/y which is undesirable for the traditional
breeding. On the contrary, clones with the W/a cytoplasm would allow for an in-
crease in availability of introgressive male fertile forms. It is highly likely that in
the future the selection vector can change. In particular, fixation of genotypes with
sterilizing cytoplasm in breeding material may be promising for the development
of heterotic hybrid selection as a new direction of potato breeding [48].

To conclude, the combined use of nuclear and cytoplasmic DNA mark-
ers for identification of R resistance genes and cytoplasm types will facilitate pa-
rental pair selection to reduce the time and the cost for hybridization, and to
control crossing when combining genes of desirable traits in one genotype.
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Abstract

Chickpea (Cicer arietinum L.), a grain legume crop, is considered innovative for the Rus-
sian Federation. Over the past fifteen years, its area in our country have increased 20 times and
reached 420,300 hectares in 2015. The growing demand of chickpea determines the necessity of
breeding new varieties. One of the ways to improve the crop could be the introgression of genes from
old landraces, especially those from the regions of species genetic diversity, the centers of its origin
(i.e. the primary in Turkey and the secondary in Ethiopia). In this paper the question is raised about
the diversity and phenotypic differences of the chickpea gene pool growing in the centers of origin
about a century ago and preserved in VIR collection. Here, we first showed the differences in the
phenotypic characteristics of the oldest chickpeas from two centers of origin. Fifteen morphological,
phenological and agronomic features were studied in 75 local varieties from Turkey and 24 ones from
Ethiopia. Both in Turkish and in Ethiopian samples, the most variable signs were the number of
seeds per plant (Cv 62.6 and 70.4 %, respectively) and the number of beans per plant (Cv 62.2 and
63.0 %). Principal component analysis showed that the first five factors determined 78.9 % of the
total variability of traits. Factor 2 (22.0 % of the variance) can be called a factor of potential seed
production. Correlation analysis revealed a much stronger relationships between all the traits studied
in the Ethiopian samples. The correlation between seed production and vegetation period were the
strongest (r > 0.9). We have revealed association of certain traits of chickpea plants with the geograph-
ical zones of the sample origins. Landraces from Ethiopia are fairly homogeneous and have small, dark
and angular seeds, low attachment of the first bean and low seed productivity, are more early maturated
compared with the Turkish ones. Turkish landraces are characterized by a great variety of all the traits
studied, revealing all their grades described in the chickpea descriptors. In this region, the landraces
typical of the western Mediterranean, as well as for territories bordering Turkey in the east had been
grown. The structure of the variability and the strength of the relations of the traits differed in the land-
races from the primary and secondary centers. It is obvious that in plants growing in different ecological
and geographical environment, there is a specific communications between the traits, reflecting the
presence of different blocks of co-adapted genes or another integrated gene complexes that determine
adaptation to a particular environment. Useful characters for breeding are found in landraces from both
centers of origin and chickpea diversity.

Keywords: chickpeas (Cicer arietinum L.), centers of origin, phenotypes, variability, factor
analysis, structure of traits relationships, diversity, characters for breeding

Chickpea (Cicer arietinum L.) is a grain legume crop that is considered
innovative for the Russian Federation. It is very popular in Asian countries (In-



dia, Pakistan, Syria, Turkey, etc.) and North Africa, and is the second in the
world in sowing areas and the third in production among grain legumes (exclud-
ing soybeans) [1]. The nutritional value of chickpea is determined by the high
content of protein in its seeds (17-30 %) and various macro- and micronutrients
[2], which determine a healthy diet. The undoubted agronomic merit of this
crop is its high drought resistance. However, in our country, chickpeas, which
are also known as mutton or turkey peas, are not well known to consumers. For
many years in the Russian Federation, the planted areas of chickpea did not ex-
ceed 20-25 thousand hectares. However, nowadays its production has sharply
increased, and in 2015 the sowing areas reached 420,300 hectares [3]. This is
explained by the fact that chickpea is a highly demanded export crop, although,
according to experts, it should take a worthy place in the domestic market.

Given the growing demand for this crop, new highly adaptive varieties
are required, in particular, those with improved drought resistance and resistance
to diseases, especially resistant to Ascochyta pisi L. Also, precocity is a trait that
is relevant for many regions of chickpea production.

Selection significantly narrowed the historical diversity of cultivated
chickpeas [4]. To expand the genetic basis of modern varieties, it is necessary to
employ diversified donor parents. The VIR collection preserves populations and
old local varieties from the centers of chickpea origin with maximum genetic
diversity concentrat. Local varieties are a rich gene pool for the search for highly
adaptive genotypes [5, 6]. To date, such varieties in the places of their historical
origin are mostly hopelessly lost, as having been almost completely extincted
because of replacement by modern commercial varieties, and because of natural
disasters, urban, technogenic and other factors that are rapidly changing the
modern world.

Introgression of genetic material from local varieties into modern com-
mercial varieties using marker-assisted selection (MAS) can be a radical way to
improve them. Therefore, the study of the diversity of local varieties from the
centers of origin for a number of selectively significant traits, the identification
of the limits of their variability and the search for candidate genes determining
variability are relevant for understanding the selection dynamics in the historical
perspective and elucidation of its mechanisms.

The center of origin, as well as the place where chickpea was first do-
mesticated, is southeastern Turkey and the adjacent areas of Syria and Iran [7,
8]. N.I. Vavilov [9] considered South-West Asia and the Mediterranean to be
the primary center of origin of chickpeas, and Ethiopia was the secondary cen-
ter. He distinguished four centers of chickpea variety: in the Mediterranean,
Central Asia, the Middle East and India [10]. The primary centers of cultivated
plant origin, according to N.I. Vavilov, were the ancient centers of civilization,
where the primary cultivation of plants took place, and the secondary centers
were the territories associated with subsequent periods of the farming culture [9].

We do not know special studies devoted to the differences between the
chickpea plants from the primary and secondary centers of origin. In part, these
differences are shown by us when studying the phenotypic diversity of local
chickpea cultivars from the centers of origin of this crop [11]. In the present ar-
ticle, we first detailed the phenotypic diversity of old local chickpeas from the
primary center of origin in Turkey and the secondary one in Ethiopia (Abyssin-
ia) preserved in the collection of N.I. Vavilov All-Russian Institute of Plant Ge-
netic Resources (VIR), for a number of morphological, phonological and agro-
nomical traits and their relationship in both centers.

The aim of the work was to compare manifestations of economically sig-
nificant traits of chickpea accessions from different centers of origin in the eco-



logical conditions of Syria close to those in the primary and secondary centers of
origin of the crop.

Techniques. Old local chickpeas from the VIR collection, including 75
samples from Turkey and 24 samples from Ethiopia (Abyssinia), were studied for
15 morphological, phenological and agronomic traits in the field in 2002-2005 at
the International Center for Agricultural Research in the Dry Areas (ICARDA)
in Syria. The Turkish samples are expeditionary collections of P.M. Zhukovsky
in 1927. The Ethiopian samples were collected by N.I. Vavilov in 1927, as well
as by subsequent VIR expeditions in 1962 and 1970. The sowing in Syria was
carried out in February, harvesting in August. The samples were sown randomly
in 2-fold replication. The row spacing was 60-70 cm; the distance between the
plants was 10 cm. Six plants were analyzed in each replication.

Field assessment was conducted in accordance with the international
Descriptors for Chickpea (Cicer arietinum L.) [12] and the ICRISAT descriptor
(International Crops Research Institute for the Semi-Arid Tropics) [13].

Calculations were performed using Statistica 7.0 software (StatSoft,
Inc., USA) [14]. Pearson’s correlation coefficients were calculated as per com-
mon methods [15, 16]. Correlations were considered low at » < 0.5, average at
0.7 > r> 0.5, high at 0.9 > r> 0.7, and very strong at r > 0.9. Correlation plei-
ades were clustered as described [17]. The variability in the structure of the rela-
tionships between traits was assessed using factor analysis. The factor loads
were determined by the principal component method. Additionally, the frac-
tion of variance explained by a factor in the total variance and the cumulative
fraction of the recoverable factors were calculated. The identification of traits
that differentiate the samples by origin was carried out using discriminant anal-
ysis [14].

1. Designations of traits studied in chickpeas Results. The region in

(Cicer arietinum L.) from the collection of which samples were studied for a
the All-Russian Institute of Plant Genetic number of traits (Table 1) is lo-

Resources (VIR) (Syria, 2002-2005) cated in comparative proximity
Trait Designa- t0 the centers of chickpea origin.
ra tions One of the main differentiation

Biomass yield (plant dry weight with seeds and roots), g byld

Canopy area width per plant, cm o traits of the chickpea gene pool

Duration of sprouting-flowering period, days dflr is the type of seeds (desi and
Duration of seedling-maturation period, days dmat : :

Flowering duration. days o kabuli). Desi seeds are small,
Flower color, points fac angular and have a colored seed
Growth habit (prostrate, spreading, erect), points grh coat (COIOI‘ from cream to
Harvest index, % hi .

Height of the lower (first) pod attachment, cm hip black). Kabuli seeds are large,
Pods per plant, pcs. ppp : : _

Plant height, om ottt round{sh, and light-colored. The
Seed per plant, pcs. spp analysis of mean values and vari-
Straw yield (plant dry weight without seeds), g styld ation of traits ( CV) in the Ethio-
Seed type, scores styp )

Seed yield per plant, g syld pian samples showed narrower

variability limits for most of the

traits studied as compared to the Turkish forms (Table 2). The most varying

traits in both groups were the number of seeds per plant (Cv was 62.6 % for the

Turkish samples and 70.4 % for the Abyssinian samples) and the number of pods

per plant (Cv was 62.2 % for the Turkish samples and 63.0 % for the Ethiopian

samples). However, traits such as seed color and type, the duration of the

sprouting-flowering and seedling-maturing periods, were less variable in the
Ethiopian native varieties.

The Ethiopian samples, except of one, had seeds of desi red, brown and

black type, whereas in most of the Turkish samples (57 %) the type of seeds was



classified as kabuli. In the Turkish gene pool, light seeds were found to be char-
acteristic of about half of the samples, fractions with pink and brown seed hulls
made up 15 % of the total number; the rest showed all the other seed colors as
per the chickpea descriptors except black.

Factor analysis revealed the structure of the relationship between the
traits studied in the Turkish and Ethiopian samples (Table 3). The first five fac-
tors determined 78.9 % of the total trait variability. Factor 1 (F1 — 30.0 % dis-
persion) revealed a positive relationship between the dry biomass of plants (with
seeds and roots) and straw yield, plant height and lower attachment of the lower
pod, color of the flower and type of seed, and a negative relationship with the
harvest index. This factor can be interpreted as a characteristic of a plant’s abil-
ity to gain and accumulate biomass.

2. Descriptive statistics of the studied samples of chickpeas (Cicer arietinum L.) of

different origin from the VIR collection (N.I. Vavilov All-Russian Institute of
Plant Genetic Resources) (Syria, 2002-2005)

. Standard
Trait Mean Min Max Deviation Cv, %
[Turkey |Ethi0pia [Turkey |Ethi0pia [Turkey |Ethi0pia [Turkey |Ethi0pia [Turkey |Ethi0pia
byld 53.8 39.4 19.8 18.1 114.6 70.0 15.6 10.4 29.0 21.9
caw 63.5 55.0 43.5 39.0 91.0 72.0 8.7 7.7 15.6 11.0
dfir 106.4 107.9 96.5 100.0 140.0 119.0 9.7 6.1 13.6 13.7
dmat 164.1 157.3 129.0 149.0 183.0 171.0 8.6 5.2 5.3 2.6
fdu 259 27.8 9.0 18.0 34.0 31.0 4.0 3.1 9.1 5.9
fgc 5.3 4.1 1.0 4.0 6.5 6.0 1.1 0.4 20.1 11.3
grh 2.7 2.5 1.0 2.0 4.0 3.0 0.5 0.5 19.3 20.5
hi 40.9 459 26.0 24.3 72.1 59.6 6.8 8.7 16.6 19.4
hlp 28.8 21.0 20.0 13.0 41.0 30.0 3.8 4.9 13.1 23.1
pPP 333 61.1 12.7 18.3 142.0 147.0 20.7 40.6 62.2 63.0
ptht 54.2 46.6 38.0 39.0 70.0 53.0 6.9 5.0 12.7 10.3
Spp 34.1 76.6 13.0 18.0 145.0 196.0 21.3 57.1 62.6 70.4
styld 33.5 19.8 5.5 6.2 65.2 32.3 10.7 6.4 31.9 27.1
styp 1.6 1.0 1.0 1.0 2.0 2.0 0.5 0.2 31.6 20.4
syld 20.9 16.8 11.4 5.1 52.1 25.8 7.0 5.4 33.5 28.6

N ote. For trait abbreviation, see Table 1.

3. Factor loads of 15 traits for 99 Turkish and Ethiopian chickpeas from the VIR
collection (N.I. Vavilov All-Russian Institute of Plant Genetic Resources) (Syria,

2002-2005)
. Factor
Trait 1 ‘ 3 ‘ 3 ‘ 4 ‘ 5
Duration of flowering, days -0.20 -0.24 -0.18 0.77 0.30
Time to 50 % flowering, days -0.05 -0.73 0.29 -0.42 0.02
Canopy width, cm 0.52 -0.03 -0.11 0.37 0.21
Height of the lower (first) pod attachment, cm 0.76 0.01 -0.29 —0.40 0.17
Plant height, cm 0.67 -0.31 -0.27 -0.20 0.37
Growth habit, point 0.11 -0.26 -0.02 0.22 -0.77
Color of flowers, points 0.66 0.20 0.57 0.13 -0.06
Type of seeds, points 0.64 0.18 0.66 0.17 -0.06
Time before flowering, days 047 -0.36 0.55 -0.06 0.21
Pods per plant, pcs. -0.45 -0.78 0.16 0.12 0.17
Plant dry weight with seeds and roots, g 0.69 -0.55 -0.24 0.08 -0.20
Seeds per plant, g 0.32 -0.77 -0.21 -0.03 -0.20
Straw yield, kg/ha 0.81 -0.32 -0.19 0.19 -0.11
Harvest index, % -0.56 —0.40 0.07 -0.19 -0.18
Seeds per plant, pcs. -0.53 -0.72 0.21 0.13 0.18
Fraction of total dispersion, % 30.00 22.00 10.40 8.80 7.50
Cumulative dispersion, % 30.00 52.00 62.40 71.40 78.90

Factor 2 (F2 — 22.0 % of the variance) can be called a factor of poten-
tial seed production. It shows a consistent change in pods per plant, the dry
weight of a plant with seeds, the seed number and weight per plant, and the du-
ration of the shooting-flowering period. Factor 3 (F3 — 10.4 % dispersion)
grouped flower color, sprouting-ripening period, and seed type. It can be condi-



tionally called a factor that reveals the differentiation of samples according to the
type of seeds (desi, kabuli). Factor 4 (F4 — 8.8 % of dispersion) combined the
flowering period with the shooting-flowering period and the height of attachment
of the lower pod with a negative relationship of these traits. In factor 5 (F5 —
7.5 % dispersion), the growth habit (erect or compact plants) and the height
(length) of the plant were negatively associated (that is, for compact plant habi-
tus the length of the main shoot is less than that for spreading or prostrate ones).

Figure 1 shows the location of the samples in the space of the first two
factors. The samples from Turkey were distributed for the most part of the dia-
gram area, since they are characterized by various combinations of traits. The
samples from Ethiopia, except one, were concentrated in the left upper part and
in the middle zones. Obviously, the Ethiopian local varieties are much less diverse.

3 Fig. 1. Distribution of Turkish (e) and
Ethiopic (O0) chickpea samples from the

j // /// / / /\ \.\\ N VIR collection (N.I. VaYilov All-Russia!n
/ /-,—; 3N pn s \ Institute of Plant Genetic Resources) in
!.. / .

0 . 3 /;J/_-:'“ R the(:1 T(patl)cer of tl:fl ﬁtrst twof fac:lorizs d(f,si
™ 7 A Uy =N and kabuli are the es of seeds ria,
) 7 / % k2§\1 2002- 2005). yp ’
N
= % N A step-by-step discrimi-

4 o nant analysis was performed to
identify characteristics that divide
-3 7 local varieties into groups of

'673 > o 0 ] 5 origin. As a result, four most sig-

FACTOR 1 nificant traits were identified: spp

(seeds per plant), hlp (the height

of the lower pod attachment), syld

(seed yield per pant) and grh (growth habit). The distribution of the samples in

the space of the canonical axes is shown in the graph (Fig. 2). The arrangement

of the samples turned out to be similar to their distribution in the factor space.

In the left part of the graph there are early maturing unproductive samples with

dark seeds, a larger seed number per plant and a low attachment height of the

first pod (predominantly Ethiopian forms), in the right part there are late matur-

ing, productive plants with light seeds, a comparatively low number of seeds per
plant and high attachment of the lower pod (mostly Turkish forms).
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an and 75 Turkish samples). In
addition, for a more accurate and
reliable comparison of the correlation structure in different samples from 75
Turkish samples, a set of 24 samples was randomly selected. Analysis of correla-
tion pleiades revealed a much stronger conjugation between all the investigated



traits in the Ethiopian samples (Fig. 3, A).
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Fig. 3. Correlation structure between the traits of the studied chickpea samples from the VIR collection
(N.I. Vavilov All-Russian Institute of Plant Genetic Resources): A — Ethiopian (24 samples), B —
Turkish (75 samples), C — Turkish (24 samples) (Syria, 2002-2005).

The strongest correlations were found for seed productivity and vegeta-
tion period (spp, ppp, dflr, dmat); hi, fdu and syld (harvest index, duration of
flowering and seed productivity) were close to these traits. The traits of plant
growth character (hlp, ptht, styld) formed the second pleiade, and the separation
of these two groups is relatively arbitrary, since they are related by a strong nega-
tive correlation through the pod number per plant (ppp). Thus, tall samples with
a high pod attachment from Ethiopia differed from the rest because of a small
number of pods and seeds and short sprouting-flowering and sprouting-maturing
periods. A separate pleiade was formed by the characteristics of the seeds type
and the color of flowers (styp, fgc). This pleiade through the width of plant pro-
jection (prostration) (caw) was associated with a pleiade of plant growth traits.
For example, plants with dark-colored seeds and blue flowers are characterized
by a protruding bush shape. An independent trait for the Ethiopian samples was
the plant shape type (grh). It should be noted that the harvest index (hi), the
duration of the vegetation period (dmat) and a number of other traits were inter-

related with different pleiades.

the In the samples from Turkey, due to their greater diversi-
ty, the strength of the correlation between the traits was signifi-
cantly lower (see Fig. 3, B, C). As can be seen from the figures, a decrease in
the number of samples in sets affected the strength of the relationship between
the traits and had little effect on the correlation structure of pleiades. For most
links with correlation coefficients from 0.4 to 0.5, the r values decreased, which
confirmed the well-known rule of decreasing the correlation degree between the
traits when the sample size reduced [18]. However, the correlations between
some traits have intensified (fgc and dmat, dflr and fdu, hlp and ptht, hlp and
grh).

The three correlation pleiades found in all sample sets seem to be more



characteristic of the species as a whole and are more stable in the cultivated
chickpea in general. These are the pleiades of the pod number and seed num-
ber per plant (ppp, spp), the color of generative organs (styp, fgc), the plant
weight and seed weight per plant (byld, syld). The correlations structure in the
Turkish samples, regardless of their size, turned out to be little similar to that
of the samples from Ethiopia. It is obvious that in plants growing in different
ecological and geographic conditions, specific interrelation systems are formed
between the traits, reflecting the presence of different blocks of co-adapted
genes and other integrated gene complexes that determine adaptation to a par-
ticular environment.

As we noted earlier [11], both the primary and secondary origin centers
have a sufficient degree of geographic traits proximity, which fully corresponds
to the N.I. Vavilov’s theory [19] about the geographical patterns in the distribu-
tion of plant genes. In particular, this refers to the fineness and relatively smaller
organ size of plants in the eastern (Indian and adjacent) areas and their larger
sizes in the Mediterranean.

Chickpea plants from Ethiopia are low; they have small dark seeds of
desi type, that is, posses the traits determined by dominant genes. The same reg-
ularities were noted by N.I. Vavilov for other crops from this center of origin,
including legumes, Lens esculentum Moench, Pisum sativum L. and Lathyrus sa-
tivus L. Meanwhile, west of Ethiopia in the Mediterranean region, plants and
their seeds become much larger, flowers and seeds are lighter, that N.I. Vavilov
explained by “the loss of dominant genes and the accumulation of recessive
forms” [19, p. 415].

The relatively narrow limits of the phenotypic traits variation found in
the Ethiopian samples, revealed by us, are also confirmed by modern molecular
genetic data [20].

Given that 96 % of the Ethiopian samples had the desi seed type, then
the Turkish samples had a ratio of the desi and kabul seed type of 43 %:57 %
and were predominantly light. The maturation period in the Turkish samples was
about 7 days longer than in the Ethiopian samples (see Table 2). At the same
time, the limits of this trait variability in the Turkish varieties were much wider
than those of the Ethiopian samples.

In our previous paper [11], we discussed the reasons for the uniformity
of Ethiopian samples and explained this by the country’s apparent isolation for a
long time, its distance from trade routes and the limited international contacts.
Moreover, in Ethiopia, even at the beginning of the twentieth century, agricul-
ture had a primitive character [21]. All Ethiopian samples preserved in the VIR
collection (except one) are classified as an Abyssinian ecogeographic group,
poorly differentiated and absolutely unique and endemic for Ethiopia [22].

The Turkish group of old local varieties exhibits almost the entire range
of traits indicated in the chickpea descriptors, and is characterized by medium-
sized vegetative organs, large seeds, and high plant productivity. Modern studies
with AFLP-markers (amplified fragment length polymorphism) also show a rela-
tively high variety of Turkish chickpeas [23]. Among the samples collected by
P.M. Zhukovsky in Turkey, there were representatives of three ecogeographical
groups of varieties: actually Turkish, Spanish and Afghan [24]. That is, by the
beginning of the 20th century Turkey had varieties inherent in both the western
and eastern Mediterranean, including varieties from areas close to Central and
Central Asia, namely, from Iran and Afghanistan. In addition, it was noted that
already in those days the crops cultivated in Turkey showed visible traits of an-
cient breeding [25]. The results of our factorial and discriminant analysis showed
an obvious tendency to improve agronomic traits in Turkish local varieties com-



pared to the more primitive Ethiopian varieties, which raises the question of the
possibility to deem the Ethiopian center as more ancient. This issue has already
been discussed by VIR botanists [24, 26] and requires a separate review.

So, old local varieties of chickpeas from their origin centers preserved in
the VIR collection have traits that reveal their ecological and geographical differ-
entiation, which is in full accordance with the theory of N.I. Vavilov about the
geographical patterns in the distribution of plant genes. Morphological, phenologi-
cal and agronomic traits of chickpea from the primary (Turkey) and secondary
(Ethiopia) origin centers reveal a small variety and primitiveness of Ethiopian
samples, while the phenotypes from Turkey are characterized by great diversity
and possess traces of agronomic improvement. The structure of the trait relation-
ships in the samples from two origin centers is not very similar. It is obvious that
in plants growing in different ecological and geographical conditions, specific
likage systems between the traits are formed, reflecting the presence of different
blocks of co-adapted genes and other integrated gene complexes that determine
adaptation to a particular environment. Currently, local varieties of chickpeas
from both centers of origin and diversity may be valuable in breeding for early
ripeness (Ethiopian samples), high productivity, large seed size, and high plants
(Turkish samples).
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Abstract

The mycobiota of cereal grain consist of diverse fungal community among which Fusarium
and Alternaria species are the most abundant. In biotic community, the competition and cooperative
behavior may impact interspecies interactions. In this paper, we first report significant correlations
between abundance of these fungi in oat grain. The symbiotic relationships that were found are of
key importance because of mycotoxin production by Alfernaria and Fusarium fungi. gPCR was used
to measure Fusarium and Alternaria DNA in grain of 21 varieties and breeding lines of oats (Avena
sativa and A. byzantina) from VIR World Collection (N.I. Vavilov All-Russian Institute of Plant
Genetic Resources), and mycotoxin deoxynivalenol (DON) level was evaluated by ELISA test. Gere,
Veler, KSI 731/01, KSI 432/08 genotypes appeared to be the most infected by both F. culmorum and
Alternaria fungi. The highest amounts of DON (up to 1179 pg/kg) occurred in the grain of the breeding
line KSI 432/08, as well as in Belinda and Konkur varieties. Stipler variety was the most resistant to all
studied fungi and did not accumulate DON. Oat genotypes characterized by larger grains were more
susceptible to fungal infections, whereas those with high husk proportion contained more DON. A high
positive correlation between the amounts of DNA of F. culmorum and the Fusarium species able to
produce trichothecene mycotoxins (Tri- Fusarium) was shown (r = + 0.67, p < 0.001), as well as
between F. culmorum DNA level and DON accumulation (» = + 0.57, p < 0.01). When colonizing
the same substrate, aggressive Fusarium species and relatively weak Alternaria pathogens are in symbi-
otic relationships. In this, we found the significant positive correlations between the amounts of DNA
of Alternaria fungi and F. culmorum (r = + 0.66, p < 0.01), and between DNA level of Alternaria and
Tri- Fusarium fungi (r = + 0.86, p <0.001). In this study, DON produced by F. culmorum had no
allelopathic effect on Alternaria fungi. At the same time, any interspecies interactions between Alter-
naria fungi and F. poae, the most abundant species detected in oat grain, were not found. Undoubt-
edly, the functions of fungal complexes colonizing plants depend on the parameters of the environ-
ment and the relationships evolutionarily developed within natural communities.

Keywords: Avena L., oat, grain, fungi, Fusarium, Alternaria, DNA, qPCR, deoxynivalenol,
symbiotic interactions

N.I. Vavilov wrote that the immunity of a plant to a disease must be con-
sidered as the result of the interaction of many components associated with the
habitat [1]. The mutual interaction of pathogens in the mycobiota community of
grain undoubtedly influences their vital activity, which ultimately affects the rela-
tions with the host plant. Therefore, selection for disease resistance can be suc-
cessfully carried out only upon considering all environmental factors.

Fungi of Fusarium Link genus cause fusariosis, a harmful disease of cere-
als leading to a decrease in yield and deterioration of its quality. The peculiarity
of this disease lies in its specific etiology, i.e. a variety of Fusarium genus species



are involved in the infectious process. Thus, 10 to 20 species can coexist in one
sample of grain with the explicit dominance of one species or group of species
most adapted to the specific environmental conditions. F. culmorum (W.G. Smith)
Sacc. is an aggressive pathogen of cereal crops in regions with a temperate climate,
which can also infect many other plant species. The fungus is most frequently not-
ed in Central and Northern Europe [2, 3], in Russia — in the Central, Central
Black Earth and North-West regions [4-6]. F. culmorum produces deoxynivalenol
(DON), 3-acetate-DON and less often nivalenol [7]. These mycotoxins belong to
the most widespread and studied group of trichothecene metabolites, which are a
significant threat when using contaminated grains. There are models for assessing
the development of fusariosis and the accumulation of mycotoxins, taking into
account the influence of the variety, environment, agronomic methods, but actual
fungi and mycotoxins contamination of grain does not always corresponds to the
forecasted one, which in the opinion of many researchers may be due to the effect
of the concomitant mycobiota [8-10]. Indeed, usually fusarium fungi are not the
only ones in the grain mycobiota and coexist with its other representatives.

In nature, all fungi inevitably interact directly or indirectly — both in a
contact manner in competition for the substrate and allelopathically due to the
influence of secondary metabolites accumulated in the substrate as well as volatile
organic compounds, the functions of which are still not sufficiently deciphered
[11-13]. Fungi of the Alternaria Nees genus presented in grain alongside Fusarium
fungi are isolated at a high frequency [14-16]. About 30 species of the Alternaria
genus are found in grain crops, the taxonomic position of many of which remains
unclear [15, 17]. Small-spore species A. alternata (Fr.) Keissl, A. tenuissima
(Kunze) Wiltshire and A. infectoria E.G. Simmons are most often mentioned;
these species have similar morphological features [17-18], which often leads to
their false identification. Meanwhile, according to some data, these species differ
in ability to produce secondary metabolites, for example, alternariol (AOL) [18],
and, as a consequence, to affect the rest of mycobiota. It is shown that the pres-
ence of Alternaria corresponds to various contamination of grain with other fungi.
Thus, it was reported that the amount of Alfernaria spp. DNA in wheat correlated
with the content of F. graminearum Schwabe DNA negatively in awns and grain
[19] and A. alternata infestation reduced the accumulation of DON in grain [20].
However, other researchers, despite notable amounts of Fusarium and Alternaria
DNA, did not reveal a reliable relationship between the abundance of these fungi
on the grain of barley, rye and wheat [21].

Oat (Avena L.) is a hulled crop, the grain of which is largely affected by
fungi of varying degrees of pathogenicity [22]; interactions between them during
colonization of plant tissue have been studied insufficiently. For grain damage,
there are few reports on the mutual influence of typical memers of Fusarium and
Alternaria coexisting on the same substrate.

This paper is the first report on the symbiotic character of the relationship
between Fusarium and Alternaria fungi living on the oat grain, which is of great
practical importance, since these fungi produce mycotoxins that are dangerous to
humans and animals.

Our aim was to study the interaction between typical members of the nat-
ural mycobiota of oat grain, Alternaria and Fusarium fungi, by assaying DNA of
these pathogens in oat grain and mycotoxin contamination.

Techniques. The contamination of grains with Fusarium and Alternaria
fungi was evaluated in breeding varieties and promising lines of Avena sativa L.
(19 genotypes) and A. byzantina C. Koch (varieties Medved and CDC Dancer) of
different ecogeographical origin, preserved in the VIR world collection (N.I. Vavi-
lov All-Russian Institute of Plant Genetic Resources). The plants of each genotype



were grown in rows of 1 m length in two replicates (experimental station, Pushkin,
Leningrad Region, 2015). During earing, plants were inoculated with a suspension
of conidia and mycelia (1.3x107 CFU/ml, 50 ml/m?2) of four F. culmorum strains,
MFG 58219, 58562, 58578, 58585 (Collection of microorganisms, Laboratory of
Mycology and Pathology, All-Russian Research Institution of Plant Protection).
The oats variety Borrus previously characterized as medium-resistant to grain fusa-
riosis [23] were additionally sown as an non-inoculated control. This area was
treated with sterile water.

After harvesting and threshing, 1000 grain weight at a 12 % humidity was
recorded and the proportion of the flower glume according to the guidelines [24].
For each genotype, 1000 grain weight was determined by weighing two 250-grain
portions per sample and doubling the obtained value. The hull content was evalu-
ated by weighing 4 portions of grain (50 pieces each), two with flower glumes re-
tained, and two with flower glumes manually removed, calculating the percentage
of hull weight from the total grain weight. If the discrepancy between the two
measurements did not exceed 5 % of the average, this value was accepted as aver-
age weight. With greater differences, a new portion of grains was weighed and the
average value between the nearest indicators was again calculated. The grain of
each sample (10 g) was homogenized in sterile milling pots in a Tube Mill Control
mill (IKA, Germany) at 25,000 rpm for 25 seconds. The milled meal was stored at
—20 °C until extraction of DNA and mycotoxins.

DNA was isolated from 200 mg of grain meal by the adapted CTAB
method [25]. DNA of F. culmorum and Alternaria alternata (Fr.) Keiss fungi
strains was obtained from actively growing mycelium using a set of Genomic
DNA Purification Kit reagents (Thermo Fisher Scientific, USA) in accordance
with the attached protocol. The DNA concentration was evaluated in a Qubit 2.0
fluorimeter with a set of Quant-iT dsSDNA HS Assay Kit reagents (Thermo Fisher
Scientific, USA). Fungal DNA preparations were diluted to a concentration of
10 ng/ml and used to construct a calibration curve (10-fold serial dilutions from
10-! to 10- ng/ml). DNA isolated from the grain was adjusted to working concen-
trations of 2-50 ng/ml.

The content of F. culmorum DNA in the meal of the grain samples was
evaluated by real-time quantitative PCR (qPCR) with SYBR Green [26] stain.
The reaction was performed in a volume of 20 ul containing 4 ul of 5x qPCRmix-
HS SYBR master mix (Evrogen, Russia), 300 nM of each primer (Evrogen, Rus-
sia) and 2 ul of DNA solution. Tri-Fusarium, Alternaria and F. poae DNA con-
centrations were determined by the qPCR method with TagMan fluorescent
probes [27-29] in a reaction volume of 20 ul containing 10 ul of 2X TagAB master
mix (AlkorBio, Russia), 300 nM of each primer, 100 nM of fluorescent probe
(Eurogen, Russia) and 2 ul of DNA solution, applying the recommended proto-
cols with the authors’ modifications. Amplification was performed on a CFX96
Real-Time System thermal cycler (Bio-Rad, USA), with primary data processing
using Bio-Rad CFX Manager 1.6 software. The concentration of fungal DNA
was expressed as a fraction of the total DNA isolated from the oat meal (ng/ng
of total DNA).

DON in the milled grain was determined by competitive enzyme immu-
noassay (ELISA). Mycotoxin was extracted from 1 g of meal by adding 5 ml of
acetonitrile:water (84:16) and allowed for 14-16 hours with continuous stirring
(300 rpm) on a S-3M shaker (ELMI, Latvia). ELISA was performed using a test
system with a sensitivity limit of 20 pg/kg (VNIIVSGE, Russia). Optical density
was measured on a LEDETECT 96 (Biomed, Austria) photometer at A = 492 nm.

All laboratory tests were performed in at least two replicates. The results
were processed using statistical packages of Microsoft Excel 2010 (Microsoft Cor-



poration, USA), Statistica 10.0 (StatSoft, Inc., USA) and 4.PAST [30] software.
The table shows the mean (X) with a standard error (=SE); the figure presents the
mean (X) with standard deviation (£SD). The relationships between the studied
indicators were evaluated by the correlation analysis using the Pearson criterion.
The calculated coefficients were considered statistically significant at p < 0.05.

Results. We analyzed genotypes of oats, represented by hulled varieties and
perspective lines. In these genotypes, the 1000 grain weight waried within the
29.8-46.7 g range, the proportion of flower glumes in the total biomass was 22.8-
28.6 % (Table 1).

1. The main parameters of oats (4Avena L.) varieties and breeding lines from the VIR
world collection (N.I. Vavilov All-Russian Institute of Plant Genetic Resources)
used in the study (experimental station, Pushkin, Leningrad Region, 2015)

VIR catalogue Hull content, % | 1000 grain weight, g

Variety, line Origin

No. (X£SE) (X£SE)

k-14648 Argamak Russia, Kirov Region 24.5+3.2 36.9+5.6

k-11840 Borrus Germany 28.3+3.7 34.915.3

k-15068 Konkur Russia, Ulyanovsk Region 25.7+3.4 42.5+6.9

k-10841 Binuandorodu  Russia, Sakhalin Region 25.6+3.4 34.44+5.0

k-14329 Kouzan Zairai  Japan 24.5+£3.2 42.0+6.4

k-13911 Kambulinskii Russia, Leningrad Region 25.0£3.3 43.0%6.6

k-14911 Belinda Sweden 25.5+£3.3 42.0+6.4

k-15297 Geszty Hungary 22.84+2.7 29.8+4.5

k-15301 CDC Dancer Canada 23.743.1 41.71£6.3

k-15506 Fux Germany 24.6+3.2 39.416.0

k-15442 Zalp Russia, Moscow Region 25.8+£3.0 41.5£6.3

k-15496 Stipler Russia, Ulyanovsk Region 26.4%3.5 44.5+6.8

k-15444 Sapsan Russia, Kirov Region 24.3+3.2 43.846.6

k-15494 Medved Russia, Kirov Region 27.2+3.8 46.7£7.1

k-15348 Hurdal Norway 24.5+£3.2 42.816.5

k-15353 Odal Norway 23.3+3.1 40.416.1

k-15611 Bessin Norway 25.3£3.3 44.416.2

k-15612 Veler Norway 242432 41.2+£6.3

k-15347 Gere Norway 24.0+3.1 37.8+5.7

k-15326 KSI 432/08 Russia, Ulyanovsk Region 28.6+3.7 42.9+6.5

k-15327 KSI 731/01 Russia, Ulyanovsk Region 25.0£3.3 43.1£6.5

2. Primers and probes used and PCR conditions in the study

Object Primers, probes Nucleotide sequence 5'—3’ Amplification

(reference) protocol

F. culmorum FculC561f CACCGTCATTGGTATGTTGTCACT 2 min at 50 °C, 10 s at

[27] FculC614r CGGGAGCGTCTGATAGTCG 95 °C; 40 cycles: 15 s at

95 °C, 60 s at 62 °C

F. poae TMpoae,f GCTGAGGGTAAGCCGTCCTT 15 s at 95 °C; 40 cycles:

[28] TMpoae,r TCTGTCCCCCCTACCAAGCT 15sat 95°C, I min at
TMpoae,p TET-ATTTCCCCAACTTCGACTCTCCGAGGA-BHQ1 60 °C

Tri-Fusarium TMTRILf CAGCAGMTRCTCAAGGTAGACCC 3 min at 95 °C; 40 cycles

[29] TMTRI,r AACTGTAYACRACCATGCCAAC 15sat 95°C, 60s at
TMTri,p Cy5-AGCTTGGTGTTGGGATCTGTCCTTACCG-BHQ2 60 °C

Alternaria Dirl TSAIt TGTCTTTTGCGTACTTCTTGTTTCCT 3 min at 95 °C; 40 cycles:

[30] InvITSAlt CGACTTGTGCTGCGCTC 10 s at 95 °C, 60 s at
AltTM FAM-AACACCAAGCAAAGCTTGAGGGTACAAAT- 60 °C, 3sat 72 °C

TAMRA

N ote. Tri-Fusarium — all kinds of Fusarium fungi, capable of producing trichothecene mycotoxins.

The amplification protocols are summarized in Table 2.

Along with F. culmorum in the grain of oats, other Fusarium fungi were
identified, including those capable to synthesize mycotoxins of the trichothecene
group. Therefore, we additionally estimated the DNA amount of F. poae which
occurs in the oat grain mycobiota with a high frequency [5, 31, 32]. Also, using
the group-specific primers, the amount of DNA of all Fusarium species capable of
producing trichothecene mycotoxins (Tri- Fusarium), as well as DNA of Alternaria
genus fungi were additionally determined.

In Borrus (non-inoculated control), fungal mass per total DNA in grain
estimated by qPCR was (1.45+0.24)x10-¢ ng/ng for F. culmorum, (1.73£0.02)x10->



ng/ng for Tri-Fusarium group, (2.23+0.33)x10> ng/ng for F. poae, and
(6.24+0.31)x10°7 ng/ng for Alternaria. Under F. culmorum inoculation, the abun-
dance of these species varied significantly. Grain level of F. culmorum DNA ranged
from 7.39x108 to 3.07x10-3 ng/ng total DNA and averaged (5.310.42)x10-¢ ng/ng
(Fig.). The total Tri- Fusarium DNA ranged from 1.5%10-5 to 9.1x10-> and aver-
aged (5.3£0.28)x105 ng/ng, F. poae DNA rang was 1.05x10-5-3.06x10-* with
average value of (7.45%+0.83)x10-5 ng/ng total DNA. For Alternaria DNA, these
indicators were 3.9x10"7 to 5.4x10-> and (1.07+0.6)x10-> ng/ng. Apparently, the
Alternaria species are well adapted and occupies its niche among mycobiota, re-
gardless of the influence of environmental conditions and the genotype of the host
plant. The samples Gere, Veler, KSI 731/01, KSI 432/08 were the most infected
by F. culmorum and Alternaria fungi.
The gPCR method makes it pos-
147 sible to evaluate the DNA content of the
target in grain, but has its own limita-
tions. Thus, the primers for quantifica-
10 tion of Tri-Fusarium and F. culmorum
species are designed based on the nu-
cleotide sequence of genes that are pre-
6 sent in the genome in single copies, T¥i-
5and EFI, respectively [26, 27]. In con-
trast, primers for the quantitative detec-
5. tion of F. poae fungus and Alternaria spe-
I ’—L‘ cies are developed based on multicopy
L a———— T oone Aemaria S€duences of IGS and ITS regions of
' ' ribosomal DNA [28, 33]. The primary
Fungal DNA in grain under oat (4vena L.) plant differences between the initial quantities
inoculation with a suspension of MFG 58219, of the amplified fragments allow compar-

58562, 58578, 58585 Fusarium culmorum . .
strains (qPCR. X+SD, experimental station, 18 infection by one or another target

Pushkin, Leningrad Region, 2015). pathogen among the genotypes them-
selves, but do not allow comparing the

DNA Ievel for different objects with each other in the same sample.

ELISA showed that 100 % of the analyzed oat genotypes after artificial in-
oculation with F. culmorum contained DON (from 25 to 1179 pg/kg, 198157 ug/kg
on average). The greatest quantities of mycotoxin were noted in the grain of the
KSI 432/08 breeding line, as well as in the Belinda and Konkur varieties. The
Stipler variety, most resistant to infection of all fungi, had 33 pg/kg DON. DON
was not found in the grain of non-inoculated control (Borrus variety).

124

Fungal DNA, x10- ng/ng total DNA

3. Interrelation of indicators (7) in oat (4vena L.) genotypes under inoculation with
Fusarium culmorum (experimental station, Pushkin, Leningrad Region, 2015)

Indicator DNA content in grain DON ac-

Indicator F. culmorum | F. poae | Tri- Fusarium | Alternaria_| cumulation
DNA content in grain:

F. poae -0.34

Tri- Fusarium 0.67** -0.25

Alternaria 0.66** -0.27 0.86**
DON accumulation 0.57* 0.19 0.21 0.18
Hull fraction 0.37 0.08 -0.06 0.01 0.49*
1000 grain weight 0.34 -0.25 0.45*% 0.39 0.16

Note. DON — deoxynivalenol.
* ** Correlation coefficients are statistically significant at p < 0.05 and p < 0.001.

Correlation analysis revealed a high reliable relationship between DNA
levels of F. culmorum and Tri- Fusarium group (r = +0.67, p < 0.001), which
demonstrates the success of the performed inoculation (Table 3). For F. cul-



morum, the DON producer, there was also a strong relationship between the
DNA amount and DON accumulation (r = +0.57, p < 0.01).

The 1000 grain weight value significantly correlated with the anount of
Tri- Fusarium DNA (r = +0.45, p < 0.05). Genotypes with larger grain were rela-
tively more strongly infected with fungi, which may be due to a greater content of
nutrients allowing the fungus to gain biomass. At the same time, an increase in
hull fraction led to a grain significant contamination with mycotoxin DON. The
flower glume prevents penetration fungi into grain rich in nutrient substrates, and
contributes (probably due to structure and chemical composition) to the intensive
production of secondary metabolites by Fusarium fungi.

A reliable positive relationship was between the DNA content of the Alfer-
naria and F. culmorum fungi (r = +0.66, p < 0.01) and between the Alternaria
DNA level and the entire diversity of Fusarium species forming trichothecene my-
cotoxins (r = +0.86, p < 0.001). Apparently, during the colonization of the com-
mon substrate by aggressive species of Fusarium and relatively weak Alternaria
pathogens, mutually beneficial conditions for the development of both arise, so
that their relationships can be characterized as symbiotic. Even a significant DON
level in grain did not adversely affect growth of Alternaria fungi. At the same time,
we did not observe any relationship between Alternaria fungi and F. poae patho-
gen, a relatively weak and the most abundant member of Fusarium genus on the
grain. Consequently, no competition arises between these fungi for the nutrient
substrate during oat grain colonization and their relationship can be characterized
as commensalism.

It is known that some mycotoxins produced by fungi can play an im-
portant role in the relationship between fungi and host plants [2, 10, 14]. In our
study, we did not find the allelopathic effect of F. culmorum mycotoxins on Alter-
naria fungi, although some researchers noted various types of interaction between
representatives of these genus. In particular, the slowing of A. alternata growth
under the influence of F. graminearum has been described in laboratory exper-
iments with co-cultivation [34]. In such a mixed culture, DON production by
F. graminearum was lower, and the production of zearalenone (ZEN) was higher
than in the pure culture of this pathogen. Another group of researchers reports
that the rate of colonization of wheat grains by A. tenuissima fungus and the
amount of secondary metabolites generated, for example AOL, increased signifi-
cantly if the grain was pre-treated with DON or XEN mycotoxins [35]. Grain
treatment with AOL had a negligible effect on F. culmorum, but led to an increase
in F. graminearum growth. At the same time, the presence of Fusarium fungi on
ears did not affect the amount of AOL.

Thus, we have identified a symbiotic relationship between Alternaria
and Fusarium fungi, colonizing oat grain. Statistical analysis confirmed that
there is a significant positive relationship between the abundance of these fungi
in grain, which is especially important when combining Alternaria fungi and
the highly aggressive F. culmorum species. During oat grain colonization, there
is no competition for the nutrient substrate between F. poae, which is consid-
ered a relatively weak pathogen, and Alternaria fungi, hence their relationship
can be characterized as commensalism. The interaction of fungi and plants is
evolutionary conditioned, and the knowledge of its mechanisms in complex
ecosystems is necessary for their control.
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Abstract

We applied modified phylogenetic analysis method of building meta-trees to study the evo-
Iutional patterns of various groups of symbiotic genes (nod-genes control the formation of nodules
and nif/fix-genes control symbiotic nitrogen fixation). The method consists in the pairwise compari-
son of topologies and construction combined dendrograms («meta-trees»), where the relative position
of the two trees is a measure of corresponding gene phylogenies congruence. Homologues of 18 sym-
biotic genes (nodABCDIJN, nifABDEHKN, fixABC, fdxB) are present in each test organism (9 strains
belong to the genera Bradyrhizobium, Mesorhizobium, Rhizobium, Sinorhizobium and Neorhizobium).
These genes were selected for the implementation of this method, as well as the gene 16S rRNA as a
traditional taxonomic chromosome marker. We constructed and compared phylogenetic trees for all
these genes and then calculated the pairwise similarity coefficients for their topologies. According to
the obtained data we built a meta-tree, and there were two statistically distinct gene clusters identi-
fied within. Cluster 1 includes mainly nif- and fix-genes and cluster 2 — mostly nod-genes, that is
related to the data of separate localization of these gene groups in the rhizobial genomes. The excep-
tion is the arrangement of nifB and fixC genes with nodA in cluster 2, as well as co-localization of
nodl and nifD in cluster 1. During the identified clusters structure analysis we found strong relation-
ship between the relative gene position and the characteristics of their genome localization in nodule
bacteria. Importantly, the differences between clusters 1 and 2 are not expressed less clearly than the
differences between nod- and nif/fix-gene groups. It is obvious that clusters 1 and 2 of our meta-tree
reflect primarily different mechanisms of nodulation evolution and symbiotic nitrogen fixation asso-
ciated with the independent origin of the relevant gene groups, and possibly, with their separate hori-
zontal transfer between different groups of rhizobia. Further study of the symbiotic gene evolution in
nodule bacteria requires improvements used phylogenetic analysis techniques, including separate
analysis meta-tree for rhizobia, representing different stages of symbiosis evolution.

Keywords: phylogenetic analysis, meta-trees, nodule bacteria, symbiotic genes

Soil bacteria of the Rhizobiales order are characterized by the ability to en-
ter into symbiosis with leguminous plants, providing them with products for at-
mospheric nitrogen fixation, which is accompanied by the formation of nodules on
the roots, which provide conditions for effective nitrogen fixation and assimilation
of ammonium formed as a result of nitrogenase reaction. However, this group of
organisms is of interest not only for microbiology, but also for evolutionary genet-
ics of symbiosis. The analyzed model makes it possible to study the mechanisms of
evolution of bacterial genes, which control interactions with different groups of
eukaryotes [1].



The formation of nodules and symbiotic nitrogen fixation are complex
multi-stage processes that are controlled by the genes of both partners. The sym-
biotic genes of rhizobia are divided into two main groups: virulence genes (nod
genes), responsible for signal dialogue with the host plant, as a result of which
nodules [2] are formed on its roots, and the genes necessary for symbiotic fixa-
tion of atmospheric nitrogen — the nif genes (control the synthesis and regula-
tion of nitrogenase activity) and fix genes (a heterogeneous group of genes in-
volved in the work of the nitrogenase complex, primarily in its supply with elec-
trons and energy) [3].

In most nodule bacteria, nod and nif/fix genes are assembled into groups
located in the genome as separate clusters, the structure of which varies in dif-
ferent species. For example, in nodule bacteria of alfalfa (Sinorhizobium meliloti
and S. medicae), pea (Rhizobium leguminosarum bv. viciae), clover (R. legumi-
nosarum bv. trifolii), goat's-rue (Neorhizobium galegae) and soybean (Bradyrhizobi-
um japonicum), the main nod genes are closely linked, while the nodABC genes are
organized into one operon (Fig. 1). In many rhizobia, the structural genes of
nifHDK nitrogenase are one operon and are closely linked to the nifEN genes.
Such organization of nitrogen fixation genes is characteristic for representatives of
Sinorhizobium, R. leguminosarum, N. galegae and Mesorhizobium loti. However, in
B. japonicum, an additional copy of the nifH gene is located outside the nifHDK
operon, and the nifd gene is located outside the nif/fix cluster together with the
nod genes.
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Fig. 1. 1. Location of symbiotic genes in various species of nodule bacteria: ®' — nod genes, © —
nif genes, © — fix genes, U — fdx genes, ® — non-symbiotic genes; the nodN gene in the genome
of R. etli (marked with an asterisk) has a chromosomal localization. The schemes are based on the
data of genome sequencing of the studied rhizobial strains [4-11].

In evolutionarily advanced species of nodule bacteria (for example, R. le-
guminosarum), symbiotic genes are located on high-molecular plasmids [12]. At
the same time, their chromosomal localization is characteristic for the ancestral
form — B. japonicum, and also for M. loti [13-14]. There are rhizobia, in which
only a few symbiotic genes can be located on the chromosome. This is typical,
for example, for R. etli: most symbiotic genes are located on the plasmid, and
the nodN gene is located on the chromosome [15] (see Fig. 1).

For a long time, the molecular mechanisms of the evolution of the leg-
umes-rhizobia symbiosis, numbering 60-70 million years [16], remained unclear.
Only as a result of the methods of high-performance sequencing, when the rapid
accumulation of data on the composition and structure of the genomes of vari-



ous bacterial species began, the pangenome and metagenomic analysis managed
to reconstruct the long path, which micro- and macrosymbionts passed from
recruitment into bacterial cells of the nitrogen fixation genes (nif genes) to the
development of modern highly specialized legumes-rhizobia symbiotic systems.
This process included several stages, in which the groups of genes under consid-
eration were obtained from different sources: nif genes and most fix genes were
obtained by ancestral slow-growing rhizobia (Bradyrhizobium) from their free-
living ancestors (Rhodopseudomonas) through vertical inheritance, while the genes
for synthesizing lipo-chitooligosaccharide Nod factors responsible for the for-
mation of nodules (nod genes) were obtained from fungi or from gram-positive
bacteria during horizontal transfer [17]. The later rapidly growing rhizobia (Rhi-
zobium, Sinorhizobium, Neorhizobium) obtained nod and nif/fix genes from ances-
tral rhizobia during horizontal gene transfer, which led to the formation of spe-
cial plasmids (pSym) containing both groups of sym genes.

The connection of the phylogeny of sym genes with the mechanisms of
their origin and evolution, as well as with localization in the rhizobia genomes,
has not been adequately studied. For its study, we used a new method of phylo-
genetic analysis with the construction of “meta-trees” — combined dendro-
grams, in which the relative position of two trees serves as a measure of the con-
gruence of phylogeny of individual genes. Previously, this method was developed
and used to analyze alternative phylogeny obtained in the study of functionally
different genes in various groups of eukaryotes (yeasts, fish), in which horizontal
gene transfer is limited [18].

In our study, this method was applied to the phylogenetic analysis of two
functionally different groups of genes (nod and nif/fix), which are of unequal
origin and distributed among taxonomically unrelated groups of rhizobia through
both vertical inheritance and horizontal gene transfer. The identified features of
the phylogeny topologies constructed for the nodule formation genes and symbi-
otic nitrogen fixation make it possible to significantly supplement the earlier
concept of the directions and mechanisms of the evolution of the gene symbiotic
systems in nodule bacteria.

The purpose of the work was to use meta-trees to analyze the contribu-
tion of horizontal transfer to the process of evolutionary assembly of the symbi-
otic gene cluster in rhizobia.

Techniques. Nucleotide sequences of symbiotic genes from the full ge-
nomic sequences of 9 representatives of nodule bacteria were used for the
analysis: R. leguminosarum bv. viciae 3841 (GenBank GI:115259115) [4], R. le-
guminosarum bv. trifolii WSM2304 (GI1:209537694) [5], S. meliloti 1021
(GI:25168258) [6], S. medicae WSM419 (GI:150031715) [7], B. japonicum
USDAI110 (GI:47118316) [8], M. loti MAFF303099 (GI1:47118328) [9], R. etli
CFN42 (GI:89213252) [10], as well as N. galegae bv. officinalis HA-MBI1141
(GI:659665307) and N. galegae bv. orientalis HAMBI540 (G1:659657635) [11].

Cluster analysis was performed in the computer program MEGA 5.1
(http://www.megasoftware.net/). The alignment of nucleotide sequences was per-
formed using the ClustalW algorithm; the mathematical model when composing the
tree for each gene under study was p-distance, the clustering mechanism — Neigh-
bor-Joining. The numerical expression of similarities of phylogenetic tree topologies
was calculated using statistical approaches (implemented using the program present-
ed at http://www.mas.ncl.ac.uk/~ntmwn/compare2trees/index.html) [19]. To con-
struct the meta-tree and analyze the reliability of the clustering, the dissimilarity fac-
tors were used, which were calculated as the difference of unit (100%, minuend)
and the corresponding similarity factor (subtrahend).

Results. At the initial stage of the work, phylogenetic trees were con-



structed for each of the following 18 genes: virulence genes nodA, nodB, nodC
(responsible for the synthesis of the core part of the Nod factor) [20-22], nodD
(in the presence of multiple copies of nodD1, it is a constitutively expressed gene
of the flavonoid-sensitive transcriptional activator of nod genes) [23], nodl, nodJ
(genes of membrane transporters of the Nod factor) [24], nodN (encodes the
dehydratase enzyme) [25]; genes of symbiotic nitrogen fixation fixA, fixB, fixC
(components of the electron transport chain of nitrogenase) [26], nifd (gene of
the transcriptional regulator of nif genes), nifB, nifN, nifE (responsible for the
synthesis of the Fe-Mo cofactor of nitrogenase), nifD, nifH, nifK (structural
components of nitrogenase) [27], fdxN (ferredoxin). The choice was due to the
fact that homologs of these genes are present in all representatives of nodule
bacteria selected for analysis. In addition, a traditional chromosomal taxonomic
marker, the 16S rRNA gene, was included in the study due to the conservation
of its nucleotide sequence and low frequency of horizontal transfer.

The methodology for comparing topologies is based on the idea that hor-
izontal transfer of genes from one species of rhizobia to another during evolution
introduces significant differences in the topology of the phylogeny of these
genes. In the case when the topology of the trees of two genes does not differ, it
is assumed that they either do not participate in the horizontal transfer at all, or
are transferred together (Fig. 2, A).
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Fig. 2. Comparison of the topology of phylogenetic trees for the nifH (left) and nifN (right) genes
with a similarity of 100 % (A) and for the genes fdxN (left) and 16S rRNA (right) with a similarity
of 50.5 % (B). The arrow shows the most noticeable difference in topology: the transfer of Rhizo-
bium etli from the R. leguminosarum cluster on the 16S rRNA gene tree to the M. loti cluster on
the fdxN tree.

At the same time, the discrepancy in the tree topology based on the
analysis of the sequences of the same set of strains is a result of the horizontal
transfer of symbiotic genes (see Fig. 2, B). According to these differences in the
topology, we can assume how the horizontal gene transfer occurred during evo-
lution. For example, it can be seen that in the tree for the 16S-rRNA gene in
one cluster there are two biovars R. leguminosarum and R. etli. Since the 16S
rRNA gene is a chromosomal marker, it can be said that clustered together rep-
resentatives are evolutionarily similar. At the same time, on the tree of the plas-



mid marker fdxN, rhizobia R. etli grouped in the same cluster with M. loti, alt-
hough R. etli and M. Loti belong to different families — Rhizobiaceae and Phyllo-
bacteriaceae. This fact allows assuming that there was a horizontal transfer of the
fdxN gene between the nodule bacteria M. loti and R. etli, or these species ob-
tained this gene from a single source during the horizontal transfer.

Then we compared all
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According to this matrix, a meta-
Fig. 3. The main clusters of the meta-tree according to the tree was constructed (Fig. 3).
matrix of similarities of topologies in phylogenetic trees It can be seen that on
constructed on the basis of the data on the nucleotide poly- h 1
morphism of symbiotic genes: 1 — nif/fix cluster, 2 — nod t e met?'_tree_ two clusters were
cluster. reliably identified: the group of
nif/fix genes was predominantly
concentrated in cluster 1, the group of nod genes — in cluster 2, while the

chromosomal marker (16S rRNA gene) did not enter any of the clusters (Table).

Evaluation of the reliability of the meta-tree clustering in accordance with the aver-
age distance inside and between clusters/groups of genes using Student’s 7-test

Reliability of differences ac-
Comparison group D SD SE |cording to the Student’s 7-test

at the significance level p

Inside the cluster 1 0.197 0.094 0.013 <0.001

Inside the cluster 2 0.216 0.104 0.020 <0.01

Between the clusters 0.269 0.107 0.012

Inside the nif-fix group 0.194 0.084 0.011 < 0.001

Inside the nod group 0.201 0.082 0.018 <0.01

Between the groups of symbiotic genes 0.270 0.099 0.011

Note. TD — average difference of topologies, SD — standard deviation, SE — standard error. Comparison of
the average distance between tree topologies within one cluster/group, as well as between the trees of one clus-
ter/group and each tree of another cluster/group was performed. The structure of the clusters is shown in Fig. 3.

Such clustering may indicate that in the evolutionary history of the
group of genes, nif/fix genes are not related to each other and to chromosomal
genes. It is determined by their independent origin and separate horizontal trans-
fer. Indeed, the difference between the groups of nod and nif/fix genes is ex-
pressed not less clearly than the dissimilarity between clusters 1 and 2. However,
exceptions were found: the nodl gene, which is located in the nif/fix cluster 1
and is transferred along with the nifD gene, as well as the nifB and fixC genes
that enter the nod cluster 2 together with nodA.

As noted above, in the genomes of many nodule bacteria, symbiotic
genes are grouped into clusters. In this regard, the joint horizontal transfer of
groups of nod and nif/fix genes may be due to the characteristics of their cluster
arrangement in the genome (see Fig. 1). However, it is not possible to explain



the obtained picture only by the specificity of the arrangement of genes on ge-
netic maps. So, in cluster 1, all the structural genes of nitrogenase were identi-
fied, with the genes nifH, nifK, nifE and nifN being grouped together. Such clus-
tering of genes corresponds to their location in the genomes, since in all studied
organisms the nifHDK genes constitute one operon, to which the genes nifE and
nifN are adjacent. The only exception is the localization of the nifN gene outside
the nif/fix zone in nodule bacteria of alfalfa (Sinorhizobium meliloti). Together
with the same nod genes, nodN was detected in cluster 2, but it was located sepa-
rately inside the cluster. It should be noted that the localization of nodN in the
genome may be different. In some representatives, it is located in the same cluster
with the nodABC genes (S. meliloti, S. medicae, R. leguminosarum); in others, it is
located separately from the common nod genes. For example, in R. ga-legae, the
nodN is located in another nod cluster, and in B. japonicum, M. loti and R. etli —
outside the cluster of symbiotic genes. In addition, in R. galegae, the nodN gene
has a chromosomal localization.

An interesting result of the analysis was the entry of the nifB and fixC
genes into cluster 2 and their grouping together with the nodA gene. It is now
known that the genes responsible for the synthesis of the core Nod factor (nod-
ABC) are of a non-rhizobia origin. Thus, Hirch et al. [28] analyzed the sequenc-
es of bacterial and fungal genes encoding enzymes with catalytic centers similar
to those of the nodABC gene products. It was suggested that the nodB and nodC
genes could be obtained by rhizobia during the horizontal transfer from gram
positive bacteria in which they participate in the biogenesis of the murine cell
wall. In addition, these genes could be obtained by nodule bacteria from fungi
actively synthesizing chitin-like substances. It is known that many fungi enter
into close symbiotic relationships with bacteria, in case of which horizontal gene
transfer is quite possible. However, for the nodA gene, homologous sequences in
other organisms were not found. Thus, the nodA gene has a different origin than
nodB and nodC [28]. In this regard, its clustering, together with the nifB and
fixC genes, can indicate their initially simultaneous horizontal transfer from uni-
dentified organisms.

It is important to note that the specifics of genes clustering on a meta-
tree should be influenced not only by their location in modern forms of rhizobia,
but also by evolutionary events that took place before, including independent rear-
rangements of genomes (see Fig. 1), what is more, both separate genes and genes
containing parts of the genome could change their localization. The example of
such rearrangements are the inversion of the nif/fix zone in N. galegae bv. oriental-
is [18] and the translocation of nifHDKEN genes in R. leguminosarum bv. viciae
[11]. There is no doubt that genomic rearrangements have a significant influence
on the order of clustering of genes, but the degree of their influence within the
framework of the applied model is not clear enough. A significant role in the
occurrence of differences in the topologies of the two genes is probably played
by the unequal rate of their evolution.

The results obtained in our study do not agree with the data obtained by
the methods of molecular phylogeny. Previously, it was shown that the polymor-
phism of nod genes was formed independently of the divergence of the core ele-
ments of the bacterial genome, but correlates with the taxonomy of hosts,
whereas the polymorphism of the nif genes correlates with the divergence of the
core part of the bacterial genome, but is not associated with the divergence of
the host [29]. In our study, the meta-tree method showed the independence of
the evolutionary history of both nod and nif/fix genes from the chromosomal
marker (16S rRNA gene). Perhaps the method used by us is more sensitive to
the influence of evolutionary factors that are not related to the horizontal gene



transfer and not taken into account in traditional phylogenetic approaches.

Thus, the results of phylogenetic analysis of nod and nif/fix genes, which
we carried out using the method of constructing and analyzing meta-trees, confirm
the previously identified differences in the evolutionary histories of these genes.
The detection of two clusters, one of which consists primarily of nif/fix genes
(cluster 1), and the other of nod genes (cluster 2), may indicate the fact that the
compared groups of genes originated at different stages in the evolution of rhizobia
(in connection with which they occupy different sites on chromosomes or plas-
mids of rhizobia), as well as the expression of these genes at different stages of
symbiosis development (infection of root hairs and release into plant cytoplasm for
nod genes, symbiotic fixation of nitrogen — for nif/fix genes). The presence of
some nod genes in cluster 1 and some #nif/fix genes in cluster 2 may be due to the
fact that in the late stages of the evolution of rhizobia, the whole complex of sym
genes was transferred as a whole in the composition of Sym plasmids or genomic
islands. We cannot exclude the fact that the absence of correlation between the
structures of clusters identified in the analysis of the meta-tree and the location of
the studied genes on genetic maps is a consequence of intensive intragenomic re-
arrangements typical for many rhizobia and different rates of evolution of the pri-
mary structure in the studied genes.

Further analysis of the role of these evolutionary mechanisms requires a
modification of the approach we used, in particular, of the separate analysis of
the structures of the meta-trees constructed using samples of strains that oc-
curred at early stages of rhizobia evolution (when horizontal gene transfer was
limited due to the chromosomal localization of sym genes in Bradyrhizobium) or
at later stages (when horizontal gene transfer was most intense and most likely
captured the entire complex of sym genes located on the Rhizobium and Sinorhi-
zobium plasmids). An important purpose of improving the method used is also to
develop statistical and bioinformational criteria for supporting clusters that are
detected on meta-trees, since in the first stage of the work we used only standard
biometric approaches to solve this problem.

Thus, the phylogenetic analysis of nod and nif/fix genes, carried out us-
ing the construction and comparison of meta-trees, confirmed the previously
identified differences in the evolutionary histories of these genes. The presence
of two clusters in the meta-tree, one of which combines mainly #nif/fix genes,
and the other — nod genes, may be due to the fact that the stages of evolution of
the rhizobia, at which the compared groups occurred, did not coincide, and also
due to the expression of these genes at different stages of symbiosis development.
The absence of correlation between the structure of clusters in the meta-tree and
the results of genetic mapping may be due to intra-genomic rearrangements and
the unequal rate of evolution of nucleotide sequences of genes. To improve the
method used, it is necessary to develop statistical and bioinformational criteria
for supporting clusters that are detected on meta-trees.
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Abstract

One of the urgent problems of modern microbiology and biotechnology is the study of the
mechanisms of interaction between leguminous plants and root nodule bacteria (rhizobia), which are
an extensive group of microorganisms capable to form nitrogen-fixing symbiosis with a host plant.
Knowledge of these mechanisms is necessary for carrying out scientifically based selection of highly
effective rhizobia-legume symbiotic systems. To understand the evolution of the specificity of plant-
microbe interactions, symbiotic systems with the participation of relic leguminous plants, which are
an intermediate link between the extinct and modern species, are of particular importance. One of
these unique objects is the pleistocene relict Hedysarum gmelinii Ledeb. subsp. setigerum (Turcz. ex
Fischer et Mey.) Kurbatsky. The aim of this study was to isolate and identify the world's first collec-
tion of microsymbionts of this plant species growing in the Lake Baikal region. The study of taxo-
nomic positions of 19 isolates from root nodules of H. gmelini subsp. setigerum plants was conducted
by the methods of ITS-RFLP and 16S rRNA gene (rrs) sequencing. Phylogenetic analysis revealed
the considerable genetic diversity among microsymbionts of the plant species studied. Fourteen rhi-
zobial isolates belonged to 3 genera: Rhizobium (family Rhizobiaceae), Phyllobacterium (family Phyllo-
bacteriaceae) and Bosea (family Bradyrhizobiaceae). It was noted the presence in the root nodules of
non-symbiotic rhizobial species that are not able to form symbiosis with leguminous plants (Phyllo-
bacterium endophyticum, Ph. loti and Bosea sp.). In addition, five non-rhizobial isolates belonging to
the genera Acinetobacter, Stenotrophomonas, Sphingomonas n Agromyces were obtained. The obtained
data may indicate that the relic rhizobia-legume symbioses, formed in particular by the H. gmelini
subsp. setigerum plants, are prototypes of modern symbiotic systems and reflect the evolutionary
pathways in the direction of recruiting symbiotic genes of different microorganisms and increasing
the specificity of plant-microbe interactions. It is possible that strains of non-symbiotic rhizobial
species are present in nodules as a source of genes that do not participate directly in the formation of
symbiosis, but affect its activity. Such strains, after appropriate genetic and phenotypic study, can be
used for the production of biopreparations with increased efficacy.

Keywords: leguminous plants of the Baikal region, Hedysarum gmelinii subsp. setigerum, ri-
bosomal RNA genes sequences, Rhizobiaceae taxonomy

Rhizobia, a large genetically diverse group of Gram-negative soil micro-
organisms, are capable of establishing intracellular symbiosis with leguminous
plants and performing fixation of atmospheric nitrogen by forming symbiotic
nodules on the roots of host plants, due to which these microorganisms are also
known as nodule bacteria. Scientific selection of highly effective plant-microbial
systems necessitates understanding the molecular mechanisms that ensure the
interaction of leguminous plants with rhizobia, so these studies are among most



urgent in modern microbiology and biotechnology [1]. Symbiotic systems of rel-
ict leguminous plants, which are an intermediate link between extinct and exist-
ing species, are of particular importance for understanding evolution of specific
plant-microbial interactions. These unique objects include the sweetvetch Hedys-
arum gmelinii Ledeb. subsp. setigerum (Turcz. ex Fischer et Mey.) Kurbatsky
which grows in the Baikal region [2]. Botanical and geographical analysis
showed the belonging of this species to Pleistocene petrophytic steppe relics of
South Siberian origin [3, 4].

The evidence was reported that bacteria Pantoea agglomerans, Enterobac-
ter kobei, Enterobacter cloacae, Leclercia adecarboxylata, Escherichia vulneris and
Pseudomonas sp. (class Gammaproteobacteria) were isolated from the nodules of
Hedysarum spinosissimum subsp. capitatum and some other species of this genus
(H. pallidum, H. carnosum) growing in the Mediterranean region [5]. H. coronar-
ium is nodulated by Rhizobium sullae strains [6]. According to Chinese research-
ers [7], Rhizobium strains were isolated from the nodules of H. scoparium and
H. polybotrys which grow in the Chinese northwest. In 2011, it was shown that
the plants of the alpine sweet vetch H. alpinum are nodulated by representatives
of Mesorhizobium genus [8].

The microsymbionts of the H. gmelinii Ledeb. subsp. setigerum have never
been isolated before. In the present work, we have created and described the
world’s first collection of rhizobial microsymbionts of this relict leguminous
plant growing in the Baikal region.

The purpose of our study was to isolate the Hedysarum gmelinii subsp. se-
tigerum microsymbionts and determine the taxonomic position of the strains using
the ITS-RFLP method and 16S rDNA sequencing.

Techniques. The objects of the study were 19 strains isolated using the
traditional method [9] from the root nodules of H. gmelinii subsp. setigerum grow-
ing on the Zunduk Cape (mainland coast of the Baikal strait Maloye More, coor-
dinates 53.383333, 107.41666753°23'00” N. 107°25'00” E). Microorganisms were
grown on modified mannitol yeast agar YMSA with addition of 0.5 % succinic
acid [10] at 28 °C. All isolates are deposited in the Departmental Collection of
Useful Agricultural Microorganisms and placed at the Station for Low-
Temperature Automated Storage of Biological Samples (Liconic Instruments,
Liechtenstein) [11]. The information on the strains is available in the Internet da-
tabase of the Departmental Collection of Useful Agricultural Microorganisms [12].

In the initial assessment of the intra-species diversity of strains, RFLP
(restriction fragment length polymorphism) analysis of sequences between the
genes 16S and 23S rRNA (ITS-RFLP method) was performed. For this, the
amplified DNA fragment was cleaved with Mspl restriction endonuclease
(Promega, USA) and the restricted DNA fragments were separated electropho-
retically in the standard mode [13]. For species identification of the strains, the
nucleotide sequence of the 16S rRNA (rrs) gene was used.

For amplification of 800 bp ITS region, the primers FGPS1490-72 (5'-
TGCGGCTGGATCCCCTCCTT-3") and FGPL-132 (5'-CCGGGTTTCCCC-
ATTCGG-3") were used, for amplification of 16S rDNA of about 1500 bp, the
primers fD1 (5'-AGAGTTTGATCCTGGCTCAG-3') and rD1 (5-AAGGAG-
GTGATCCAGCC-3") were used. The resultant PCR product was isolated
from the gel and purified [14] for RFLP analysis or sequencing on a genetic
analyzer ABI PRISM 3500xI (Applied Biosystems, USA). Detection of homol-
ogous sequences was performed using the NCBI GenBank database and the
BLAST program [15]. A neighbor-joining tree was constructed by using the
program MEGAS5 [16] were used. Differences in the number of nucleotides
which differed between the obtained sequences were revealed by a pairwise com-



parison. To assess the levels of clusters support, a bootstrap analysis was per-
formed based on 1000 replicates. The resulting sequences were deposited in the
GenBank database (accession numbers KY290459-KY290467, KY290469,
KY290470 and KY290472-KY290474).

Results. Isolates of nodule bacteria are presented in Tables 1 and 2.

1. 16S rRNA gene sequence homology (%) in fast-growing isolates from nodules of
sweetvetch Hedysarum gmelinii subsp. setigerum (Baikal region) and type strains
of Phyllobacterium and Rhizobium

Type Isolate
strain Rhizobium sp. Ph. loti Ph. endophyticum Phyllobacterium sp.

Hse-26 Hse-9 [Hse-19[Hse-30| Hse-10 | Hse-24 | Hse-13 [ Hse- 14 | Hse-17] Hse-20 [Hse-29
1 95.7 98.3 983  98.2 97.4 97.1 999 969 986 983  98.7
2 94.5 99.6  99.6  99.5 97.9 97.7  99.6 974 989  99.7  98.9
3 94.9 99.1  99.1  99.0 97.1 9.8 999 966 981 992  98.1
4 94.6 98.6  98.6  98.6 96.6 97.1 992 961 9.7 986 977
5 94.3 98.6  98.1  98.6 99.9 99.6  99.4 993 988 986  98.9
6 95.1 98.5 98.6 984 985 982 99.6 980 993 986  99.3
7 95.1 99.8  99.8  99.8 98.5 983 99.6 980  99.0 99.8  99.1
8 98.9 94.4 944 943 93.5 93.3 950 931 948 944 948
9 96.4 93.5 935  93.5 92.5 923 934 922 938 936  93.8

Note. 1 — Ph. myrsinacearum STM 948T, 2 — Ph. trifolii PETPO02T, 3 — Ph. ifrigiyense STM 370T, 4 — Ph.
catacumbae CSC19T, 5 — Ph. endophyticum PEPVIST, 6 — Ph. brassicacearum STM 196T, 7 — Ph. loti S658T, 8
— Rh. giardinii NBRC 107135, 9 — Rh. alamii GBVO16T.

2. 16S rRNA gene sequence homology (%) in slow-growing isolates from nodules of
sweetvetch Hedysarum gmelinii subsp. setigerum (Baikal region) and type Bosea
strains

Isolate Bosea sp.

Type strain

Hse-21 | Hse-22 | Hse-32
B. vaviloviae Vaf-18T 98,5 98,0 98,5
B. massiliensis 63287T 98,4 97,5 98,4
B. eneae 34614T 98,6 97,7 98,6
B. vestrisii 34635T 98,6 97,7 98,6

All the studied isolates were divided into two groups based on the growth
rate: three strains formed colonies on YMSA on days 4-5, and in the remaining
strains, visible growth occurred on day 3. Since each isolate generated a unique
ITS-RFLP pattern (data not shown), all the strains studied were identified by rrs
gene sequencing.

Sequence analysis showed that 11 fast-growing strains belong to the
genera Phyllobacterium and Rhizobium and form 3 statistically reliably differ-
ent clusters with a support level of 100 % (Fig. 1). The first cluster included
the strains Hse-14, Hse-24 and Hse-10, and also the type strain Ph. endophyt-
icum PEPV15T. Hse-24 and Hse-10 strains which were identified as Ph. en-
dophyticum showed high homology of rrs gene with that of the type strain
PEPVI15T (99.6 % and 99.9 %, respectively). The Hse-14 strain has been iden-
tified as Phyllobacterium sp. (Table 1). The second cluster combined the
strains Hse-29, Hse-17, Hse-20, Hse-30, Hse-19, Hse-9, Hse-13 and the
type strains Ph. sophorae CCBAUO03422T, Ph. bourgognense STM201T, Ph. bras-
sicacearum STM 196T, Ph. loti S658T, Ph. trifolii PETPO2T, Ph. catacumbae
CSCI19T, Ph. myrsinacearum STM 948T and Ph. ifrigivense STM 370T (Fig. 1).
The Hse-20 strain was identified as Phyllobacterium sp., since being simulta-
neously the closest to two strains, Ph. trifolii PETP02T and Ph. loti S658T, by
the rrs gene (the homology was 99.7 % and 99.8 %, respectively). Similarity of
rrs gene in the strains Hse-9, Hse-19 and Hse-30 and the type strain Ph. loti
S658T reached 99.8 %. Hence, these strains were assigned to Ph. loti (see Ta-
ble 1). The closest to the isolates Phyllobacterium sp. Hse-17 and Hse-29 was
the type strain Ph. brassicacearum STM 196T (99.3 % homology of rrs gene).
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Fig. 1. rrs-Phylogram of the fast-growing strains isolated from nodules of sweetvetch Hedysarum gmelinii
subsp. setigerum in Baikal region and the representatives of related species Phyllobacterium and Rhizobi-
um. The obtained isolates are designated as Hse, type strains are marked with the letter “T”.

The isolate Hse-13 and two type strains, Ph. myrsinacearum STM 948T
and Ph. ifrigiyense STM 370T, showed 99.9 % similarity; therefore, Hse-13 was
identified only to the genus Phyllobacterium sp. (see Table 1). The third cluster
was formed by the strain Hse-26 and the type strain Rhizobium giardinii NBRC
107135. Based on rrs gene sequencing (see Table 1), the Hse-26 isolate was
identified as Rhizobium sp. with 98.9 % similarity to the type strain Rhizobium
giardinii NBRC 107135.

Fig. 2 shows the rrs-dendrogram reflecting the taxonomic position of
three slow-growing rhizobial isolates within the Bradyrhizobiaceae genera. The
strains Hse-21 and Hse-32 showed 98.5 % rrs gene homology with the type
strain Bosea vaviloviae Vaf-18T and 98.6 % homology with the type strains B.
eneae 34614T and B. vestrisii 34635T (see Table 2). The similarity of rrs genes
in the Hse-22 isolate and the closest type strain vaviloviae Vaf-18T was 98.0 %
(see Table 2). On this basis, the strains Hse-21, Hse-22 and Hse-32 were iden-
tified as Bosea sp. It should be noted that B. vaviloviae was described quite re-
cently, in 2015, when three microsymbiont strains were discovered in the relict
legume plant Vavilovia formosa which grows in North Ossetia [10]. In addition,
the microorganisms of the Bosea and Phyllobacterium genera were not isolated
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Fig. 2. rrs-Phylogram of the slow-growing strains isolated from nodules of sweetvetch Hedysarum
gmelinii subsp. setigerum in Baikal region and the representatives of related species Bosea. The ob-
tained isolates are designated as Hse, type strains are marked with the letter “T”.

from the nodules of other sweetvetch species that grow in the Mediterranean,
northwestern regions of China and central Russia [5-8].

The ability of any members of Bosea genera to form a nitrogen-fixing
symbiosis has not been confirmed before, although strains of four species, B. lupi-
ni, B. lathyri, B. robiniae and B. vaviloviae, were isolated from the nodules of Lu-
pinus, Lathyrus, Robinia and Vavilovia leguminous plants, respectively [10, 17].
However, at least two Phyllobacterium species, Ph. sophorae and Ph. trifolii, were
described as effective microsymbionts of Sophora flavescens [18], Trifolium repens
and Lupinus albus [19]. Therefore Baikal isolates of Bosea genera, which show
high similarity to B. vaviloviae species, and Phyllobacterium bacteria are of great
interest for further study.

Based on s gene sequences, five non-rhizobial isolates from sweetvetch
Hedysarum gmelinii subsp. setigerum nodules were attributed to genera Acineto-
bacter, Stenotrophomonas, Sphingomonas and Agromyces (data not shown). Bacte-
ria of Stenotrophomonas genera were isolated from other leguminous plants of the
Baikal region [20]. According to data reported, the members of these genera can
inhabit the nodules of legumes and also the rhizosphere and phyllosphere of var-
ious plant species [21-25].



Thus, in the present paper, for the first time, we have obtained a collec-
tion of strains isolated from the relict leguminous plant, the sweetvetch Hedys-
arum gmelinii Ledeb. subsp. setigerum, which grows in the Baikal region. Our
study showed that among the microsymbionts of this plant there are strains of
symbiotic species of nodule bacteria (Rhizobium sp.), as well as atypical species,
which representatives do not form symbiosis (Phyllobacterium endophyticum, Ph.
loti and Bosea sp.). Strains of non-symbiotic rhizobial species may be present in
nodules as carriers of genes that do not directly participate in the formation of
symbiosis, but can affect its effectiveness. Further phenotypic and genetic study
of isolated microorganisms can make a significant contribution to understanding
the ways of evolution and development of plant-microbial interactions in the
legume-rhizobial system.
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Abstract

Pea Pisum sativum L. is a convenient model to study the molecular-genetic mechanisms of
nitrogen-fixing symbiosis establishment with rhizobia, because a representative collection of mutants,
blocked at different stages of symbiosis development was obtained. A comparative analysis of the
proteomes of the wild type cultivars and lines of peas and mutants can be a useful approach for car-
rying out studies aimed on at identification and further analysis of regulators controlling the for-
mation of nitrogen-fixing nodules. However as the review of modern literary data shows, studies of
differential proteome changes in pea roots during symbiosis are almost not performed. Sample prepa-
ration is a key stage in proteomic studies. The quality of gels obtained after 2-D electrophoresis and
the opportunity of following analysis depend on protein isolation efficiency from the tissues and puri-
fication from accompanying substances. Our work is aimed on finding the most effective method of
protein isolation from Pisum sativum roots inoculated with rhizobia, which might be applied for car-
rying the 2-D electrophoresis. Special requirements aimed at separation stages minimization im-
portant for protein stability, as well as the efficient removal of contaminants which can negatively
affect the quality of separation and the subsequent evaluation of qualitative and quantitative changes
in the protein synthesis are necessary for proteomics. Analysis of data revealed a number of possible
methods for the protein isolation from plant tissues. A comparison of three methods of the proteins
isolation using the commercial protocol from Bio-Rad; the method based on treatment with phenol
and ammonium acetate as well as the trichloroacetic acid application. Pea plants of cv. Frisson were
used in our work, the strain Rhizobium leguminosarum bv. viciae CIAM1026 was used for inoculation.
After protein isolation from the wild-type cv. Frisson roots of pea seedlings inoculated with rhizobia
(1 day after inoculation) using three methods and consequent 2-D electrophoresis, it was shown that
the best results are achieved using the method with phenol following by ammonium acetate precipi-
tation. The gels were analyzed for trace presence that made it difficult to search for different pro-
teins, the efficiency of total protein isolation and possible degradation products. Using this selected
method, the differential 2-D electrophoresis of extracted proteins was carried out with fluorescent
Cy2 and Cy5 labels based on isoelectric focusing of proteins using strips with a pH range of 3-10
and subsequent separation in a polyacrylamide (PAGE) gel. The analysis showed that when proteins
were isolated using phenol and ammonium acetate, it was possible to obtain rather representative
proteomes of the roots of pea seedlings. The differential 2-D electrophoresis allowed to see the dif-
ferences between the control samples (non-inoculated roots) and the samples inoculated with rhizo-
bia (inoculated roots). This method may be recommended for further proteomic studies in pea roots.

Keywords: Pisum sativum L., pea, legume rhizobium symbiosis, proteomics analysis, recep-
tors, Nod factors, legumes, rhizobia

In the formation of a symbiosis between leguminous plants and nodule
bacteria (rhizobia), the plant undergoes significant changes in metabolic process-
es, hormonal status, and structural rearrangements associated with the reorgani-
zation of the cytoskeleton [1]. These changes are aimed at the formation of new
organs on the roots — symbiotic nodules, in which nitrogen fixation is carried
out. In recent years, with the spread of complex analysis methods that allow



studying changes in the transcription activity of plant genes under the influence
of various factors (transcriptomics), it has become possible to identify regulators
involved in controlling the development of symbiosis. However, such studies are
conducted mainly on model species of Medicago truncatula Gaertn. and Lotus
Jjaponicus L., the genomes of which are deciphered due to relatively small sizes
(~ 470-500 MB) [2, 3]. It is shown that during the development of symbiosis in
the roots of leguminous plants, the transcription activity of several thousand genes
changes [4-6]. However, the functional significance of such changes in gene ex-
pression remains quite far from understanding.

Peas (Pisum sativum L.) has a very large genome (about 4300 MB),
which has not yet been deciphered. Studies to identify genes that are differential-
ly expressed in response to inoculation are a fairly complex task. In addition to
the above, unique collections of mutants for sym genes, which control the devel-
opment of symbiosis on the part of the plant, determine the interest in using this
object. Proteomics serves as a complex approach for studying changes in the
composition of proteins under the influence of biotic and abiotic factors. It al-
lows to carry out comparative studies on peas and its mutants and to identify
previously unknown regulators necessary for the formation of symbiosis. However,
proteomic studies of pea proteins, which change in response to the treatment with
rhizobia, were almost never carried out. The peribacteroid space of symbiosome in
the development of symbiosis of peas with nitrogen-fixing bacteria was studied [7].
Pea proteomes at antagonistic interactions with crenate broomrape (Orobanche
crenata) and mycosphaerella (Mycosphaerella pinode) |8, 9], at the development of
vegetative organs and seeds [10-12], and the formation of resistance to tempera-
ture stress were analyzed [13]. The influence of salicylic and jasmonic acids on the
protein composition of roots and leaves of peas was studied [14-16].

Sample preparation is a key step in proteomic studies using 2-D electro-
phoresis [17]. It is especially difficult when working with plants, the tissues of
which are rich in proteases and substances that interfere with proteome analysis,
i.e. polysaccharides, lipids and phenolic compounds [18]. Such compounds in-
terfere with the separation of proteins and their analysis due to the occurrence of
horizontal and vertical bands on the gels, blurs, reduced number of bright spots.
In addition, plant tissues contain less protein than animal tissues and microor-
ganisms, so effective protein extraction is important for obtaining successful re-
sults of 2-D electrophoresis [17, 18]. Proteomics allows qualitative and quantita-
tive comparison of proteins in different samples, so the protein losses during
analysis are crucial. When extracting proteins from the sample, it is necessary to
preserve their quality and quantity, for which the chosen method should contain
as few steps as possible in order to minimize losses [19, 20].

In this paper, we for the first time compared the effectiveness of three
methods for isolating the total protein from the roots of the field pea. The meth-
od for isolating proteins using phenol and ammonium acetate proved to be most
preferable for differential 2-D electrophoresis.

The purpose of the study was to optimize method for isolating the total
protein pool from the roots of the field pea inoculated with rhizobia for obtain-
ing better results during 2-D electrophoresis.

Techniques. Pea seeds (Pisum sativum L., variety Frisson) were sterilized
for 5 min in sulfuric acid, washed 3 times with distilled water and germinated on 1
% aqueous agar in the dark for 4 days. Seedlings were transferred to the pots with
sterile vermiculite impregnated with Jensen liquid medium [21]. The inoculation
was carried out usinf strain Rhizobium leguminosarum bv. viciae CIAM1026 (ODgy
~ 0.5), 1 ml per seedling. Noninoculated seedlings were used for the control. The
plants were grown in the phytotron Sanyo MLR-351H (Japan) at 21 °C, 16-hour



light day, 60 % humidity. For the analysis, fragments of the major roots corre-
sponding to the zone of susceptibility to the rhizobia infection were selected 24
hours after inoculation with rhizobia. Samples were frozen in liquid nitrogen and
stored at —80 °C. For isolating proteins, the roots (100 mg for each procedure)
were crushed in liquid nitrogen in cooled mortars.

Protein extraction according to the standard procedure of Bio-Rad La-
boratories (USA) included homogenization of the material in the buffer for
isoelectric focusing (IEF). The samples was transferred to eppendorfs and a
buffer for the IEF was added, containing 25 mM Tris-HCI (pH 8.0), 9 M urea,
4 % 3-(3-cholamido-1-propyl-dimethylammonio)-1-propanesulfonate (CHAPS),
50 mM dithiothreitol (DTT), 0.2 % ampholytes (Bio-Rad Laboratories, USA).
The mixture was incubated for 20 min on ice, and then centrifuged for 15 min at
12,000 g, +4 °C. The supernatant containing proteins (150 ul) was applied to the
rehydration strips.

To isolate proteins with phenol and ammonium acetate, the extraction
buffer cooled up to +4 °C was added, containing 0.1 M Tris-HCI (pH 8.0), 30
% sucrose, 10 mM of DTT, 2 % sodium dodecyl sulfate (SDS), and a cocktail
of protease inhibitors (Sigma, USA). The mixture was centrifuged (Hettich
320R, Germany) for 15 min at 12,000 g and +4 °C. The supernatant was mixed
in a ratio of 1:1 with phenol (pH 8.0) (Invitrogen, USA), shaken for 30 seconds
(Vortex Genius, Germany) and centrifuged at 10,000 g for 5 min at +4 °C. The
upper phase was transferred to a new eppendorf; the proteins were precipitated
with 5 volumes of cooled 100 mM ammonium acetate in methanol for 30 min at
-20 °C, and then centrifuged for 5 min at 10,000 g. The precipitate was washed
twice with 100 mM ammonium acetate in methanol and twice with 80 % acetone.
The protein precipitates were air dried and dissolved in isofocusing buffer contain-
ing 25 mM Tris-HCI (pH 8.0), 9 M urea, 4 % CHAPS, 50 mM DTT, and 0.2 %
ampholytes (Bio-Rad Laboratories, USA).

For isolation of total proteins with trichloroacetic acid (TCA), its 10 %
solution and 0.07 % B-mercaptoethanol, prepared with acetone, were added to
the crushed roots. The resultant mixture was ultrasonically treated 3 times for 20
seconds at 10 um amplitude (Soniprep 150 Plus, MSE, UK). The suspension
was incubated for 1 hour at -20 °C, with stirring every 15 min in a shaker, and
then centrifuged for 20 min at 9,000 g and +4 °C. The resulting precipitate was
washed twice with 0.07 % B-mercaptoethanol in acetone, then dried in a vacu-
um evaporator (Concentrator Plus, Eppendorf, USA), dissolved in a buffer con-
taining 25 mM Tris-HCI (pH 8.0), 9 M urea, 4 % CHAPS, 50 mM DTT, and
0.2 % ampholytes (Bio-Rad Laboratories, USA), incubated for 20 min on ice
and centrifuged for 10 min at 12,000 g and +4 °C. The resulting supernatant
containing proteins (150 ul) was applied to the rehydration strips.

Isoelectric focusing (IEF) was carried out using 7-cm-long strips with a
pH gradient of 3-10 and a Protean IEF Cell (Bio-Rad Laboratories, USA). Pre-
liminarily, rehydration of strips and the loading of the obtained protein samples
(150 pl per strip) were performed for 12-14 hours. The IEF was carried out at a
temperature of +20 °C, the samples were desalted at 250 V for 15 min, then the
voltage was linearly increased up to 4,000 V for 2 hours, then the IEF was car-
ried out (up to 10,000 V/h with a current limit of 35 mA per gel). After the IEF
procedure, the strips were frozen and stored at —80 °C or immediately separated
in the second direction.

Before electrophoresis of the proteins in the polyacrylamide gel (PAAG),
the strips were incubated for 10 min in a buffer containing 0.375 M Tris-HCI
(pH 8.8), 6 M urea, 2 % SDS, 2 % DTT, 20 % glycerol, then alkylated for
10 min in buffer with 0.375 M Tris-HCI (pH 8.8), 6 M urea, 2 % SDS, 20 %



glycerol, 2.5 % iodoacetamide. Then the strips were laid on a concentrating gel,
and melted 0.5 % agarose (25 mM Tris-HCI, 192 mM glycine, 0.1 % SDS) with
bromophenol blue (BFS) were layered down on top to control the separation.
Electrophoresis was performed in 15 % PAAG using 4 % gel (35 mA per gel un-
til the BFS was completely released from the gel) and Tris-glycine buffer (25
mM of Tris-HCI, pH 8.3, 192 mM glycine, 0.1 % SDS). After the electrophore-
sis completed, the gels were washed with deionized water and stained in Sim-
pleBlue™ (Invitrogen, USA) according to the manufacturer’s protocol. The gels
washed from the dye were photographed on G:BOX-CHEMI-XX9 (Syngene,
Great Britain).

To perform differential 2-D electrophoresis (D-D fluorescence difference
gel electrophoresis, DIGE), the total protein obtained after isolation with phenol
and ammonium acetate was dissolved in 200 ul of IEF buffer without DTT and
ampholytes. The protein samples were then conjugated with the fluorophores
Cy2 and (or) Cy5 (Lumiprobe, Russia) in different combinations by incubation
of protein extract (50 mg) with 400 pM of dye dissolved in dimethylformamide
for 30 min on ice in the dark. The labeling reaction was stopped with 10 mM of
L-lysine (Sigma-Aldrich, USA) for 10 min on ice. Control and test samples la-
beled with different dyes were mixed and, after adding DTT and ampholytes,
used for rehydration of strips. After separation of the proteins, the gels were vis-
ualized with a laser scanner Typhoon FLA 9500 (GE Healthcare, Germany). To
analyze photos of gels, the program ImageJ (https://imagej.nih.gov/ij/) was used.

Results. In the last decade, proteomics has established itself as a method
that makes it possible to rather effectively estimate the changes occurring in a
plant under the influence of various biotic, abiotic and anthropogenic factors. The
success of the method depends on the preparation of samples and obtaining the
original extract of proteins [22]. This is especially important for differential prote-
omics, which is related to the study of the differences between the control samples
and the samples obtained after the treatments. The choice of the optimal method for
extraction of the total protein pool is a key factor for obtaining reliable experi-
mental results [23]. The biochemical properties of proteins, such as solubility,
overall charge, as well as localization features (e.g., membrane proteins) and a
low amount of protein in the origin material, can negatively affect the study of
full protein spectrum. In addition, plant cells contain significant amounts of non-
protein substances — polysaccharides, lipids and organic acids [24], and the cell
wall consists of a large amount of fiber and pectin. These substances have a signif-
icant effect on the quality of protein extracts and, consequently, on the results of
2D-electrophoresis [25, 26]. The optimal method of sample preparation is neces-
sary in order to effectively remove non-protein substances from the sample.

We tested three methods for the total protein extraction from pea roots
after 24 hours of incubation with rhizobia. In all cases, the destruction of tissue
was carried out in liquid nitrogen, which made it possible to efficiently homoge-
nize the material and destroy the cell wall. After additional washing (when phe-
nol and ammonium acetate or TCA were used), all samples were dissolved in a
buffer containing urea, detergent CHAPS, reducing agent DTT and a cocktail of
protease inhibitors. These substances allow avoiding degradation, modification,
loss and precipitation of proteins [27].

The preparation of the extract of pea proteins using the standard meth-
od was the least suitable for analysis. 2D-electrophoresis of samples detected a
small amount of isolated protein in the control and processed samples (Fig. 1,
A, B). The gel also showed traces of contamination, i.e. bands and background
noise, which prevented the detection of differences in the spectrum of the sep-
arated proteins.
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Fig. 1. 2-D electrophoregrams of proteins isolated from roots of pea (Pisum sativum L.) Frisson va-
riety according to the standard procedure of Bio-Rad Laboratories (USA) (A, B), using phenol and
ammonium acetate (C, D), using trichloroacetic acid (E, F): on the left — control samples, on the
right — samples from roots inoculated with rhizobia (1 day after inoculation). Strips with pH 3-10
were used. Separation in the second direction was carried out in 12 % PAAG.

Isolation of proteins with TCA proved to be more effective. We were
able to extract greater amount of protein compared to the standard method, due
to a more saturated spectrum of spots in PAAG. However, 2-D electrophoresis
of samples obtained using TCA (see Fig. 1 E, F) showed the impossibility of
removing background noise (horizontal bands), the occurrence of which is asso-
ciated with the residues of nucleic acids, polysaccharides and phenolic com-
pounds [28, 29]. Polysaccharides were also the cause of protein aggregation in
the sample. Such protein complexes can block the PAAG pores and make it im-
possible for the peptides to pass through the gel and to focus in the desired zone
[30]. According to reported findings, the disadvantages of this method include
small number of extractable proteins, which was noted earlier in experiments on
obtaining a protein extract from cells of sugar beet Befa vulgaris L., cactus
Mammillaria gracilis Pfeiff. and Jupiter’s-beards Sempervivum tectorum L. Such a
disadvantage can be eliminated using a larger amount of the origin material, but
this, in turn, will increase the amount of polluting agents.

A method using phenol and ammonium acetate was first proposed by
W.J. Hurkman and C.K. Tanaka for proteomic analysis [19]. Phenolic extraction
was used to isolate proteins from potatoes, rape, apples, banana and olive leaves,



tomatoes, alfalfa, avocado and bananas [17, 18, 24, 31-33]. When studying
plant-microbial interactions, it was used to analyze the Lotus japonicus proteome
in the late stages of symbiosis with Mesorhizobium loti [34, 35]. The method is
more time-consuming than others, but in our case it turned out to be most
effective for obtaining high-quality 2-D electrophoregrams. There were no
clearly expressed horizontal bands on the gel that are typical of polysaccharide
contamination (see Fig. 1, C, D). The high quality of the gel was achieved due
to the large amount of isolated protein, which makes possible a more reliable
comparative analysis of the control sample and the sample after treatment. The
advantages of the method include efficient extraction of membrane proteins from
the sample [19].

Based on the results obtained, this method was selected for isolation of
proteins when performing differential 2-D electrophoresis (DIGE). The obtained
protein samples were incubated with fluorescent dyes; IEF and separation in
PAGE were performed (Fig. 2).

Molecular weight, kDa

Fig. 2. 2-D differential electrophoregrams of proteins isolated from roots of pea (Pisum sativum L.)
Frisson variety using phenol and ammonium acetate: A — control sample (Cy2, blue fluorescent la-
bel) and a sample after treatment with rhizobia (Cy35, yellow fluorescent label); B — control sample
(Cys5, yellow fluorescent label) and sample after treatment with rhizobia (Cy2, blue fluorescent la-
bel). Strips with pH 3-10 were used. Separation in the second direction was carried out in 12 %
PAAG. White spots indicate the absence, color indicate the presence of a difference in the level of
protein synthesis. Arrows indicate proteins, the synthesis of which is enhanced after treatment.

Thus, extraction of the total protein pool of pea roots inoculated with
rhizobia using phenol and ammonium acetate proved to be the most effective
and qualitative in preparing samples for carrying out both standard electrophore-
sis in PAAG followed by SimpleBlue™ staining and for differential 2-D electro-
phoresis. This method made it possible to isolate a sufficient amount of protein
and to eliminate impurities that interfere with qualitative electrophoresis, to per-
form effective labeling and to obtain a picture of high resolution, which is neces-
sary for determining the difference in the spectrum of synthesized proteins. In
the future, the method will be used to study the differences in the spectrum of
synthesized proteins at successive stages of development of symbiosis between
the field pea and Rhizobium leguminosarum bv. viciae CIAM1026.
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Abstract

Natural potential of bioactive compounds accumulated by plants is often not taken into ac-
count in particular breeding. Biofortification, the enrichment of basic food crops with essential vita-
mins and minerals using breeding, is one of the most notable recent innovations in agriculture. In
this paper, we studied pigment composition with regard to the amount of carotenoids and their con-
tribution to fruit coloration in 20 accessions of different species of genus Capsicum. Red and yellow
pigment levels and their ratios detected in the study were indicative of the carotenoid composition in
fruits of each species. Also the varieties differed significantly in the carotenoid accumulation. In
temperate climate of Moscow region the highest amount of pigments was found in the sweet va-
riety Shokoladnyi (C. annuum; 0.536 mg/g), and in the spice varieties Purpurnyi tigr (C. annuum;
0.708 mg/g), Kitaiskii fonarik (C. baccatum; 0,685 mg/g), Ideya (C. annuum; 0.629 mg/g) and
Chudo Podmoskov’ya (C. annuum; 0.628mg/g). The highest level of ascorbic acid was accumulated by
chili pepper Ideya (C. annuum; 414 mg%), Rozhdestvenskii buket (C. annuum x C. frutescens; 370 mg%),
Yubileinyi VNIISSOK (C. annuum; 326 mg%), and Ognennaya deva (C. chinense; 301 mg%). The
ascorbic acid content did not depend on fruit color and plant species. Among the sweet pepper varie-
ties high total antioxidant content (TAC) was characteristic of hybrid F; Oranzhevoe naslazhdenie
(C. annuum). The maximum total antioxidant amounts, as milligram equivalents (MME) of gallic
acid per g, were 2.82 for Rozhdestvenskii buket (C. annuum % C. frutescens), 2.65 for Ognennaya
deva (C. chinense), 2.57 for Idea (C. annuum), and 2.19 for Kitaiskii fonarik (C. annuum). In
assessment of thermostable antioxidants extracted with 80 % ethanol at 60 °C it was shown that the
unstable antioxidants, mainly ascorbic acid, averaged 16 % of the total antioxidants. Rozhdestvensciy
buket, Kitaiskii fonarik, Purpurnyi tigr, Ognennaya deva plants, additionally to antioxidants, can ac-
cumulate one of the strongest natural antioxidant, the capsaicin, which determines their hot taste. The
capsaicin content of the studied chili peppers varied from 1.36 to 9.57 mg/g of dry weight. High con-
tents of carotenoids, ascorbic acid and TAC combined with capsaicin at 8 to 9 score points increase
the total antioxidant capacity of these samples.

Keywords: Capsicum annuum, Capsicum baccatum, Capsicum pubescens, Capsicum chinense,
Capsicum frutescens, pigments, carotenoids, antioxidants, ascorbic acid, biofortification

The global burden of disability is estimated by DALY's (disability adjust-
ed life years), which in medicine means the number of years lost, adjusted for
the duration of disability. In 2000, 136 million years of healthy life was lost in
Europe, including over 56 million years due to nutritional factors. Analysis using
DALY's shows that in Europe the cause of almost 60% of diseases is high blood
pressure, smoking, excessive alcohol consumption, high cholesterol, overweight,
insufficient intake of fruits and vegetables and a sedentary lifestyle [1-4]. Four of



these risk factors are closely related to nutrition. According to some researchers,
the state of health of modern man is largely determined by the nature, com-
pleteness and structure of the diet [5], which must be balanced by the complex
of nutrients necessary for the body to level out the increasing effect of stressors.

High grade food of plant origin, including vegetables, is deemed effective
way to reducing the risk of many diseases associated with metabolic disorders.
Biofortification, which is the enrichment of foods with essential vitamins and
minerals through selection, has become one of the most notable innovations in
plant breeding. Until now, there is practically no production of vegetables for
functional purposes in Russia, and breeders often do not pay due attention to
the natural potential of plant accumulation of bioactive compounds during
breeding for qualitative traits.

Pepper, like many other vegetable crops, is the source of the most im-
portant biological components such as macro- and microelements, antioxidants
and vitamin C. Peppers are rich in carotenoids, various acids, sugars, polyphe-
nols, especially flavonoids, quercetin and Iuteolin. Pepper can be included into
the dietary products category [6-9]. Capsaicinoids, another biologically active
substance specific for the Capsicum genus, in small concentrations acts as a gas-
troprotective agent, and also has a local analgesic effect [10, 11]. Among the fat-
soluble compounds present in peppers, carotenoids occupy a special place with
their important role in the prevention of gastric ulcers, age-related macular de-
generation and cataract, and stimulate the immune system [8]. All these com-
pounds are included in the antioxidant pool. Consumption of pepper fruits re-
duces the risk of inflammation [12], cancer [13-15] and chronic non-infectious
diseases, including cardiovascular, diabetes [16-18] and obesity [13, 14].

Coloring is one of the most important indicative parameters of quality
for pepper fruits and products based on them. Four genes (y, ¢, ¢, c¢/) with epi-
static interaction control and about 20 carotenoids (yellow-red pigments) form
the color of mature Capsicum genus fruits, but the way of carotenoid synthesis
inheritance as well as genetics of color intensity is not fully understood. Cap-
santhin, capsorubin and cryptoxanthin are found only in the Capsicum genus and
serve as effective free radical stabilizers. Red color of pepper fruits is determined
by capsanthin, capsanthin-5,6-epoxide and capsorubin, yellow-orange color is
due to zeaxanthin, B-carotene, B-cryptoxanthin, violaxanthin, antheraxanthin
and cucurbitaxanthin A [19]. Capsanthin in mature red fruits amounts to more
than 60 % of the total carotenoids.

Genotype, environmental conditions (light, temperature, mineral nutri-
tion, atmospheric composition) and agrotechnologies (e.g., ripeness at harvesting,
irrigation system) affect the antioxidant status of the fruit [20]. There are conflict-
ing data on the effect of heat treatment of vegetables in cooking in the literature
22], while other works evidence for its increase or preservation [23, 24].

In this paper, the comparative studies of the antioxidant status of fruits
in varieties and species of both sweet and hot peppers were first associated with
Capsicum spp. biofortification in a temperate climate conditions. It is established
that the color of fruits and its intensity in some genotypes is determined by the
sum of carotenoids, while in others is due to the presence of only one group of
pigments. No direct relationship is observed between the total content of carote-
noids, capsaicinoids and the antioxidant status of pepper fruits.

The purpose of our work is to reveal the peculiarities of the antioxidants
accumulation in the organs of different pepper varieties and types in case of in-
sufficient heat supply, to evaluate the contribution of the thermostable antioxi-
dants to their total quantity and to identify forms promising for breeding.

Techniques. Four samples of sweet Capsicum annuum pepper and 16



samples of hot peppers of different ecogeographical origin, belonging to C. an-
nuum, C. baccatum, C. pubescens, C. chinense and C. frutescens species, were
studied in unheated film greenhouses in the temperate climate zone (Moscow
Region, 2015-2016). Plants were grown from May to October (the agrotechnolo-
gy corresponded to the one that is generally accepted for film greenhouses). The
experiments were arranged in four replications; the plots (5 m? each) were ran-
domized; a sample size per estimation was 20 plants. In order to minimize the
influence of weather conditions, layering and other factors, the comparative
evaluation was performed in one year, on the same plants, on the fruits of the
same tier, at the same time.

In biochemical analyzes, plant material was milled in a homogenizer
with the extractant. The total antioxidant capacity (TAC) was determined am-
perometric method [25], adapted for the determination of hydrophilic and lipo-
philic fractions. The result was expressed via gallic acid equivalents (mg-
equivalent GA/g). Ethyl alcohol of 80 % [26, 27] or a mixture of acetone and
ethyl alcohol (1:1 v/v) was used [29] when extracting. In case of using ethyl al-
cohol, the analysis was carried out in two ways. In the first one, the plant mate-
rial milled in the solution was placed in test tubes with lids and heated at 60 °C
in a water bath for 60 min [26]. In the second one, the heating stage was passed
[27], as well as for the extraction with a mixture of acetone and ethyl alcohol.
The homogenate was then centrifuged for 15 min at 10,000 g and 4 °C. An ali-
quot of the supernatant was used to determine antioxidant concentrations, dilut-
ing, if necessary. The measurements were carried out on a Tsvet-Yauza-01-AA
device (NPO Khimavtomatika, Russia) in a constant current mode.

The pigment content was determined spectrophotometrically. The sam-
ples were homogenized in acetone and left for 1 hour at 5 °C in the dark. The
homogenate was centrifuged and the absorbance of the supernatant was meas-
ured. The approach applied had been proposed by Hornero-Mendez et al. [19].
It is based on the properties of chromophores of carotenoids, which allow
grouping them into two isochromatic families — yellow and red pigments. The

content of each isochromatic fraction (mg/ml) was calculated by the formulas:
2144A 555 — 040334 45,
2709 ’

i L7243A 45 — 2450145, 3
Yellow pigments = Y D

Concentration of deoxidized ascorbic acid was determined iodometrically
by titration of the extracts with potassium iodate in the presence of potassium
iodide and starch in an acidic solution [29]. The amount of dry matter was eval-
uated after drying in an oven to a constant absolutely dry mass for 2 days at a
temperature of 85 °C.

Statistical data processing was carried out with Origin Pro 9.0 software
(http://www.originlab.com/Origin). Mean (X) and standard errors of mean (+SE)
were calculated.

Results. 1t is known that all representatives of the Capsicum genus accu-
mulate the largest amount of capsanthin, capsorubin and cryptoxanthin in their
fruits [19]. The analysis of the content of red and yellow pigments in the fruit
testified to the originality of the quantitative content of carotenoids in each spe-
cies. There were significant varietal differences in the accumulation of carote-
noids. The content of red and yellow pigments determines not only the color of
the fruit, but also the color intensity. In a hybrid of sweet pepper F; Oranzhevoe
naslazhdenie with a rich orange color of the fruit, the yellow pigment level was
6.20 times higher than in red-colored, with the 0.16 ratio of red and yellow pig-
ments; in the Zheltyi buket variety with a yellow color of the fruit, the excess
was 1.34-fold with a quantitative pigment ratio of 0.75 (Table 1). It should be

Red pigments =



noted that the yellow or orange color of the fruit and intensity of coloration is
determined not by the total amount of yellow pigments, but by the ratio of ze-
axanthin, B-cryptoxanthin and p-carotene.

1. Fruit color, content of pigments and their ratio in pepper (Capsicum spp.)
(X£SE, Moscow Province, 2015-2016)

Carotenoids, mg/g

. Color dunng the s.ta 8¢ > red and |Yellow to red
Sample Species | of technological/bio- | yellow red . .
logical ripeness igments igments yellow pigments ratio
pig pig pigments
Sweet pepper
F; Oranzhevoe
naslazhdenie C. annuum  Green/orange 0.169+0.008 0.027+£0.001 0.196+0.010 0.16%0.01
F, Sibiryak C. annuum  Dark green/red 0.052+0.003 0.081+0.004 0.133£0.007 1.5610.08
Zheltyi buket C. annuum  Dark green/yellow 0.063£0.003 0.047+0.002 0.110£0.006 0.75+0.04
Shokoladnyi C. annuum  Dark green /brown 0.205+£0.010 0.331£0.017 0.536+0.027 1.61£0.08
Hot pepper

Rozhdestvenskii  C. annuum % Green/red 0.212+0.011 0.235%£0.012 0.447+0.022 1.11£0.06
buket C. frutescens
Samotsvet C. annuum % Violet/red 0.178%£0.009  0.240%£0.012 0.418+0.021 1.35+0.07

C. frutescens
Ideya C. annuum  Light-green/yellow 0.625+0.031 <0.004 0.629+0.031 <0.01
Rocoto C. pubescens Dark green/red 0.263+0.013 0.308+0.015 0.571£0.029 1.17£0.06
Kitaiskii fonarik C.baccatum Light green/red 0.240£0.012 0.445+0.022 0.685+0.034 1.8510.09
Kolokolchik C. chinense  Dark green/yellow 0.318+0.016 <0.001 0.31940.016 <0.01
Trinidad Dglahou C. chinense Black/red 0.11940.006 0.077+0.004 0.196%0.010 0.6510.03
Trinidad Scorpion
Chocolate C. chinense Black/brown 0.088+0.004 0.179+0.009 0.267+0.013 2.0310.10
Tsyganenok C. annuum  Black/black and pink 0.012+£0.001 0.051£0.003 0.063+0.003 4.25+0.21
Bhyt jolokia C. chinense XLight green/yellow 0.266+0.013 <0.003 0.269£0.013 <0.01

C. frutescens
Purpurnyi tigr C. annuum  Dark violet/red 0.267£0.013 0.441£0.022 0.708+0.035 1.65%0.08
Mech C. annuum  Red 0.127£0.006 0.196+0.010 0.323+0.016 1.5440.08
Mech C. annuum  Light green/yellow 0.470+0.024 <0.003 0.4731£0.024 <0.01
Chudo Podmos-
kovya C. annuum  Light green/red 0.295£0.015 0.333+£0.017 0.628+0.031 1.1310.06
Yubileinyi
VNIISSOK C. annuum  Green/red 0.093£0.005 0.312+0.016 0.405+0.020 3.35%£0.17
Ognennaya deva  C. chinense Green/red 0.277£0.011 0.354£0.018 0.581£0.029 1.5610.08

During the phase of biological ripeness of fruits in most studied varieties,
B-carotene amounted about 10 % of total carotenoids. The bright red color of
the F; Sibiryak hybrid was due to higher content of red pigments. The highest
quantity of carotenoids among sweet pepper varieties was noted in Shokoladnyi
with a brown skin and burgundy-red pericarp at biological ripeness (with yellow
and red pigments 0.205 and 0.331 mg/g, respectively). The ratio of red and yel-
low pigments in the Shokoladnyi variety was 1.61. F; Sibiryak with a bright red
color of the fruit showed 1.56. Apparently, the presence of a significant amount of
yellow and red pigments in the fruit of Shokoladnyi variety in combination with
proteins could cause the formation of a brown color. According to A.S.H. Ong et
al. [30], pigments provide color from yellow to dark red, and in combination
with proteins can give green and blue color.

Red pigments prevailed in all samples of hot pepper with red fruits at bi-
ological ripeness. The same trend was observed in Trinidad Scorpion Chocolate
hot pepper: the ratio of red and yellow pigments was 2.03, but the color of the
fruits at biological ripeness was brown. In Trinidad Dglahou with a red color of
the fruit, the amount of yellow pigments was 1.5 times greater than that of the
red ones, 0.119 and 0.077 mg/g, respectively. In both forms, the fruits were in a
dark violet almost black color at technical ripeness phase.

We found red pigments in sweet peppers F; Oranzhevoe naslazhdenie
(orange fruits) and Zheltyi buket (yellow fruits), 13.7 and 42.7 %, respectively.
This trend was not observed in the hot peppers. In all the hot peppers with yel-



low fruit coloring (Ideya, Kolokolchik, Bhyt jolokia, Mech), only yellow pig-
ments and traces of red pigments were found. The largest accumulation of pig-
ments occurred in sweet paper Shokoladnyi (0.536 mg/g) and in hot papers Pur-
purnyi tigr (0.708 mg/g), Kitaiskii fonarik (0.685 mg/g), Ideya (0.629 mg/g), and
Chudo Podmoskovya (0.628 mg/g).

2. Antioxidant accumulation in fruits of various peppers Capsicum spp. (XESE,
Moscow Region, 2015-2016)

| CCA, mg-equivalent GA/g

Sample Pup gtency, acetone:ethanol,| ethanol, |ethanol 80 %, As.(zlorblcq Dr}t/t %
pomnts- 1.y iy 80 % |60 °C, 60 min| 2¢'¢> MeL | matter, 7o
Sweet pepper

F; Oranzhevoe

naslazhdenie 0 1.27£0.06 1.25%0.06 0.94£0.05 246+17 10.6£0.5
F, Sibiryak 0 1.15£0.06 0.98+0.05 0.78+0.04 225+16 9.2+0.5
Zheltyi buket 0 0.82+0.04 0.85%0.04 0.61£0.03 225+16 7.81£0.4
Shokoladnyi 0 1.18%0.06 0.94£0.05 0.69£0.03 238+17 9.5%£0.5

Hot pepper

Rozhdestvenskii buket 7-8 1.6610.08 2.82+0.14 2.38%0.12 370126 16.410.9
Samotsvet 8 0.88+0.04 1.84%0.09 1.34£0.07 150+10 17.3£0.9
Ideya 2-3 2.17£0.11 2.57£0.12 2.06£0.10 414129 15.5+0.8
Rocoto 10 0.90£0.05 1.04£0.05 0.76%0.04 7916 14.240.7
Kitaiskii fonarik 2 0.81£0.04 0.84+0.04 0.61£0.03 158+11 19.9£0.9
Kolokolchik 9 1.44£0.07 1.37£0.07 1.19£0.06 202+14 13.1£0.7
Trinidad Dglahou 10 1.26£0.06 1.17£0.06 0.90£0.05 176112 12.840.6
Trinidad Scorpion

Chocolate 10 1.01£0.05 1.08+0.05 0.8310.04 178112 12.240.6
Tsyganenok 2 0.96+0.05 1.53£0.08 1.29£0.06 192+13 12.0£0.6
Bhyt jolokia 10 0.87£0.04 1.29£0.06 0.99£0.05 158+11 12.0£0.6
Purpurnyi tigr 9 2.17£0.11 2.19%0.11 1.77£0.09 216%15 18.7£0.9
Mech 0,5 1.20£0.06 1.45%0.07 1.13£0.06 220+15 10.240.5
Mech 1 1.35£0.07 1.81£0.09 1.38+0.07 299+21 12.0£0.6
Chudo Podmoskovya 1,5 1.48+0.07 1.67£0.08 1.2840.06 299+21 11.610.6
Yubileinyi VNIISSOK 3 1.58+0.09 1.6210.08 1.30£0.07 326123 17.8+0.9
Ognennaya deva 8 1.85%0.09 2.65%0.13 2.03%0.10 301421 16.3£0.8

Note. CCA — total antioxidant capacity.

Vitamin C is an important intracellular antioxidant along with carote-
noids, protecting the human body from both free radicals and peroxides [31].
Peppers are among the leaders of vegetable crops for vitamin C level. The high-
est amount of ascorbic acid was found in hot peppers Ideya (414 mg%), Rozh-
destvenskii buket (370 mg%), Yubileinyi VNIISSOK (326 mg%), and Ognenna-
ya deva (301 mg%). Note that the vitamin C level did not depend on species or
fruit color. Among the members of different species there were varieties with
both red and yellow fruits (Table 2). There were no significant differences in the
indices depending on the extractant used. Only four hot pepper varieties, Rozh-
destvenskii buket, Samotsvet, Tsyganenok, Ognennaya deva, showed the differ-
ences of 40-70 % in SSA depending on the extractant.

Among sweet peppers, F; Oranzhevoe naslazhdenie plants had high anti-
oxidant values. The maximum sum of antioxidants among the hot peppers was in
Rozhdestvenskii buket (2.82 mg-equivalent GA/g), Ognennaya deva (2.65 mg-
equivalent GA/g), Ideya (2.57 mg-equivalent GA/g) and Purpurnyi tigr (2.19
mg-equivalent GA/g). The value of TAC varied significantly, depending on the
variety and species. The estimation of total antioxidant whole, given their coop-
erative action, allows isolating the genotypes rich in antioxidants to involve them
breeding as a parental forms. Rozhdestvenskii buket, Kitaiskii fonarik, Purpurnyi
tigr, and Ognennaya deva varieties accumulated more capsaicin, another strong-
est natural antioxidant which determined the burning taste of pepper fruit, than
other samples. The level of capsaicin in the studied hot pepper samples varied
between 1.36-9.57 mg/g dry weight [32]. High content of carotenoids, ascorbic



acid, total antioxidants and capsaicinoids (8-9 point pungency) further strength-
ened the synergetic antioxidant effect.
The high content of dry

B 2'5__ , R matter (over 10 %) in fresh hot
g Lol ’ pepper fruits at biological ripeness
= | (see Table 2) determines their use
§ sk for multivitamin products with
g | high antioxidant activity. Samo-
é‘? Lok tsvet, Kitaiskii fonarik, Purpurnyi
i‘cj | tigr and Yubileinyi VNIISSOK
= sk peppers contain more than 17 %
L dry matter, which allows quick
v ov v w0 drying fruits used for paprika pow-

0 0.5 1.0 1.5 20 25 3.0

der and guarantees high quality of
CTA, mg-equivalent GA/g

sauces and pasta.
Contribution of thermostable antioxidants (CTA) to total Assessment of thermosta-
antioxidant content (TAC) in pepper ( Capsicum spp.) fruits

of the studied samples (Moscow Province, 2015-2016). ble antioxidants to total antioxi-

dant level when extracted with
80 % ethanol and heated at 60 °C for 60 min showed that the contribution of
the antioxidants unstable to thermal action, primarily ascorbic acid, was 16 %
on average (Fig.).

Thus, the obtained results allow us to conclude that the Shokoladnyi sweet
pepper variety with brown fruits and the hot pepper varieties Ideya, Rocoto,
Kitaiskii fonarik, Purpurnyi tigr, Chudo Podmoskovya, and Ognennaya deva are
the leaders in pigments accumulation. In all the varieties, except Ideya, red and
yellow pigments comparably contribute to pigment accumulation, while for
Ideya variety there was a high pigment content solely due to the yellow frac-
tion. Ideya, Chudo Podmoskovya, and Ognennaya deva varieties were charac-
terized by an increased amount of deoxidized ascorbic acid. Ideya, Purpurnyi
tigr, and Ognennaya deva varieties were characterized by an increased sum of
low molecular weight antioxidants. So, Ideya and Ognennaya deva genotypes
may serve as genetic sources of high antioxidant accumulation. The amount of
red and yellow pigments, their total content, as well as the accumulation of
ascorbic acid and capsaicinoids determine high antioxidant status of these sam-
ples, which can be the basis of biofortified foodstuff used both for functional
products and in breeding programs.
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Abstract

Antioxidant metabolites of plant origin are able to regulate many physiological functions of
the body and reduce the risk of developing chronic diseases caused by free radical oxidation. Vegeta-
ble plants are the most affordable source of essential antioxidant metabolites lack of which leads to a
sharp decrease in resistance to environmental stresses. Amaranth (Amaranthus tricolor L.) is a promising
food and medicinal plant. Variety Valentina (originated by V.K. Gins, P.F. Kononkov, M.S. Gins, All-
Russian Research Institute of Breeding and Seed Production of Vegetable Crops) was successfully
introduced and grown in several Russian regions. Our objective was to study the composition and
content of low-molecular biologically active antioxidant metabolites that determine the nutritional
and pharmacological value of amaranth leaves, and to assess the main antioxidant accumulation in
plant organs under the conditions of the Moscow Region. For analysis, fresh and dried leaves (juve-
nile, those with a formed blade, and old ones), inflorescences, stems, veins, petioles and roots were
used. Amaranthine, reduced ascorbic acid, and total antioxidant content was measured in water and
ethanol extracts from fresh and dry leaves and plant organs. Also, simple phenols and oxybenzoic
acids, flavonoids, condensed and polymeric polyphenols were assayed. Chlorogenic, gallic, ferulic
acids and arbutin content was determined in aqueous extract by high performance liquid chromatog-
raphy (HPLC). The metabolites were analyzed by gas chromatography-mass spectrometry (GC/MS).
It was shown that actively photosynthesizing leaves with a fully formed blade predominantly accumu-
lated ascorbic acid, while in the aging leaves its amount decreased. Veins, petioles and stems con-
tained substantially less metabolites with antioxidant activity compared to leaves. In aqueous extracts,
the main betacyanins were amaranthine and iso-amarantine. Chromatography of aqueous extracts from
amaranth leaves showed the presence of highly active antioxidants, e.g. arbutin-glucoside hydroquinone
and oxycinnamic acids including ferulic, chlorogenic, oxybenzoic (gallic) acids. In the tests, gallic acid
concentration was 1.51 pg/100 ml, chlorogenic acid concentration was 2.05 pg/100 ml, ferulic acid
concentration was 0.01 pg/100 ml, and arbutin concentration was 472.51 pg/100 ml. Water-extracted
squalene (C39gHsp), a powerful antioxidant usually isolated from amaranth seeds only, was first dis-
covered in amaranth leaves. Ethanol extraction revealed a greater number of the colored components
in the spectral range of the 350-700 nm, in addition, gallic, chlorogenic and ferulic acids were found.
A total of 37 low-molecular metabolites were identified by gas chromatography-mass spectrometry.
Our findings indicate that vegetable amaranth, as a promising reproducible source of antioxidants,
can be used in functional foods and phytobiologicals.

Keywords: amaranth, Amaranthus tricolor L., Valentina variety, low-molecular antioxidant
metabolites, amaranthine, ascorbic acid, phenolic compounds

Amaranth (Amaranthus genus) is used in many countries as a grain,
vegetable and medicinal crop. In Africa, the leaves of vegetable amaranth are
used as an additional source of native protein which contains balanced essential



amino acids [1]. Leaves and young plants of vegetable amaranth in Indonesia,
China, India and South-East Asia are the main product that enriches foods with
essential amino acids, biologically active substances and antioxidants [2, 3].
Preparations made of amaranth plants are widely used in phytomedicine to per-
form regulator and protective functions and to reduce the risk of chronic diseas-
es caused by free radical oxidation [4].

In Russia, the use of vegetable species of amaranth with a high content
of gluten-free protein and low-molecular antioxidants (e.g., vitamin C, phenolic
compounds, betalain pigments, and squalene) is relevant and necessary for com-
pensation of essential nutrient deficiency. A detailed study of amaranth metabo-
lites with antioxidant properties and a wide range of biological activity is neces-
sary for the development and manufacture functional foods and beverages from
amaranth leaves [5]. Vegetable amaranth species are also a valuable medicinal
crop due to the high content of betacyanins, ascorbic acid, phenolic compounds
and antioxidants of a different nature [6]. Antidiabetic [6-8], hepatoprotective
[9, 10], gastroprotective [11], antitumor [12], and antimicrobial [13, 14] proper-
ties of the extracts from the leaves of Amaranthus tricolor L. have been proved.

Modern analytical methods such as mass spectrometry and high perfor-
mance liquid chromatography (HPLC) allow identifying components that were
not previously detected in assessing nutritional and pharmacological value of
plant raw material, in order to develop innovative and biologically active plant
preparations and products [15, 16].

This paper is the first report of identification of 37 metabolites with anti-
oxidant properties form different classes of compounds (i.e., organic acids, sug-
ars and their derivatives, phenols, triterpenes, amino acids) in the leaves of the
Valentina variety vegetable amaranth. This widens using amaranth leaves for
functional products with antistress activity.

The purpose of our study was to assess the qualitative composition of
metabolites in aqueous and ethanolic amaranth extracts and to assess accumula-
tion of the main antioxidant in plant organs under the conditions of the Moscow
Region.

Technigques. For study, we used fresh and dried leaves, inflorescences,
stems, veins, petioles and roots of vegetable amaranth (Amaranthus tricolor L.)
Valentina variety (originated by All-Russian Research Institute of Breeding and
Seed Production of Vegetable Crops, VNIISSOK, Moscow Province), and also
the biologically active additive Amarantil phytotea made of leaves of Valentina
variety plants (VNIISSOK, Russia). Plants were grown in open experimental
fields of VNIISSOC in 2015-2017. Laves of different ages (juvenile, those with a
formed blade, and old ones) were used. Fresh material was placed in a homoge-
nizer; samples were prepared in accordance with the methods intended for each
special study. The dried samples were crushed in a mill up to 1-2 mm size.
Aqueous and ethanolic extracts of fresh and dried plant material were used.

The amaranthine in aqueous extracts was quantified using molar ex-
tinction coefficient 5.66x104 1/mole’!-cm™! and a molar weight of 726.6
g/mole”! [17]. The concentration of reduced ascorbic acid (AA) was evaluated
by iodometric method based on the AA titration in extracts stained with potas-
sium iodate under acidic conditions in the presence of potassium iodide and
starch [18]. The total antioxidants (TA) in aqueous and ethanolic extracts were
determined amperometrically [19]; the result was expressed via gallic acid
equivalents (mg-equivalent GA/g).

The samples were crushed in a homogenizer in the presence of extracting
liquids (bidistilled water or 96 % ethyl alcohol) at 20-25 °C. The homogenates
were centrifuged for 15 minutes at 10,000 g and 4 °C. An aliquot of the superna-



tant was used to determine the antioxidant content after dilution, if necessary.
The measurements were carried out on a Tsvet-Yauza 01-AA (NPO Khi-
mavtomatika, Russia) in a constant current mode.

The content of simple phenols and oxybenzoic acids, oxycinnamic acids
and their esters, flavonoids, condensed and polymeric polyphenols was deter-
mined in the fractions of dry inflorescences, leaves and stems [20].

Spectral characteristics were measured using a Helios Gamma spectro-
photometer (Thermo Electron Corporation, USA) at A= 200-600 nm. The
amount of chlorogenic, gallic, ferulic acids and arbutin in the aqueous extract
from Amarantil phytotea was determined by high performance liquid chromatog-
raphy (HPLC) with a liquid chromatograph KNAUER (KNAUER Wissen-
schaftliche Gerate GmbH, Germany). A 150 mm column with a reversed phase
was filled with sorbent Diasfer 110-S18 (Russia) with a grain size of 5 um, the
mixture of 0.03 % trifluoroacetic acid:acetonitrile (70:30) served as the eluent.
Peaks were identified by the retention time; the content of individual substances
was determined using calibration solutions. The qualitative analysis of metabo-
lites was performed by gas chromatography mass-spectrometry (GC/MS) with a
chromatograph JMS-Q1050GC (JEOL Ltd., Japan). A capillary column DB-
SHT was used (Agilent, US; 30 m in length, inner diameter of 0.25 mm, film
thickness 0.52 um, with helium as a carrier gas). The temperature gradient
ranged from 40 to 300 °C, with the injector and interface temperature of 280 °C,
and the of ion source temperature of 200 °C; the gas flow rate in the column
was 2.0 ml/min. The time for analysis was 45 min ubder the flow division input
mode and a 1 pl sample introduced. To determine the substances, derivatization
with silylation agent N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA) [21]
was performed. The substance identification was based on the retention time and
mass spectra indicated in the NIST-5 library of the National Institute of Stand-
ards and Technology (USA). The scanning range was 33-900 m/z.

All measurements were carried out in three replications; the tables show
the mean values (X) and their standard deviations (%x).

Results. A specific feature of the leaves of A. fricolor L. Valentina plants
is the red coloration of different intensity which depends on a eaf age and is de-
termined by the amount of the amaranthine pigment found in all the studied
plant organs (leaves, roots, petioles, stems, inflorescences). The aqueous extracts
from leaves of different ages differed in the amount of the main metabolites with
antioxidant properties, i.e., amaranthine, ascorbic acid, and carotenoids (Table 1).
Juvenile leaves accumulated the maximum amount of amaranthine the content of
which decreased with the growth and aging of the leaf blade. Ascorbic acid was
predominantly accumulated in actively photosynthetic leaves with a fully formed
blade; in the aging leaves its amount decreased. In juvenile leaves, there was also
a tendency towards an increase in the content of ascorbic acid.

Since the organs of amaranth plants differ in antioxidant levels, the total
content of antioxidants [19] can be used as an integral parameter to analyze the
pattern of their combined change. In the leaves with an unformed blade, the
content was lower than that in the leaves with a fully formed blade. At the same
time, veins, petioles, and stems accumulated significantly less metabolites with
antioxidant activity compared to the leaves.

Among the secondary metabolites synthesized in vegetable plants a group
of aromatic phenolic compounds [13] was specified by the biological activity. We
have found that simple phenols such as oxybenzoic and oxycinnamic acids and
their esters, flavonoids, polymeric and condensed polyphenols are widespread in
the leaves and fruits of vegetable and spicy plants [20, 21]. The role of secondary
metabolites in plants is still poorly understood. It is known that they determine the



medicinal and toxic properties, participate in protection from biotic stressors, and
also in the interactions of plants with each other and with other organisms, are
involved in reproduction via color, smell of flowers and fruits [22]. In the leaves of
amaranth plant, a significant proportion of phenolic compounds were flavonoids
(Table 2).

1. Content of antioxidant metabolites in the organs of amaranth (Amaranthus tricol-
or L.) Valentina plants (X*+x, All-Russian Research Institute of Breeding and
Seed Production of Vegetable Crops, Moscow Region, 2015)

Leaf number ConepxaHue Total antioxidants,
Organ (from the bottom |ascorbic amaranthine, mg/g |mg-equivalent GA/g
upwards) acid, mg% |wet weight wet weight
Old leaves 1 161£15.0 0.2610.02 2.32+0.11
2 186£15.0 0.29%0.02 2.30%0.11
3 176£15.0 0.44%0.05 2.25%0.11
Leaves with a formed blade 4 230%15.0 0.48%0.05 2.2610.11
5 202+15.0 0.51%0.05 2.20%0.11
6 216£15.0 0.57£0.05 2.21%0.11
Leaves with an unformed 7 149+15.0 0.55%0.05 1.81£0.10
blade and juvenile 8 133+15.0 0.72%0.05 2.00%0.11
9
10 167£15.0 0.94%0.05 2.11£0.11
11
Leaf vein 0.31%0.02 0.70£0.04
Leaf petioles 17£1.5 0.79%0.05 0.6910.04
Stem 10£1.5 0.21£0.02 0.43%0.03
Inflorescence 130+15.0 0.75%0.05 1.18%0.05
Roots 10£1.5 0.11%0.02 0.45%0.03

N ote. GA is gallic acid. Gaps represent the absence of data.

2. Phenolic compounds (PhC, % per absolute dry weight) in inflorescences, leaves
and stems of the amaranth (Admaranthus tricolor L.) Valentina plants (X*x, All-
Russian Research Institute of Breeding and Seed Production of Vegetable
Crops, Moscow Province, 2015)

Simple phenolic Hydroxycinnamic
g . . Condensed and
Organ |PhC sum| compounds and hy- acids and their Flavonoids olvmeric PhC
droxybenzoic acids ethers poly
Inflorescence  5.52 0.55%0.05 0.09%0.01 3.9410.11 0.94%0.11
Leaves 5.47 0.43%0.05 0.09%0.01 4.21%0.11 0.74%0.11
Stem 3.23 0.32+0.05 0.05£0.01 0.52+0.11 2.34%0.11

The content of fla-
vonoids in the amaranth
leaves is comparable with
their quantity in medicinal
plants [22]. In the inflores-
cences, less flavonoids and
oxycinnamic acids were
found than in the Ileaves.
300 400 500 600 700 Stem extracts had a mini-

Wavelength, nm mum content of flavonoids,

Fig. 1. Absorption of aqueous extracts from the leaves of ama- but showed higher values of
ranth (dmaranthus tricolor L.) Valentina variety: 1 — Amarantil condensed and polymeric
phytotea, 2 — amaranthine (All-Russian Research Institute of h

phenols compared to the

Breeding and Seed Production of Vegetable Crops, Moscow
Province, 2016). inflorescence and leaves. In

extracts from fresh ama-

ranth leaves, we found the following physiologically active substances with anti-

oxidative activity: amaranthine, ascorbic acid, flavonoids, simple phenols and
phenolcarbonic acids.

Spectrum of the extract from the biologically active food Amarantil phy-

totea exhibited three absorption maxima at 250-270, 325 and 540 nm (Fig. 1),
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which indicates the presence of components of phenolic nature. One of the
maxima (AL = 540 nm) coincided with the maxima for the amaranthine pigment
extracted from the leaves.
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Fig. 2. Chromatographic profiles of water extract from amaranth (Admaranthus tricolor L.) Valentina
leaves (Amarantil" phytotea) (A = 325 nm) (A), gallic acid standard (> = 268 nm) (B), standard mixture
of arbutin, chlorogenic and ferulic acids (A = 325 nm) (C), amaranthine pigment (. = 540 nm)
(D): 1 — arbutin, 2 — chlorogenic acid, 3 — ferulic acid, 4 — gallic acid, 5 — amaranthine, 6 —
isoamaranthine (All-Russian Research Institute of Breeding and Seed Production of Vegetable
Crops, Moscow Province, 2017). Liquid chromatograph KNAUER (Germany).

In chromatographic analysis, phenolic compounds in an aqueous extract
of amaranth leaves (Amarantil phytotea) were detected at 268 and 325 nm. In
the fresh amaranth leaves, chlorogenic, ferulic, gallic acid and arbutin were found
(2.05%£0.10, 0.01, 1.51+0.04 and 473%20 g/ml, respectively), as well as unidenti-
fied compounds with retention time 4-8 min (Fig. 2, A, C). V.B. Gopal et al.
[23] found gallic and ferulic acids in an amount of 0.083 and 0.001 ug/ml in an
aqueous extract of amaranth leaves. Gallic acid was analyzed at A = 268 nm, and
red pigment was analyzed at

25 .
A= 540 nm. For the red pig-
20 ment absorption, two compo-
'g L5 nents were determined, ama-
= L0 ranthine and its isomer isoama-
% ' ranthine (Fig. 2, D). The spec-
0.5 tra of amaranthine detected by
0 the HPLC method and the

300 400 500 600 00 .
Wavelength, nm pigment standard completely
Fig. 3. Absorption ethanolic extract of amaranth (Admaran- coincided.

thus tricolor L.) Valentina leaves (All-Russian Research The ethanolic extract of

Institute of Breeding and Seed Production of Vegetable

Crops, Moscow Province, 2017). amaranth leaves had an intense

green color due to the extracted
chlorophyll. Its spectrum was significantly different from the spectrum of the water
extract, especially at 350-500 nm and 600-700 nm (Fig. 3). In the range of 250-
300 nm, the water and ethanolic extract spectra were similar.



Consequently, more colored components were extracted from the leaves
by the ethanol. The chromatographic analysis of the ethanolic extract of amaranth
leaves at 268 and 325 nm was also carried out with gallic, chlorogenic and ferulic
acids detected (Fig. 4). With a minimum of absorption (see Fig. 3, A = 540 nm),
only the solvent peak was detected.
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Fig. 4. Chromatographic profiles of the extract of amaranth (Amaranthus tricolor L.) Valentina leaves
for the analyzed sample (A, B) and standard mixture (B, D) at . = 268 nm (A, C) and . = 325 nm
(B, D): 1 — gallic acid, 2 — chlorogenic acid, 3 — ferulic acid (All-Russian Research Institute of
Breeding and Seed Production of Vegetable Crops, Moscow Province, 2016) Liquid chromatograph
KNAUER (Germany).

Our data on phenolic compounds in the A. tricolor leaves broaden the
idea about nutritive and medicinal low-molecular metabolites in amaranth plants
and can supplement the information available in the scientific literature. All me-
tabolites identified by HPLC are biologically active substances that exhibit anti-
oxidant activity. Phenolic acids and betacyanin (amaranthine) are characterized
by antibacterial [13, 14], antimycotic, anti-inflammatory, and wound-healing
properties [23]. Ferulic acid possesses radioprotective properties [24], glycosylat-
ed hydroquinone arbutin exhibits antioxidant activity [25].

The results of qualitative GC/MS analysis of water and ethanolic extracts
from amaranth leaves are illustrated in Fig. 5.

The chromatograms clearly show the qualitative differences between the
extracts in composition. More than 30 individual substances (15 in aqueous ex-
tract and 19 in ethanolic extract) representing different classes of chemical com-
pounds (Table 1) were identified based on the library mass spectra (Table 3).

In the extracts of A. tricolor leaves, six organic acids were found: valeri-
an and cinnamic acids in aqueous extract, amber, propene, methylmalonic and
ribonic acids in ethanolic extract. Five saturated fatty acids were found: myristic
(Cy3:0), palmitic (Cs.9), margarine (Cys) and stearic (C;7) for the aqueous
extract, and palmitic (C;s.q) and lignoceric (C,3.9) for ethanolic in the aqueous
extract. Fatty acids have bactericidal, antiviral and fungicidal activity leading to
suppression of pathogenic microflora and yeast fungi. Among unsaponifiable li-



pids, there are bioactive phytosterols. It is known that squalene (CsyHsg) is a
unique phytosterol of amaranth seed, which participates in the synthesis of cho-
lesterol as its precursor [26] and also in the synthesis of an active antioxidant
with anticarcinogenic and wound-healing effect. An adequate amount of squa-
lene consumption is 400 mg per day. Squalene is a precursor of a number of
valuable pharmacological substances: cardiac glycosides, glycoalkaloids, and sap-
onins. Squalene, first discovered by us in the aqueous extract of amaranth leaves
of the Valentina variety, improves their pharmacological value.
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Fig. 5. Fragments of the mass spectra of water (A) and ethanol (B) extracts of amaranth (4dmaranthus
tricolor L.) Valentina leaves (All-Russian Research Institute of Breeding and Seed Production of
Vegetable Crops, Moscow Province, 2017). Gas chromatography mass spectrometer JMS-Q1050GC
(JEOL Ltd., Japan).

In the aqueous fraction of extracts we identified five carbohydrates:
monosaccharides of galactose and mannose, cyclic forms (galactopyranose and
fructofuranose) and ketohexose tagatose. In the ethanolic extract, we identified
seven carbohydrates and their cyclic forms, a sugar derivative (gluconic acid)
and two hexatomic alcohols (inositol and mannitol). Polyatomic alcohols exhibit
cryo- and osmoprotective properties in the cell.

3. Metabolites discovered in aqueous and ethanol extracts of amaranth (4dmaranthus
tricolor L.) Valentina leaves by gas chromatography mass-spectrometry (All-
Russian Research Institute of Breeding and Seed Production of Vegetable
Crops, Moscow Province, 2017)

Rt, min | Compound | Extract
Organic acids
22:07 Propenoic acid, Acrylic acid, C;H,O, C
14:04 Succinic acid, C4H404 C
16:34 Monoamidoethyl malonic acid, C4HgO4 C
20:47 Pentanoic acid, CH3 (CH,)COOH B
22:41 Ribonic acid, CsH(O5 C
22:51 Cinnamic acid (Isoferulic acid), CgHgO, B
Fatty acids
17:51 Octadecanoic (Stearic) acid, C17H35COOH B
19:07 Mpyristic acid, C;3H,7COOH B
23:11 Margaric acid, Heptadecanoic acid, C;gH33COOH B

21:15 Palmitic acid, Hexadecanoic acid, C;sH3;COOH

=
(@]



Continued Table 3

36:27 Lignoceric acid, Tetracosanoic acid, Co3H47COOH C
Sugars
18:36 Ribose, D-(-)-Ribofuranose, CsH(Os C
19:03 Galactopyranose, B-L-Galactopyranose, C¢H;30g B
19:26 Galactose, D-Galactose, C¢H60g B, C
20:11 Tagatose, D-(-)Tagatofuranose, C¢H{,0¢ B
20:36 Fructose, D-(-)-Fructofuranose, CsHgOg C
20:51 Fructofuranose, D-(-)-Fructopyranose, CsHgOg C
20:55 Glucofuranose, CgHgOg B
20:56 Talose, D-(+)-Talofuranose, CsH,O¢ C
21:28 Mannose, D-Mannopyranose, CgH ,0¢ B, C
22:17 Glucopyranose, B-D-Glucopyranose, CgHgOg C
Sugar derivatives
19:43 Gluconic acid y-lacton, C¢H1,07 C
Alcohols
21:51 Inositol, C¢gH{,0¢ C
22:07 Mannitol, D-Mannitol, C¢H,0¢ C
22:08 Sorbitol, D-Sorbitol, C¢H140¢ B
Other compounds
36:06 Squalene, unsaturated triterpene, antioxidant, C3oHsg B
16:48 Proline, L-Proline, C3HgNO, C
19:30 D-(+)-Ribono-1,4-lactone B
23:06 Dry Betaine, Methanaminium (Betaine) Glycine B
39:57 Ribothymidine, 5-Methyluridine, C1oH4N,Og C
40:31 Vitamin E, (+)-a-Tocopherol C

N ote. Rt — retention time, B — aqueous extract, C — ethanolic extract.

In the literature, there is evidence that simple sugars and their derivatives
(alcohols, lactones), when accumulating in cells, are capable of performing pro-
tective functions under the action of stress factors. Glucose, fructose, mannose,
mannit, inositol and galactose exhibit antioxidant properties in cells at low tem-
peratures. The protective effect of simple sugars is due to their ability to bind
free radicals non-specifically, to prevent the development of lipid peroxidation
and to inactivate reactive oxygen species [27-30].

In our experiments, the ethanolic extract of leaves of the A. tricolor Valen-
tina variety contained vitamin E, which is the universal protector of cell mem-
branes from oxidative damage, shows neuroprotective, antioxidant properties and
reduces the risk of cancer. Micromolar amounts of vitamin E reduce the activity
of 3-hydroxy-3-methylglutaryl-CoA-reductase, responsible for the synthesis of
cholesterol, thus reducing cholesterol level in the body [31].

Thus, a comprehensive analysis of the metabolites in the leaves of ama-
ranth (Amaranthus tricolor L.) Valentina variety showed the presence of powerful
antioxidants — squalene, which was previously found in seeds only, ascorbic ac-
id, the content of which is comparable to that of pepper, gallic, ferulic and
chlorogenic acids, sugars and their derivatives, triterpenes, betacyanins with an-
tioxidant activity. The pharmacological value of the identified metabolites is due
to their ability to reduce the risk of developing pathologies with a free-radical
component (cardiovascular, oncological, diabetes, etc.), which makes it possible
to use these natural compounds in antioxidant therapy as anti-stressors. The high
content of such metabolites in Valentina variety, their nutritive and pharmacologi-
cal value, makes this variety promising for use in food industry and medicinal
technologies to develop non-toxic antioxidant food additives, functional products
(teas, natural pigments, non-alcoholic vitamin drinks, confectionery fillings) and
phytobiologicals using leaves and leaf extracts.
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Abstract

Varieties intended for diverse use are modern priority in winter rye (Secale cereale L.)
breeding. Composition and content of pentosans are indicators to diversify rye grain use. The aim of
this work was estimation of variability in total arabinoxylans and soluble arabinoxylans in rye grain.
Pentosans content was determined by high performance liquid chromatography in the HPLC-RI
system (JASCO Deutschland GmbH, Germany), by chemical micro method with use of orcin-
chloride, and indirectly by determining the viscosity of water extract (VWE). As a result, the samples
with low and high pentosan content were identified at the linear, population and hybrid level in do-
mestic and foreign gene pools. It was shown that Russian population varieties and high-pentosan
lines selected at Tatar Research Institute of Agriculture stood out due to high rates of general pento-
san level and extracted viscosity. The relationship between VWE and the content of water-soluble
pentosans in the studied quantitative limits with a high probability (95 %) has a rectilinear character.
In low pentosans lines originated from Tatar Research Institute of Agriculture VWE amounted to
6.40-of 6.45 centistokes (sSt), in the domestic population varieties VWE ranged from 15.40 to 34.50
sSt, and in hybrid varieties from Germany VWE reached 47.50 sSt. So we have a gene pool sufficient
for baking rye breeding. In high-pentosan forms, we found the high significant positive correlation
between the total content of pentosans, viscosity of water extracts and water-soluble fraction. An
indirect estimate of pentosans fraction through determination of the water extract viscosity of rye
meal allows to start selection in the early steps of breeding and to analyze a large number of samples
in a relatively short time. Further search is necessary to select donor lines with low total level of
arabinoxylans and water-soluble fraction. It is difficult to phenotypically evaluate low-pentosans
plants based on an indirect indicator of viscosity only. Low pentosan lines had a significant correla-
tion between VWE and the water-soluble fraction (» = 0.745, P = 0.05). Heritability of water extract
viscosity of grain meal was rather high (H2 = 0.71), and genotypic variation coefficient reached
32.53 %, indicating advisability of VWE improving by breeding techniques. Heritability index of
water-soluble pentosan content was 0.50, and genotypic coefficient of variation was 13.02 %, so the
impact of breeding on these indicators should be low. The presented genotypic variability parameters
are applicable only to the genotypes used in our experiment. The smallest amounts of water-soluble
pentosans in flour and meal were characteristic of the Russian varieties Marusenka, Ogonek, Chul-
pan 7. We revealed a low content of water-soluble fraction in the bran in variety Ogonek. To distin-
guish rye genotypes more precisely, it is necessary to develop effective tests which will allow to assess
water absorption, viscosity and solubility of pentosans (high-molecular arabinoxylans) in addition to
their quantitation in grain grind products.

Keywords: winter rye, pentosans, fractions, arabinoxylan, viscosity of water extract, meal,
variety, lines, heritability, genotypic variability

Rye is superior to wheat in minerals and lysine and dietary fiber (cellu-
lose) [1, 2]. In addition to starch, amounting 65 % of dry matter, the richest
components in whole grain rye are non-starch polysaccharides (NSPs) (17 %).



These macromolecules are the main elements of cell walls. The main non-starch
polysaccharides are arabinoxylans (AXs) which make about 8 % of ray grain and
are synthetized from two sugars, L-arabinose and D-xylose [3-5].

The content and qualitative composition of pentosans, as well as their
state (water absorption, viscosity, solubility in water), determine the diversifica-
tion of rye grain use [6-8]. Good organoleptic and baking quality, freshness and
dietary properties of rye bread are due to starch-arabinoxylan complexes [9-12].
At the same time, pentosans, more specifically, high-molecular arabinoxylans,
are the main factor limiting using rye when for feeding animals, especially mo-
nogastric [13, 14].

The molecular structure and structural organization of arabinoxylans de-
termine their physical properties. Long molecules of soluble pentosans can form
a network, possessing high absorption capacity, and sticky gel-like solutions. The
anti-nutritional properties of pentosans are due to the ability to bind water, the
amount of which can be 10 times greater than their own weight. In the digestive
tract of the most sensitive groups of farm animals (poultry and swine), when eat-
ing food made of rye grain, a highly viscous suspension is formed that envelops
the granules of starch and proteins, which limits the absorption of already digest-
ed protein, starch, fat and other nutrients. As a result, indigestion, weakening
and a decrease in productivity occur. A decrease in the amount of pentosans,
primarily the water-soluble group, contributes to the improvement of forage
properties of rye grain [15]. According to D. Boros et al. [16], the number of
pentosans varies depending on the genotype from 35 to 88 mg/g, which allows
selection of forms with a high and low content of the water-soluble fraction. As
per H.-U. Jirgens et al. [17], the total number of pentosans varied from 89 to
103 mg/g, and the extractable viscosity ranged from 2.6 to 5.1 centistokes (cSt).

Many researchers suggest an indirect method of measuring amount of
pentosans by viscosity of grain meal water extract (VWE) [18-20]. The viscosity
of the water-protein meal suspension can serve as an integral indicator of the
quality of breeding material, delimiting rye lines for bakery and fodder [22]. The
heritability of this property differs in divergent selection and depends on the
genotype [15, 22, 23]. In this case, the VWE value depends both on genotypic
[24, 25] and environmental factors [26, 27]. The greatest differentiating ability is
manifested in the years with optimum and average arid weather conditions dur-
ing the filling period, which are most favorable for selection for this feature
[28)]. In connection with the foregoing, it is important to identify the economic
value of each variety of winter rye as a raw material.

In the present study, we identified rye genotypes, contrasting in pento-
sans, by high-performance liquid chromatography and extracted viscosity and
obtained mapping hybrid populations to be used in marker-assisted and tradi-
tional selection.

The aim of this paper was to estimate the variability of total pentosans
and the content of water-soluble fraction of arabinoxylans in Russian and foreign
populations, hybrids and lines of winter rye.

Techniques. Studies of winter rye (Secale cereale L.) grain were carried out
in 2010-2016 at the Tatar Scientific Research Institute of Agriculture (TatNIISH).
Population varieties of Russian and own selection, samples from the EU collection,
low pentosans and high pentosans lines, hybrids of the second generation, obtained
at TatNIISH by crossing contrasting lines, and hybrid varieties of KWS Lochow
GmBH (Germany) were studied. A total of 110 samples were analyzed. Plants were
grown annually in competitive variety testing, in collection nursery and in hybrid
nurseries. Two weeks after harvesting, the grain was ground using a Laboratory Mill
3100 (Perten Instruments, Germany), flour and meal were sampled as per State



Standard GOST 13586.5-85. Pentosans were quantified by high-performance liquid
chromatography in a HPLC-RI system (JASCO Deutschland GmbH, Germany)
using a RF-10AXL fluorescent detector and 465 autosampler (Kontron Instruments,
Germany) [17]. The qualitative composition of pentosans was evaluated according
to the total number of arabinoxylans (total arabinoxylans, TAX) and the fraction of
water-soluble arabinoxylans (soluble arabinoxylans, SAX).

The extraction of the samples to determine the content of water-soluble
pentosans (WSP) and the viscosity of water extract (VWE) was carried out ac-
cording to the procedure described by D. Boros et al. [16]. Viscosity of water
extracts was measured using a capillary viscometer VPZH-1 (Labtech, Russia)
with a capillary diameter of 1.52 mm [19]. The ratio of meal and water was 1:5.
The kinematic viscosity of the water extract was calculated in centistokes ac-
cording to the formula V = g/9.807 - T - K, where K is the constant of the vis-
cometer, mm?2/s2; V is the kinematic viscosity, mm?/s; T is the time of flow of
the liquid, s; g is the acceleration of gravity at the place of measurement, m/s2.
The content of water-soluble pentosans was determined by the micro-method
with orcine chloride [29], as modified for rye grain [30].

Phenotypic and genotypic variance, as well as coefficient of variation calcu-
lated based on a two-factor dispersion analysis with the Duncan multiple rank test
[31]. To evaluate the genotypic variability and calculate the coefficient of heritabil-
ity, the corresponding formulas [31, 32] were applied:
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where o3 and 63 are the phenotypic and genotypic dispersion, respectively; o2 is
dispersion of the residue, M, is the mean square for the variants, M, is the mean
square for the residue, r is the number of replicates, PCV is the phenotypic coef-
ficient of variation, %, GCV is the genotypic coefficient of variation, %, X is the
mean value of the characteristic, H2 is coefficient of heritability. The statistical
processing was performed using the Excel 7.0 software package. The tables show
the mean values (X) and mean errors (£Sx).

Results. Among the samples studied, a significant number of bakery vari-
eties with high level of SAX and WSP, which have a beneficial effect on the for-
mation of rye dough, stability of its form and the quality of bread as a whole, were
identified (Table 1). Recombination breeding using European varieties and sam-
ples from the VIR collection, as well as hybrid varieties, will allow creating forms
suitable for bakery. Domestic population varieties and high-pentosan selection

1. Viscosity of water extracts (VWE) and the pentosan fractions in winter rye (Se-
cale cereale L.) grain (Tatar Agricultural Research Institute, 2010-2016)

Origin of samples Number | ¢,y o | TAX, % |VWE, cSt| WSP, %
of samples
Population varieties of Russian selection 7 3.82+0.21 12.04+£0.41 23.6+2.2 4.55%0.13
3.12-4.66 10.53-13.72 15.4-34.5 4.03-4.97
Samples from the collections of the European 7 5.02+0.07 11.86+0.43 _ _
Union 4.74-5.35 10.86-13.8
Low pentosan lines of the Tatar Agricultural 10 3.76+0.13 11.04£0.18 9.5+1.2  3.33%£0.39
Research Institute 3.03-4.43 10.19-11.74 6.4-18.2  1.90-4.41
High pentosan lines of the Tatar Agricultural 5 3.96+0.16 12.30+£0.19 28.1+2.5 5.63%£0.59
Research Institute 3.65-4.42 11.68-12.82 23.5-34.7 4.59-7.14
F, hybrids of Tatar Scientific Research Institute 10 4.30+0.10 11.11+0.15 12.5+0.8 1.78+0.04
3.70-4.90 10.60-12.07 9.9-18.5  1.63-1.97
Hybrid varieties of German selection 18 4.76£0.13 11.65+0.21 22.6+4.8 1.8440.10

3.93-5.48 10.60-12.85 8.0-47.5 1.48-2.41
N ote. SAX — water-soluble arabinoxylans, TAX — totsl arabinoxylans, VWE — viscosity of water extract (cSt,
centistokes), WSP — water-soluble pentosans. The mean values and the error of the mean (X*=Sx) are above the
line, the minimum and maximum values (min-max) are below the line. Dashes mean the absence of data.




lines of TatNIISH were distinguished by high indices of the total pentosan con-
tent (TAX) and extractable viscosity (VWE).

It was found that VWE of grain meal has a wider range of variability
than WSP does. Thus, in several low pentosan lines of our selection, the VWE
was 6.4-6.45 cSt. In F, hybrids, an intermediate inheritance of the characteristic
was identified. Russian population varieties had a VWE in the range of 15.4-34.5
¢St, while in German hybrid varieties it reached 47.5 c¢St.

2. Parameters of genotypic variability and heritability of water extract viscosity and the
content of water-soluble pentosans in winter rye (Secale cereale L.) grain meal (Tatar
Agricultural Research Institute, 2010-2016)

Trait | GCV,% | PCV,% | o2 | o2 | H?
Viscosity of water extracts 32.53 38.58 67.068 94.336 0.71
Content of water-soluble pentosans 13.02 18.39 0.076 0.152 0.50

Note. PCV — phenotypic coefficient of variation, GCV — genotypic coefficient of variation, Gf, — phenotypic
dispersion, O'é — genotypic dispersion, H2 — coefficient of heritability.

Variance analysis showed significant genotypic differences (P < 0.05) both
for VWE (Fact. = 15.76 > Fipeor. = 2.18) and WSP (Fget. = 7.03 > Fipeor. = 2.42)
for the samples under study (Table 2). Using the heritability coefficient, we attempt-
ed to identify the proportion of the observed variation in the studied features, which
depends on the genotypic differences, in the overall phenotypic variability. For the
viscosity of the water extract of the grain meal H2 = 0.71, which indicates the expe-
diency of improving this feature using selection methods (see Table 2). It is also
shown that 50 % of phenotypic variability in the amount of water-soluble pentosans
is due to hereditary characteristics, that is, the effectiveness of selection for this trait
will be low. It should be noted that heritability as a measure of a relative contribu-
tion of genetic and environmental differences to phenotypic variability has a number
of limitations. In particular, heritability does not serve as an attribute of the feature,
but depends on the composition of the genotypes of the population under study
[33]. In another population with a different composition of genotypes, the herita-
bility of the same feature may be different. The relative values of GCV and PCV
give an idea of the magnitude of variability in the studied gene pool (see Table 2).
The genotypic coefficient of variation for VWE was high (32.53 %), which influ-
ences the choice of the selection method. The differences observed in the genotypic
and phenotypic coefficient of variation were practically equal for both indices.

By correlation analysis, a highly significant positive relationship between
TAX and VWE (r = 0.736, P = 0.05), TAX and WSP (r = 0.639, P = 0.05) was
established in a group of Russian population varieties. In high pentosan lines,
created at the Tatar Agricultural Research Institute, » = 0.790 (P = 0.01) for
the first pair of features, and » = 0.812 (P = 0.01) for the second one. The cor-
relation coefficients for VWE and WSP were close to 1, that is, the content of
water-soluble pentosans (arabinoxylans) in selecting forms for use in bakery can
be estimated by VWE value of grain meal.

Low pentosan forms which may be used in breeding are the rarest. During
their 10-year selection and study at TatNIISKH, it was shown that the average
value of SAX in such samples was 3.76 % with a range from 3.03 to 4.43 % (see
Table 1), which was significantly lower than that in the hybrids of German se-
lection and in thhe collection forms. The differences in viscosity were even more
pronounced. It should be noted that for now we can not specify the limiting pa-
rameters for the studied indicators for feed and bakery varieties. The smallest
amount of pentosans was in flour and meal of the Marusenka, Ogonyok, Chulpan
7 grain, and a low amount of soluble arabinoxylans was detected also in bran of
Ogonyok variety (Fig. 1). In all the studied varieties, the content of pentosans
was the greatest in bran. This can be explained by the fact that the hull of rye



4,50+ grain and the aleurone layer
contain up to 50 % of pen-
tosans, while the germ and
the starchy part of the en-
dosperm, from which the
flour is produced, contain
no more than 15 %. The
varieties Pamyati Kunakba-
yeva and Roksana had a
| : | higher content of pentosans
L 2 N ¢ 7 s  inallgrinding products.
Wide screening of
Fig. 1. The content of pentosans in flour (a), meal (b) and bran the breeding material in-
(c) in rye (Secale cereale L.) population varieties: 1 — Ta- yolves the use of a low-
ko 13 sk Yortns. 3 _ bt kb cost, but objective method-
7 (Tatar Scientific Research Institute of Agriculture, 2013-2014).  ology that makes it possible
to quickly differentiate the
created varieties for their further use. An indirect evaluation of the pentosan frac-
tion through by viscosity of the water extracts of rye meal provides early selection

and analysis of a significant number of samples during relatively short time.
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1.5 R? = 0.6405 y = 0.0335x + 1.5401, where
1.0 y is the content of pentosans
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of the grain meal extract, cSt.
In low pentosan lines,

a significant correlation be-
Fig. 2. Interrelation of the content of total pentosans and their {woen VWE and WSP was
water-soluble fraction in grain meal in low pentosan winter rye _ _
(Secale cereale L.) (Tatar Scientific Research Institute of found (}‘ - 0'754’. P =0.05 )
Agriculture, 2013-2014). Regression analysis showed a

non-linear relationship be-
tween the amount of total arabinoxylans and their water-soluble fraction (Fig. 2).
The F, hybrids we obtained between the contrast genotypes from Russian and for-
eign gene pools are of great interest. They had comparatively low VWE and WSP.
Consequently, a small number of sources of low content of pentosans have been
identified, the phenotypic assessment of which by VWE indirect index is difficult.
Thus, our studies have shown a sufficient gene pool for selection of bak-
ery rye. The Russian varieties Marusenka, Ogonek, Chulpan 7 with the least
amount of water-soluble pentosans in flour and meal were distinguished. A high-
ly significant positive relationship is established between the total content of
pentosans, the viscosity of the water extract and the fraction of water-soluble
arabinoxylans. It is shown that the grain meal VWE value may serve as an indi-
cator of the content of water-soluble pentosans (arabinoxylans). The phenotypic
evaluation of the low-pentosan forms, based on the indirect VWE index only, is
difficult. The inheritance of the viscosity of the grain meal water extract in our
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experiments was H2 = (.71, the genotypic coefficient of variation was 32.53 %.
According to the content of water-soluble pentosans, H2 = 0.50, the genotypic
coefficient of variation was 3.02 %; therefore, the selection efficiency for this
property will be low. The presented indexes of genotypic variability are applica-
ble only in respect to the genotypes used in our experiment. In addition to the
quantitative evaluation of pentosans (high molecular arabinoxylans) in the prod-
ucts of grain grinding, low cost methods to analyze their propertied (water absorp-
tion, viscosity and solubility) are required, which will make it possible to differen-
tiate the samples more clearly.
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Abstract

Classic genetic methods remain actual in practice and study of inheritance and heritability
of the main commercial crop traits. Solanum lycopersicum L. genetics is well developed, but the spe-
cial approach is necessary to solve special breeding tasks. Heritability analysis of the main traits in F;
tomato progeny, which we have been carried out in 2009-2011, revealed some regularity to be further
used in breeding practice. We first found that the main fruit yield parameters of Solanum lycopersi-
cum L., the average fruit weight (h2 = 0.99) and the average fruit number per plant (h? = 0.96), are
inherited on the maternal side, and dwarfism (h? = 0.83) and early ripening (h? = 0.73) are inherited
on the paternal side. Effectiveness of the target hybridization method developed earlier has been
tested in this paper. Productive maternal plants with larger-sized fruits and early ripening dwarf pa-
ternal plants were involved in target crossings. F; hybrids and their F, progeny resulted from self-
pollination of F; plants were produced. Analysis of dwarfism inheritance in three F, hybrid combina-
tions using y?2 criterion confirmed recessiveness of d gene. The tall plants and the dwarf plants of F,
population segregated strictly by Mendel’s low (3:1). By dispersion analysis of six parental forms and
three hybrids, we selected the more productive plants with large fruit size among the dwarf plants,
then obtained seed progeny of these plants and studied the heritability of two traits, the dwarfism and
large fruit size, in the F3 hybrids. It was found out that crossing between tall maternal plants with
large fruit size and dwarf early ripening paternal plants resulted in lowering the plant height to that of
dwarf father. This trait was maintained in F3 that confirmed the correctness of conclusions have
earlier been made by us. Heritability of average fruit weight on the maternal side also has been con-
firmed in F3 progeny. In F3 hybrids derived from crossing maternal plants Vspishka and Krainiy Sev-
er with large fruit size the average fruit weight increased 2 times compared to the parental forms.
This trait is maintained in progeny despite negative effects of d genes on some quantitative character-
istics. Use of high productive maternal forms with small fruits size resulted in lowering average fruit
weight in the hybrid progenies. So, dwarfism of Solanum lycopersicum L., desirable in multi circle
hydroponic technology, is inherited on the parental side, and the fruit weigh is inherited on the ma-
ternal side. Thus, to obtain new tomato forms for multi circle hydroponics, the maternal plants with
large fruit size and dwarf paternal forms should be crossed.

Keywords: tomato, breeding, heritability, dwarfism, fruit weight

Tomato (Solanum Ilycopersicum L.) is a crop which has been most genet-
ically [1-5]. At the end of the last century, S.D. Tanksley and M.A. Mutschler
compiled a classic map of 12 tomato chromosomes where they have indicated
several linkage goups [6]. Wide-scale molecular and genetic studies have signifi-
cantly advanced mapping tomato genome [5, 7-10] and provided for success in solv-
ing a number of selection problems, e.g. in mapping the dominant genes at simple
trait inheritance [11, 12]. In other cases, traditional genetics is used in dealing with-
inheritance of the main valuable traits [13-17].

Dwarfism in Solanum Ilycopersicum L. is controlled by the family of d
genes located in the long arm of the chromosome 2, which are associated with
biosynthesis of brassinosteroids and show 11 alleles [2, 6, 18]. Obtaining dwarf
hybrids combining dwarfism and early ripening and high productivity is hindered



due to several characteristics of the d genes, i.e., negative effect on the fruit
weight and recessiveness (this trait, according to Mendel’s second law, is ex-
pressed only in a fourth part of F, progeny according to 3:1 segregation [2]. Pos-
itive characteristics of the d genes that can be used in selection are location in
chromosome 2 close to the genes controlling early ripening (they can be inherit-
ed together due to linkage) [2] and early manifestation during plant development
which allows for sporophyte selection, speeding up breeding three-fold [19].

Previously, in analysis of the inheritance of the main economically valua-
ble traits in F; generation carried out in 2009 to 2011 based on the collection of
tomato marker mutants (maternal forms), it has been shown that the main charac-
teristics of productivity, average fruit weight (h? = 0.99) and average fruit number
per plant (h2 = 0.96) are inherited by maternal line [20],and dwarfism (h? = 0.83)
and early ripening (h?2= 0.73) are inherited by paternal line [21].

In this paper, we have for the first time demonstrated the efficiency of
the target hybridization method developed earlier based on the pre-breeding data
[15-19].

Our aim was to determine the character of manifestation of dwarfism
and average fruit weight in F, and F5 generations in the new forms of Solanum
lycopersicum L. tomato meant for multi-circle narrow-shelf hydroponics.

Techniques. Basing on the pre-breeding data [19-21], we have carried out
a target selection of maternal and paternal forms. The maternal forms were mostly
selected by large fruits and productivity; the paternal ones were selected by dwarf-
ism and early ripening. Part of these starting forms was used for target crossings, as
a result of which the F; hybrids (2011) were obtained. The F, generation (2012)
was obtained from the self-pollination of the hybrids.

The experimental material in 2013 was three F, hybrid combinations of
varieties and samples: Mo 411 X Komnatnaya Grusha, Vspyshka X Tiny Team,
Krainiy Sever X Komnatnyi, 6 parental forms and 3 F5 hybrids. Morphological
description of plants, biometry of the main parameters, assessment of productivi-
ty and average fruit weight were carried out using the weight method. After seg-
regation in height in the F, hybrid progeny, the most productive and large-fruit
plants from the dwarf ones were selected. In 2014, dwarfism and average fruit
weight were determined in the F5; progenies of three hybrid forms, the parents of
which were 2 maternal forms with large fruits, 1 highly productive but small-fruit
maternal form and 3 dwarf and early ripening paternal forms.

The studies were carried out in a polycarbonate greenhouse (Richel,
France) in planting section (2013) and with the original installation of five-circle
narrow-shelf hydroponics with a FITO, Russia medium unit (2014). The repeti-
tion of the experiments was 5- (2013) and 10-fold (2014).

The statistical processing of the data was carried out using dispersion
analysis according to B.A. Dospekhov [22].

Results. The key characteristics of the starting parental forms used earlier
in target hybridization are outlined in Table 1. After their crossings, the F; gen-
eration was obtained, from which the F, generation was obtained from self-
pollination. The most large-fruited and productive samples were selected from
the dwarf progeny segregated according to the plant height in the 3 (tall plants):1
(dwarf plants). As a result, in the F, 7 samples were selected from the dwarf
plants (Table 2) to obtain seeds.

The progeny of the plants No. 1 from F, Mo 411 X Komnatnaya Grusha,
No. 8 from F, Vspyshka X Tiny Team, No. 1 from F, Krainiy Sever X Kom-
natnyi was used for analysis of the hybridization efficiency in F; in studying the
degree of manifestation of key traits (dwarfism and average fruit weight). Cross-



ing of the large-fruited and tall maternal form with the dwarf paternal one has
led to a decrease in the plant height in all hybrids to the parameters observed in
the dwarf father. The trait was maintained in the F; generation (Table 3), which
confirms the conclusions made in pre-breeding about the inheritance of dwarfism
in the paternal line [21]. The inheritance of the fruit weight in the maternal line
established in pre-breeding studies [20] was also confirmed in the F5; generation.
An increase in the average fruit weight (almost 2-fold compared to that in the
small-fruited paternal form) was observed only in those F; hybrids that derived
from the large-fruited maternal forms Vspyshka and Krainiy Sever (Table 3).
The trait was maintained in the progeny despite the obvious negative effect of
the d genes on some quantitative traits. The use of the highly productive but
small-fruited maternal form Mo 411 has led to a decrease in the fruit weight in
the hybrid (see Table 3).

1. Characterization of starting tomato (Solanum lycopersicum L.) parental forms result-
ed from pre-breeding for the multi-circle narrow-shelf hydroponics (Richel poly-
carbonate greenhouse, All-Russian Research Institute for Breeding and Seed
Production of Vegetable Crops, Moscow Province, 2009-2011)

Plant productivi- . . Number of fruits | Plant height, |Sprouting—
Fruit weight, g Lo
Sample ty, g per plant, psc. cm ripening, days
X | 2 X [ A X [ A X | a X | 2
St (Funtik) 221 53 4 46 110
Maternal forms
Mo 411 614 +393 16 =37 34 +30 91 +45 106 -4
Vspyshka (1C) 846 +625 79 +26 11 +7 75 +29 96 -14
Krainiy Sever 842 +621 95 +42 9 +5 88 +42 108 -2
LSDys 129  LSDys 16  LSDgs 3 LSDps 16  LSDys 7
Paternal forms
Komnatnaya
Grusha (3C) 248.,6 +27,6 11 -42 21 +17 42 -4 103 -7
Tiny Team (11C) 303,8 +82,8 12 —41 21 +17 36 -10 105 -5
Komnatnyi 292,2 +71,2 19 -34 20 +16 33 -13 108 -2

LSDys 76,0  LSDg; 12 LSDg,; 10 LSDy; 16 LSDys 7
N ote. X — average trait value, A — standard deviation (Funtik variety).

2. Productivity and perspective dwarf tomato (Solanum lycopersicum L.) hybrids in
F, generation (Richel polycarbonate greenhouse, planting section, All-Russian
Research Institute for Breeding and Seed Production of Vegetable Crops, Mos-
cow Province, 2013)

Productivity of one plant in repeti- ..
. = Deviation
Plant No. tions, g > X f St Group
Ist | 2nd | 3rd | 4th | 5th rom
St 170 155 165 265 180 935 187
Dwarf hybrids F, Mo 411 x Komnatnaya Grusha
1a 234a 1502 2752 2202 2852 11642 233a +462 |
2 80 105 75 98 85 43 87 -100 v
6 15 15 35 15 22 102 20 -167 v
14 72 86 88 90 60 396 79 -108 v
21 133 175 185 115 205 813 163 -24 I
30 70 35 25 70 90 290 58 -129 v
39 152 150 110 150 130 692 138 -49 v
44 85 100 125 110 90 510 102 -85 v
462 2252 2492 2002 2052 2652 1144a 2292 +42a |
47 50 60 65 110 70 355 71 -116 v
48 170 128 135 207 125 765 153 -34 I
50 175 139 110 210 164 798 160 =27 I
LSDys 38
Dwarf hybrids F, Vspyshka x Tiny Team

3 109 186 139 150 118 702 140 —47 I
5 140 134 232 135 190 831 166 =21 I
8a 1082 2952 2532 1952 1902 10412 208a +212 I
10 64 60 65 78 80 341 69 -138 v
22 150 135 194 140 120 739 148 -39 111

26 35 66 80 60 70 311 62 -125 v



Continued Table 2

33a 2552 1902 1452 2052 1522 9472 1892 +2a I
49 32 48 42 45 50 217 43 —-144 v
LSDys 50
Dwarf hybrids F2 Krainiy Sever X Komnatnyi
12 2272 2202 1952 2502 2532 11452 2292 +42a |
2 95 54 50 52 60 311 62 -125 v
4 132 170 145 108 130 685 137 -50 v
102 1752 1402 248a 1952 1802 9382 1882 +1a I
11 145 260 140 158 150 853 171 -16 111
28 125 120 145 130 100 620 124 -63 v
38 140 130 141 90 120 621 124 -63 v
46 55 40 35 90 75 295 59 -128 v
47a 2102 2302 224a 1902 2052 10592 212a +252 I
48 95 85 80 110 90 460 92 -95 v
49 168 165 110 145 130 718 144 -43 v
51 95 85 60 74 80 394 79 -108 v
LSD 35

Notes. St — standard (Funtik variety), 3, — sum of variants, X — average trait value; @ — perspective samples
selected for seed production. The groups mean deviations of the average square (dispersion) of the set mean value
from the average square (dispersion) of the general mean value.

3. Plant height and fruit weight of tomato (Solanum lycopersicum L.) parental forms
and hybrids in F5 (Richel polycarbonate greenhouse, five-circle narrow-shelf
hydroponics unit, All-Russian Research Institute for Breeding and Seed Pro-
duction of Vegetable Crops, Moscow Province, 2014

Genot Repetition X
cnotype Ist | 2nd | 3rd | 4th | 5th | 6th | 7th | 8th | 9th |10th
Average plant height, cm
Mo 411 95 90 93 90 88 92 90 90 93 95 91.6
Komnatnaya Grusha 38 33 35 35 35 33 35 38 35 37 35.4
F3 Mo 411 x Komnatnaya Grusha 33 37 33 38 35 32 30 37 35 30 34.0
LSDys 2,5
Vspyshka 53 57 57 55 55 60 50 55 53 53 54.8
Tiny Team 37 35 37 32 38 40 33 37 45 37 37.1
F3 Vspyshka x Tiny Team 43 40 38 37 42 38 40 38 37 32 38.5
LSDgs 4,3
Krainiy Sever 58 50 55 55 58 57 53 57 55 57 55.5
Komnatnyi 32 28 30 27 28 27 28 28 28 28 28.4
F3 Krainiy Sever x Komnatnyi 18 17 22 15 20 18 22 18 22 17 18.9
LSDgs 1.7
Average fruit weight, g

Mo 411 14 18 12 15 12 15 16 17 13 17 14.9
Komnatnaya Grusha 10 12 8 10 12 9 11 11 8 10 10.1
F3; Mo 411 x Komnatnaya Grusha 9 10 9 9 9 8 9 7 9 8 8.7
LSDys 1.0
Vspyshka 74 84 77 84 74 71 84 79 88 84 79.9
Tiny Team 9 10 8 10 11 11 8 12 10 9 9.8
F3 Vspyshka x Tiny Team 18 14 19 16 22 21 18 14 16 18 17.6
LSDys 3.7
Krainiy Sever 27 48 37 46 50 46 38 26 56 50 42.3
Komnatnyi 7 8 7 9 10 7 8 6 10 9 8.1
F3 Krainiy Sever x Komnatnyi 17 16 14 16 14 18 12 16 14 12 14.9
LSDgs 1.5

Note. X — average trait value.

Currently, most genetics papers are dedicated to mapping genes, analysis
of their interaction and mapping quantitative trait loci (QTL), whereas in practi-
cal selection there is a lack of data about inheritance of selection valuable traits.
Despite significant successes of biotechnological approach to realization of ge-
netic information in the progeny [9-12], hybridization remains the key method
for production of new forms and is inscribed in the modern organic agriculture
concept [13-15]. Data about inheritance and heritability of traits are still re-
quired, although today these are few and obtained mostly in diallel crossing.
Thus, Serbian scholars, studying the results of diallel crossings of six tomato
genotypes, found that genotypes with high number of fruits per plant and high
fruit weight can be effectively involved in crossings and selection for high yield



[23]. This corresponds to our data.

Thus, classic genetics is still successfully applicable in selection practice

and do not contradict to necessity of genome mapping in the main agricultural
crops. In Solanum Ilycopersicum L., dwarfism, a trait that is required for multi-
circle narrow-shelf hydroponics technology of tomato growing, is inherited in pa-
ternal line, and fruit weight is inherited in maternal line. In order to obtain dwarf
forms with 30 to 50 g fruits, the large-fruited tomato forms should be involved in
crossings as maternal parents.
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Abstract

Adaptation to weather conditions is an important feature of cultivars. To assess plant
adaptability, we applied a physiological test of Ribesia (Berl.) Jancz. leaf resistance to abiotic factors
during vegetation. The effect of high temperatures and drought on red currant plant photosynthetic
apparatus and water regime was studied in 2011-2013 in the Central-Chernozem region (Orel region).
Five varieties and three selected seedling genotypes of different eco-geographic and genetic origin were
used including the derivatives of Ribes petraeum Wulf., R. vulgare Lam. and R. multiflorum Kit. (of
these, six genotypes were originated in VNIISPK). Leaves of red currant plants are known to have a
mesomorphic structure characteristic of Ribesia (Berl.) Jancz. subgenus. In this paper, it was shown
that the morphological characteristics of leaves (i.e., shape, venation) are determined by the biologi-
cal features of varieties while growing conditions alter the anatomical structure. We found a positive
correlation between the leaf area and hydrothermal coefficient (r = +0.99) and negative correlation
between the leaf area and environment temperature (» = —0.97). An increase in leaf thickness, the ex-
pansion of spongy parenchyma cells, a decrease in chlorophylls (both Chla and Chla + Chlb), as well
as elevated carotenoid level are the response to stress factors during vegetation. The ratio coefficient
of chlorophyll sum to carotenoids is considered as one of the adaptation indices. High coefficients
were revealed in Hollandische Rote variety (5.14) and 1426-21-80 (5.51). Correlations between the
chlorophyll sum and water loss (» = —1.00) as well as chlorophyll sum and fraction of available water
(r = +0.98) were ascertained. The pigment content, fractional composition of water and water hold-
ing capacity of leaves are interconnected with the water shortage. The positive correlation of air tem-
perature and water deficit (» = +0.84) has been noted. The total water content in red currant leaves
depends on the shoot growth, leaf age, variety, meteorological conditions and is not the main indica-
tor of resistance to high temperatures and drought. Ratios of bound and free water and water holding
capacity of leaves vary depending on meteorological conditions and water availability. In 2012 the
weather conditions were unfavorable, and in all red currant genotypes the increase of the coefficient
of bound water to available water as well as drop in water loss were observed. According to the pa-
rameters of water regime, Hollandische Rote variety and 1426-21-80 displayed high adaptability. The
laboratory diagnostic methods were confirmed by the field data of genotype resistance under high
temperature and moisture deficiency. Thus, the physiological express tests are suitable for estimation
of red currant plant adaptability to environmental factors in the course of breeding. A comprehen-
sive assessment showed diverse ecological plasticity in the plants with different Ribesia (Berl.)
Jancz. subgenus species in the pedigree. The derivatives of Ribes petraeum Wulf. (Hollandische
Rote) and R. multiflorum Kit. (1426-21-80) showed the highest tolerance to drought conditions dur-
ing the vegetation season in the Central Chernozem region. The varieties and seedlings derived from
R. vulgare Lam. had low drought resistance.

Keywords: red currant, drought resistance, leaf, mesostrurture, pigments, fractional struc-
ture of water, water holding ability

Red currant is one of valuable berry crops having high yield, early ma-
turity, and good food qualities of berries. A total of 50 to 80 % of its yield losses
are accounted for the negative effect of natural climatic factors. The most im-
portant of these is an increase in the instability and stress of weather conditions
[1, 2]. In the Central Black Earth Region, such stressors include drought caused



by high temperatures. An increase in temperature causes morpho-anatomical,
physiological and biochemical alterations that affect the growth and development
of plants and can lead to a reduction in commercial yield [3-5]. Studying the
morphological features, the structure of the photosynthetic apparatus and water
exchange of plants with regard to the growth area are necessary for solving fun-
damental and applied problems of the biology of red currant. Currently, physio-
logical and biochemical express methods are appreciated in estimation of plant
resistance to adverse weather and climatic factors that makes it possible to signif-
icantly optimize breeding, to minimize yield losses and to create genotypes re-
sistant to the destructive effect of climatic anomalies [6].

Plants have various mechanisms of adaptation to stressors [8-10]. The
xenomorphic leaf structure, alterations in the pigment complex and water bal-
ance are important diagnostic features of drought resistance [11-13]. Thus, at
increasing drought, palisade mesophyll cells of black currant Ribes americanum
Mill. increase in size, and the amout of retained water in cells also increases. In
some red currant varieties derived from R. vulgare Lam. species (Gollandskaya
rozovaya, Natali krasnaya), the content of the total a and b chlorophyll and
photosynthesis decrese [14-16]. A similar regularity is characteristic of strawber-
ry, grapes, chestnut, tea plants (Camellia sinensis) and olive trees (Olea evropaea
L.) under increasing temperature [17-20]. In fruit, vegetable and leguminous
crops, a decrease in water retaining during the light day, an increase in transpira-
tion and alterations in the ratio of water forms in various plant parts were observed
[21-23]. Adaptation of berry crops including red currant to stressors during vegeta-
tion period is poorly studied and requires a more detailed investigation.

This paper is the first reporting application of physiological methods to de-
tect resistance of red currant leaf photosynthetic apparatus to adverse factors dur-
ing vegetation.

The aim of our study was to investigate water regime, photosynthesis and
productivity in various species of Ribesia (Berl.) Jancz. subgenus, and also to iden-
tify varieties and breeding forms resistant to drought and elevated temperature.

Techniques. The observations were carried out in 2011-2013 at the pri-
mary nursery for red currant (All-Russian Research Institute for Breeding Fruit
Crops, ARRIBFC). Aridness during the vegetation periods was assessed by a hy-
drothermal coefficient (HTC). Eight red currant genotypes were studied, includ-
ing 6 cultivars of ARRIBFC (Dana, Niva, Roza, 1518-37-14, 1426-21-80, 1432-
29-98) and 2 foreign ones (Jonkheer Van Tets, Hollandische Rote). The samples
had different genetic, ecological and geographical origins and were derivatives of
the Ribes petraeum Wulf. (Hollandische Rote, 1518-37-14), R. vulgare Lam.
(Jonkheer Van Tets, Niva, Roza), and R. multiflorum Kit. (Dana, 1426-21-80,
1432-29-98) species.

Morpho-anatomical structure of leaves was assessed by studying their
mesostructure [24] using a microscope Eclipse 50i (Nikon, Japan, %x400). The
pigment content was determined in 80 % acetone extract [25] using a Smart
Spec™Plus (Bio-Rad, USA) spectrophotometer. The water regime parameters
were determined according to the developed techniques [11, 26, 27].

Dispersion, correlation and regression analyses were carried out at 95 %
significance level [28] using the Microsoft Excel 2010 software package.

Results. The weather conditions varied strongly over the years of stud-
ies. From May to June of 2011, there was a combination of high water supply
and elevated temperatures (HTC = 0.93; 1.12; 2.10; +30.0...+31.5 °C). 2012
was the most arid year (HTC = 0.20; 0.82; 0.40; +31.2...+32.2 °C). The vege-
tation period of 2013 was intermediate according to hydrothermal conditions
(HTC = 0.72; 0.89; 0.68; +28.6...+31.5 °C).



Morphological variability and ecological plasticity are characteristic of
Ribesia (Berl.) Jancz. subspecies. Red currant belongs to mesophytes. All its varie-
ties and forms are derived from wild species (Ribes petraecum Wulf., R. rubrum L.,
R. vulgare Lam., R. multiflorum Kit.), growing in the intermediate zone of the
Northern hemisphere in the regions with high soil humidity and average air
temperature during vegetation. Europe is believed to be the origin of the R. vul-
gare Lam., while R. petraeum Wulf. is distributed in mountaneous regions of
Europe and North Africa. The origin of R. multiflorum Kit. is Southern Europe
[29, 30]. Study of the assimilation apparatus in varieties and selection forms of
various red current species in the Russian Central Region is of special interest
because specific climatic conditions significantly affect the formation and func-
tions of leaf apparatus.

Studies have shown that some morphological features (shape, veining) of
red currant leaves depended on the biological features of the variety, and the
anatomical structure was affected by growth conditions. In the periods with in-
significant water supply, the leaf area reduced in all studied samples compared to
the optimal conditions: it was 17.64 ¢cm? on the average in 2011, 13.95 cm? in
2012, and 14.37 ¢cm? in 2013. Thereby, maximum leaf area was noted in 2011 to
2013 in 1426-21-80 sample, the derivative of R. multiflorum Kit. A positive rela-
tionship was between the leaf area and HTC (r = +0.99) and a negative one was
between the leaf area and the temperature (r = —0.97).

The leaves of red currant plants had a mesomorphous structure charac-
teristic of Ribesia (Berl.) Jancz. subspecies. The spongy parenchyma was pre-
dominant over the palisade one and the epidermal cells appeared to be large
enough, being larger on the upper side of the leaf than on the lower one. High
temperature and drought differently affected the sizes of the adaxial epidermal
cells and the mesostructure of a leaf. In 2012 and 2013 from May to July, the
main cells of the adaxial epidermis in the Hollandische Rote variety (R. petraeum
Wulf.) and the selection form 1426-21-80 (R. multiflorum Kit.) affected by high
temperatures (+31.2...+28.6 °C in May, and +32.2...+31.5 °C in July) somewhat
elongated, which was associated with reduced cell turgor. We have noted cell
shrinkage in the tangential direction (parallel to the palisade surface) in the remain-
ing samples (Fig. 1).
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Fig. 1. Cell size in the leaf adaxial epidermis of red currant varieties and forms in May (a) and in July
(b) 2012 and also in May (c) and July (d) 2013: 1 — Hollandische Rote, 2 — 1426-21-80, 3 — Da-
na, 4 — 1432-29-98, 5 — Niva, 6 — 1518-37-14, 7 — Jonkheer Van Tets, 8 — Roza (All-Russian
Research Institute for Breeding Fruit Crops, Orel Province, Zhilina village).

The elevated temperature and drought in 2012 and 2013 has led to the
growth of parenchymal cells and an increase in leaf thickness (Table 1). The

growth of mesophyll cells occurred mainly due to the increase in the air-
contained elements of spongy parenchyma which facilitated gas exchange be-



tween a leaf and environment. Cell growth in spongy parenchyma and an in-
crease in leaf thickness compared to 2011 were found almost in all of the sam-
ples, except Niva variety, especially in Hollandische Rote plants and 1426-21-
80. These changes should be viewed as a manifestation of a high adaptability of
the anatomical leaf structure to stressors during the vegetation period.

1. Leaf mesostructure in the red currant varieties and forms as depended on year

conditions (All-Russian Research Institute for Breeding Fruit Crops, Orel Prov-
ince, Zhilina village)

Year (A)
Sample (B) 2011 2012 2013

PP | SP | TLT [ PP | SP | TLT | PP | SP | TLT
Hollandische Rote 10.29 13.62 26.94 12.00  20.00 37.30 9.75 15.80 -
Niva 9.56 15.24 27.70 11.25 18.45 35.35 9.55 16.95 31.40
Dana 9.28 12.65 24.63 10.15 15.35 29.60 10.35 15.30 29.10
Jonkheer Van Tets 8.10 12.00 22.70 10.05 16.30 29.92 9.10 14.85 27.70
Roza 7.90 12.35 23.25 11.65 17.55 33.65 10.15 15.10 29.10
Hollandische Rote 7.70 14.68 25.38 9.15 18.15 30.80 8.55 16.90 29.15
Niva 7.30 10.10 20.33 10.50 15.90 30.05 9.00 12.30 24.80
Dana 6.80 11.23 20.53 7.95 13.85 25.60 8.10 13.80 25.10

Note. PP — palisade parenchyma, um; SP — spongy parenchyma, um; TLT — total leaf thickness, um. LSDyjs
for palisade parenchyma: A = 1.57; B = 2.56; AB = 4.42. LSDys for spongy parenchyma: A = 1.92; B = 3.14;
AB = 5.43. LSDy; for total leaf thickness: A = 1.39; B = 2.27; AB = 3.93. Dash means no data.
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Fig. 2. Chlorophyll a (A) and chlorophylls a+b (B) content during vegetation in 2011 (a), 2012 (b)
and 2013 (c) in the leaves of red currant varieties and forms: 1 — Hollandische Rote, 2 — 1426-21-
80, 3 — Dana, 4 — 1432-29-98, 5 — Niva, 6 — 1518-37-14, 7 — Jonkheer Van Tets, 8§ — Roza
(All-Russian Research Institute for Breeding Fruit Crops, Orel Province, Zhilina village). A: a —
LSDgs = 0.31; b — LSDgs = 0.26; ¢ — LSDgs = 0.29. B: a — LSDgs = 0.61; b — LSDgy5 = 0.53;
¢ — LSDgys = 0.58.

The weather conditions during vegetation have significantly affected as-
similation apparatus. In the arid 2012, a reduction in chlorophyll a and a + b

chlorophylls (1.23-2.21 and 2.15-3.36 mg/g, respectively) was noted in the leaves
of all red currant cultivars compared to 2011 (1.53-2.46 and 2.40-3.92 mg/g)



(Fig. 2). It should be noted that a more drastic decrease in the pigment amount
in 2012 occurred in all derivatives of the R. vulgare Lam. Species; the minimal
one was in R. petraeum Wulf. and R. multiflorum Kit. plants. Insignificant
drought relief in 2013 facilitated a small increase in the pigment content.

Drought together with high temperatures stimulated the formation of ca-
rotenoids in all of the samples of Ribesia (Berl.) Jancz. subgenus studied, which
is consistent with findings about the protective function of this pigment group at
stress [21, 31, 32]. We have found a positive correlation between the carotenoid
content and temperature (» = +0.77). Some scholars in order to assess stressor
resistance suggest using the coefficient of the total chlorophyll to carotenoid ra-
tio [31, 33, 34]. Under stress conditions of 2012, the Hollandische Rote variety
and 1426-21-80 plants with the coefficient of 5.14 and 5.51, respectively, were
distinct in this parameter, which may indicate their resistance to drought and
high summer temperatures. The hydrothermal regime affects productivity by af-
fecting the functional state of the plants which was confirmed by high correla-
tions between the chlorophyll a level and yield (» = +0.85), and total chloro-
phylls and yield (» = +0.78)

The pair correlation coefficients between total chlorophylls and water
loss (r = —1.00), and total chlorophylls and free water amount (» = +0.98) con-
firmed the dependence of the pigment content on water regime parameters.
These parameters (pigment content, water fractions, water-retaining leaf capaci-
ty) were associated with the development of water deficiency which depended on
air temperature (r = +0.84). The relationship between the water regime parame-
ters and the meteorological features of the vegetation period was described using
multiple regression coefficients (Table 2).

2. Correlation between physiological parameters of the red currant samples and the

meteorological factors (All-Russian Research Institute for Breeding Fruit Crops,
Orel Province, Zhilina village)

Parameter | Regression coefficient
Water content 090-F;r=0.22
Free water fraction 0.84:-F; r=0.33
Water loss -0.88 F; r=0.30

N ote. F — hydrothermal coefficient, r — standard experiment error.

It should be noted that the total water content in red currant leaves is
not the main parameter of plant resistance to elevated temperatures and drought,
because it depends on a number of factors (sprout growth, leaf age, berry for-
mation, weather conditions and variety) [35] (Fig. 3).

681
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Fig. 3. Water content in leaves during vegetation in 2011 (a), 2012 (b) and 2013 (c) in the red cur-
rant varieties and forms: 1 — Hollandische Rote, 2 — 1426-21-80, 3 — Dana, 4 — 1432-29-98, 5 —
Niva, 6 — 1518-37-14, 7 — Jonkheer Van Tets, 8 — Roza (All-Russian Research Institute for Breed-
ing Fruit Crops, Orel Province, Zhilina village). LSDys: a — 4,38, b — 3,74, ¢ — 3,98

The most labile parameters, depending on meteorological conditions and



water supply, are the ratios of the bound and free water and the water retaining
capacity of leaves [11, 36, 37]. We assessed the water retaining capacity based on
water loss. Among the studied traits in the stress period, significant differences
were associated with variety and specific features. In 2012 with unfavorable HTC
compared to 2011, an increase in the ratio of bound and free water and a de-
crease in leaf water loss were observed in all the samples. In 2013, this ratio was
higher than that in 2011, but lower compared to the parameter of 2012 (Table 3).
The highest values of the coefficient and minimal water loss were noted in the
Hollandische Rote plants and the 1426-21-80 form; this gives grounds to believe
that genotypes of these R. petraeum Wulf. and R. multiflorum Kit. samples manifest
a higher adaptability to high temperatures under soil moisture deficiency.

3. Main parameters of water regime in the red currant varieties and forms aas de-
pended on year conditions (All-Russian Research Institute for Breeding Fruit
Crops, Orel Province, Zhilina village)

Year (A)
Sample (B) 2011 2012 2013 average
BW/FW | WL, % | BW/FW | WL, % | BW/FW | WL, % | BW/FW | WL, %

Hollandische Rote 1.33 35.82 2.09 20.36 2.03 21.11 1.82 25.76
1426-21-80 1.31 36.16 2.41 20.62 2.09 19.37 1.94 25.38
1432-29-98 1.12 30.17 1.42 25.01 1.20 26.98 1.25 27.39
Jonkheer Van Tets 1.01 38.10 1.31 21.85 1.04 27.40 1.12 29.12
1518-37-14 0.96 40.91 1.06 27.62 1.08 26.66 1.03 31.73
Niva 0.82 42.56 1.71 24.84 1.50 25.58 1.34 30.99
Dana 0.70 40.97 1.76 25.51 1.66 25.44 1.37 30.64
Roza 0.63 39.75 0.98 26.82 0.87 27.85 0.83 31.47

LSDgs 0.08 2.06 0.11 3.03 0.14 1.86

Note. BW/FW — coefficient of the bound to free water ratio, WL — water loss over 24 h, %. LSDys for
BW/FW. A — 2.18; B — 4.59; AB — 7.95. LSDys for WL: A — 0.13; B — 0.21; AB — 0.37.

Therefore, prospects of physiological methods in assessment of resistance
to unfavorable weather factors have been shown in the members of Ribesia (Berl.)
Jancz. subgenus. The obtained results are fully consistent with data about field
resistance of red currant varieties and forms under elevated temperature and
moisture deficiency. This allows using the said methods for express diagnostics
that significantly intensify breeding for adaptability. The complex physiological
assessment has shown that the derivatives of various species of Ribesia (Berl.)
Jancz. subgenus have different ecological plasticity which is explained by differ-
ences in their genetic and ecological and geographic origins. The highest re-
sistance to drought during vegetation in the Central Black Soil Region was
manifested in the derivatives of Ribes petraeum Wulf. (Hollandische Rote) and R.
multiflorum Kit. (1426-21-80) species. Low drought resistance was noted in the
varieties and forms of R. vulgare Lam.
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