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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.
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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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