
 
 

ISSN 2412-0324 (English ed. Online) 
ISSN 0131-6397 (Russian ed. Print) 
ISSN 2313-4836 (Russian ed. Online) 

 
 
 
 
 
 
 
 

   
 
 
 
 

 
 

Since January, 1966 
 
 
 
 

PLANT 
BIOLOGY 

 
 
 
 
 
 
 
 
 
 

Vol. 55, Issue 5 
September-October  
 
2020 Moscow 

BIOLOGY 
AGRICULTURAL  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EDITORIAL BOARD 
 

I.V. SAVCHENKO (Moscow, Russia) — Chairman (plant biology) 
 

BESPALOVA L.A (Krasnodar, Russia)  
DRAGAVTSEV V.A. (St. Petersburg, Russia) 
DZYUBENKO N.I (St. Petersburg, Russia)  
FEDOROVA L.M. (editor-in-chief)  
(Moscow, Russia) 
GONCHARENKO A.A. (Moscow, Russia) 
KHARITONOV E.M. (Krasnodar, Russia) 
KHOTYLEVA L.V. (Minsk, Belorussia) 
KORPELA T. (Turku, Finland)  

LUGTENBERG E.J.J. (Leiden,  
The Netherlands)  
LUKOMETS V.M. (Krasnodar, Russia) 
PIVOVAROV V.F. (Moscow, Russia) 
SANDUKHADZE B.I. (Moscow, Russia)  
SEDOV E.N. (Оrel, Russia)  
SHABALA S. (Tasmania, Australia) 
TIGERSTEDT P.M.A. (Esbo, Finland) 
TIKHONOVICH I.A. (St. Petersburg, Russia)  

 
 
A peer-reviewed academic journal for delivering current original research results and reviews 
on classic and modern biology of agricultural plants, animals and microorganisms  
Covered in Scopus, Web of Science (BIOSIS Previews, Biological Abstracts, CAB Abstracts, 
Russian Science Citation Index), Agris 
 
 
 
Science editors: E.V. Karaseva, L.M. Fedorova 
 
 
 
Publisher: Agricultural Biology Editorial Office NPO 
 
Address: build. 16/1, office 36, pr. Polesskii, Moscow, 125367 Russia 
Tel: + 7 (916) 027-09-12 
E-mail: felami@mail.ru, elein-k@yandex.ru  Internet: http://www.agrobiology.ru 
 
 
 
 

 
 
For citation: Agricultural Biology,  
Сельскохозяйственная биология, Sel’skokhozyaistvennaya biologiya  
 
ISSN 0131-6397 (Russian ed. Print)  
ISSN 2313-4836 (Russian ed. Online) 

© Agricultural Biology Editorial Office (Редакция журнала 
«Сельскохозяйственная биология»), 2020 

ISSN 2412-0324 (English ed. Online)  
 



 

1057 

SEL’SKOKHOZYAISTVENNAYA BIOLOGIYA  
[AGRICULTURAL BIOLOGY], 2020, Vol. 55, ¹ 5 

CONTENTS 
 

REVIEWS, CHALLENGES   
Goncharova Yu.K., Kharitonov E.M., Оchkas N.A. et al. Features of rice (Oryza sativa L.) 

varieties for organic farming in connection with marker assisted breeding (review)  .   847 

SELECTION AND SEED PRODUCTION OF VEGETABLE  
CROPS IN RUSSIA (the 100th anniversary of the Federal Research 
Center for Vegetable Growing)  
Pivovarov V.F., Soldatenko A.V., Pyshnaya O.N. et al. Federal Research Center for 

Vegetable Growing — 100-year history as a basis for future developments (review)   . 861 
Balashova I.T., Sirota S.M., Pinchiuk E.V. Large fruit of tomato Solanum lycopersi-

cum L.: genetic determinants, organogenesis and fruit development (review)  .   .   .   876 
Domblides A.S., Bondareva L.L., Pivovarov V.F. Assessment of genetic diversity among 

headed cabbage (Brassica oleracea L.) accessions by using SSR markers   .   .   .   .    890 
Engalycheva I.A., Kozar Е.G., Domblides A.S. et al. Development peculiarities of Bean 

common mosaic virus (Potyvirus, Potyviridae) in Moscow region and initial materi-
al for resistance breeding   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   901 

Gins M.S., Gins V.K., Motyleva S.M. et al. The metabolites of autotrophic and hetero-
trophic leaves of Amaranthus tricolor L. Early Splendor variety   .   .   .   .   .   .   .    920 

Soldatenko A.V., Buharov A.F., Baleev D.N. et al. Impact of high temperature on growth 
of embryo and germination of heteromorphic seeds of Anethum graveolens L. 
(Apiaceae)   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   932 

PHYSIOLOGY, BIOCHEMISTRY   
Nazarov A.M., Garankov I.N., Tuktarova I.O. et al. Hormone balance and shoot growth 

in wheat (Triticum durum Desf.) plants as influenced by sodium humates of the 
granulated organic fertilizer   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   945 

Rudakova A.S., Rudakov S.V., Artemyeva А.М. et al. Polymorphism of esterase isoen-
zymes of ripe seeds of samples of radish (Raphanus sativus L.)   .   .   .   .   .   .   .    956 

Malyukova L.S., Nechaeva T.L., Zubova M.Yu. et al. Physiological and biochemical 
characterization of tea (Camellia sinensis L.) microshoots in vitro: the norm, 
osmotic stress, and effects of calcium   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .    970 

POTATO FARMING: SCIENCE AND TECHNOLOGIES  
Gadjiyev N.M., Lebedeva V.A., Rybakov D.A. et al. On using data from marker-assisted 

selection of source material and intervarietal hybrids in practical potato breeding 981 
Kim I.V., Volkov D.I., Zakharenko V.M. et al. Composition and quantification of antoci-

ans in healthy-diet potato (Solanum tuberosum L.) varieties for growing and selec-
tion in the Russian Far East   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   995 

PLANT VIRUSES AS TOOLS FOR BIOTECHNOLOGIES   
Ryabchevskaya E.M., Evtushenko E.A., Arkhipenko M.V. et al. Novel approach for de-

signing rotavirus vaccine candidate based on two plant viruses   .   .   .   .   .   .   .    1004 

SOIL MICROORGANISMS  
Abakumov E.V., Loyko S.V., Istigechev G.I. et al. Soils of Chernevaya taiga of Western 

Siberia — morphology, agrochemical features, microbiota   .   .   .   .   .   .   .   .    1018 

RESEARCH METHODS  
Ilina E.L., Kiryushkin A.S., Demchenko K.N. Features of fluorescent protein application 

to study the root system development of cucurbits (Cucurbitaceae)   .   .   .   .   .   .   1040 
 



847 

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

2020, V. 55, ¹ 5, pp. 847-860 
(SEL’SKOKHOZYAISTVENNAYA BIOLOGIYA)ISSN 0131-6397 (Russian ed. Print)

ISSN 2313-4836 (Russian ed. Online) 

Reviews, challenges 

UDC 633.18:581:577.2 doi: 10.15389/agrobiology.2020.5.847eng 
doi: 10.15389/agrobiology.2020.5.847rus 

FEATURES OF RICE (Oryza sativa L.) VARIETIES FOR ORGANIC  
FARMING IN CONNECTION WITH MARKER ASSISTED BREEDING 

(review) 

Yu.K. GONCHAROVA1, 2 , E.M. KHARITONOV1, N.A. ОCHKAS1, 2, 
N.I. GAPISHKO1, Н.Н. NESCHADIM3

1Federal Rice Research Center, 3, Belozernii, Krasnodar, Russia 350921, e-mail yuliya_goncharova_20@mail.ru (cor-
responding author ), evgeniyharitonov46@mail.ru, gapishko1979@mail.ru; 
2LLC Aratay Skolkovo, 7, ul. Nobelya, Moscow, Russia 143026, e-mail ochkasnikolay@mail.ru; 
2Trubilin Kuban State Agrarian University, 13, ul. Kalinina, Krasnodar, Russia 350044, e-mail neschadim.n@kubsau.ru 
ORCID: 
Goncharova J.K. orcid.org/0000-0003-2643-7342 Gapishko N.I. orcid.org/0000-0002-3695-3001 
Kharitonov E.M. orcid.org/0000-0002-4049-6173 Neschadim Н.Н. orcid.org/0000-0002-5113-7651 
Оchkas N.A. orcid.org/0000-0003-4852-3356 
The authors declare no conflict of interests 
Acknowledgements:  
Supported financially from Russian Science Foundation, grant No. 19-16-00064 
Received June 4, 2020 

A b s t r a c t  

Organic agriculture is actively developing worldwide with a 30 % annual increase 
(S.Y. Dhurai et al., 2014). Today, the market for organic products reaches more than $200 billion 
a year. Products grown by organic farming technologies cost 20 % and sometimes 100 % higher. 
However, decrease in crop yields in organic farming largely eliminates the cost advantage 
(G.N. Fadkin et al., 2015). The use of specialized varieties should increase the profitability of or-
ganic farming (V. Seufert et al., 2012). However, there is still no clear separation in generating 
breeding material for these technologies. Purpose of this work is to review characteristics that must 
be selected when creating rice varieties for organic farming and effective working methods. Variety 
for this technology should possess a number of characteristics, i.e. high adaptability to biotic and 
abiotic stresses, competitiveness of the genotype, efficiency of mineral nutrition and photosynthesis 
(T. Vanaja et al., 2013). Note, all of these traits are complex and largely interconnected. So, the 
competitiveness of the genotype is ensured by a number of features, i.e., high growth rate; effective 
tillering; morphotype with minimal shading in dense crops; high efficiency of photosynthesis for the 
full use of solar energy; high root absorption (E.T. van Bueren et al., 2011; J.K. Goncharova et al., 
2018). Increasing specific adaptability to a complex of stresses requires more effort and does not 
guarantee a result due to a significant decrease in the effect of individual genes resulted from in-
tralocus and intergenic interactions. In nature, a complex of factors acts on the plant, which depre-
ciates specific adaptability. Specific resistance to pathogens, as a rule, is overcome in a very short 
time (A.H. Bruggen, 1995). The great promise of increasing the overall adaptability of plant due to 
non-specific adaptability is shown. The most polymorphic loci of the Russian rice varieties for non-
specific adaptability associated with the efficiency of genetic systems providing the growth rate, 
photosynthesis, mineral nutrition are summarized (L. Huang et al., 2016). Intensive growth, high 
photosynthetic activity and the effectiveness of mineral nutrition increase the vitality, allow plants 
to pass stress sensitive phases as quickly as possible, which reduces the likelihood of damage caused 
by extreme temperatures or other factors that reduce viability, including during organic farming. In 
Russian rice varieties, Microsatellite markers RM154, RM600, RM550, RM347, RM240, RM154, 
and RM509 are associated with loci for the efficiency of photosynthesis, RM261, RM6314, RM126, 
RM463, RM405, RM509, RM242 are associated with loci for mineral nutrition, RM463, RM245, 
RM242, RM3276, RM5508, RM574, RM542 are associated with salt resistance, and RM261, 
RM405, RM463, RM242, RM6314 are linked to loci for seedling growth rates. The markers iden-
tified by us are located in the same chromosome regions as the genes that determine the germination 
energy, drought resistance, tolerance to low temperatures, the morphotype and size of the root 
system, the ratio of the aboveground to the underground part of the plant, the stability of cell 
membranes under stress conditions, and the photosynthetic potential of the variety (G.A. Manju-
natha et al., 2017; J. Аli et al., 2018). 



848 

Keywords: rice, adaptability, abiotic stresses, drought, salinization, non-specific resistance, 
mineral nutrition, organic farming 

 

Mineral fertilizers and pesticides allowed a significant increase in crop 
yields during a certain period of use. However, over time, negative consequences 
(soil erosion, environmental problems, and an increase in people morbidity) also 
arose [1-3], thence, organic farming systems for crop cultivation [4-6] with the 
use of organic fertilizers, biologicals and biological plant protection methods [7-
9] are topical. Organic farms confirm the possibility to obtain stable yields, espe-
cially when using crops capable of nitrogen fixation [10-12]. Initially, the rejection 
of mineral fertilizers often leads to a decrease in yield [13-15]. It can be especially 
significant (up to 60%) in the first year of application of environmentally friendly 
technologies [16-18]. Soil fertility is restored in the next 3-4 years, during which 
the yield approaches the original (19-21). At this time, the availability of nutrients 
of organic fertilizers for plants increases due to humus formation [22-24]. 

The advantage of organic farming systems (OFS) is the provision of sus-
tainable crop yields under stressful conditions (drought, salinity, temperatures out-
side the variety's response range) [25-27]. The use of OFS for intensive varieties 
is often not reasonable, since their yield decreases by more than 30% if the level 
of mineral nutrition is low [28-30]. This necessitates to develop a novel approach 
to breeding varieties for OFS technologies. 

In this review we consider the characteristics for which breeding is neces-
sary when creating rice varieties for organic farming, and the appropriate meth-
odological approaches and breeding technologies.  

Cha r a c t e r i z a t ion  o f  va r i e t i e s  f o r  OFS. The traits that a variety 
for OFS should have are still debated [31-33]; however, they undoubtedly include 
high adaptability under biotic and abiotic stresses, genotype competitiveness, effec-
tive mineral nutrition and photosynthesis [34-36). All these traits are complex and 
largely interrelated. Thus, the high efficiency of mineral nutrition and photosynthesis 
ensures high adaptability to all stress factors and the competitiveness of the genotype 
[37-39]. 

Genotype  compet i t i veness. The high competitiveness of the genotype 
is one of the main traits that allows the variety to be used in organic farming. The 
components of the competitiveness of rice plants include a high growth rate, effec-
tive tillering, a morphotype that provides minimal shading in dense sowing, high 
efficiency of photosynthesis, which allows the most complete use of solar energy 
even with shading, formation of a root system with high absorbing capacity [40-42].  

The adaptability to stress can be influenced by increasing either the specific 
adaptability to each stress, or non-specific adaptability, which simultaneously en-
hances resistance to various stressors. Changing specific adaptability requires great 
efforts and does not guarantee the result, since all traits are polygenic, therefore, 
both intralocus and intergenic gene interactions can largely neutralize the effects of 
individual genes [43-45]. In nature, a plant is influenced by a complex of factors, 
which devalues one-way adaptability. Specific resistance to pathogens, as a rule, is 
overcome by them in a very short time. Therefore, from our point of view, the 
second strategy is more promising when an increase in general adaptability (non-
specific resistance) occurs due to the functioning of several genetic systems that 
provide effective photosynthesis and mineral nutrition, a high rate of growth and 
development, and resistance to salinity. 

Microsa te l l i te  markers a ssoc ia ted with  loc i tha t  de termine 
p lant  photosynthes is e f f ic iency o f Russ ian r ice var iet ie s. Molecular 
markers linked to gene loci (quantitative traits loci, QTL), affecting the efficiency 
of photosynthesis and other traits in rice varieties of different geographic origin, is 
shown at http://www.gramene.org. However, their applicability for assessing Russian 
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breeding material must be confirmed. It is necessary to confirm reliable separation 
of contrasting groups with the use of these markers [46, 47]. 

The study of allelic polymorphism of intragenic SSR markers and markers 
linked to genes that determine the photosynthetic potential of Russian rice cultivars 
revealed polymorphic loci (Fig. 1) [47]. 

 

 

Fig. 1. Allelic polymorphism of markers (the number of alleles is indicated) associated with photosyn-
thesis efficiency of Russian rice varieties [47]. 
 

 

Fig. 2. Microsatellite markers linked to loci for pho-
tosynthesis efficiency of Russian rice varieties: 1 — 
RM600, 2 — RM5508, 3 — RM509, 4 — RM5361, 
5 — RM347, 6 — RM154, 7 — RM240, 8 — RM162, 
9 — RM574, 10 — RM5707, 11 — RM245 [47]. 
 

Analysis of the revealed polymor-
phism showed that some of the markers 
variable in amplification products can sepa-
rate groups of varieties with different effi-
ciency of photosynthesis at p  0.05. Three 
of them (RM154, RM600, RM5508) linked 
to loci that determine the carotenoid level, 

two markers are linked to loci controlling specific surface density (RM347, RM240) 
and chlorophyll a content (RM154, RM509). Figure 2 shows intragenic markers 
with the maximum number of alleles which are associated with photosynthetic 
efficiency and divide Russian rice varieties into contrasting groups according to 
the trait [47]. 

These markers can be involved in marker-assisted selection (MAS) for the 
traits that determine the efficiency of photosynthesis in Russian rice varieties. The 
importance of the genetic system which determines the photosynthetic potential 
of the variety, has been shown by many researchers [48-51]. It is noted that vari-
eties for OFS, as a rule, use light more efficiently. They have a long period of 
photosynthesis and a high chlorophyll content, especially in the upper leaves. The 
photosynthetic function of plant organs is ensured by the optimal architectonics 
of crops. In particular, key traits are plant height, resistance to lodging, and the 
presence of long and wide erectoid leaves. Note, the plant height for OFS signif-
icantly exceeds that in varieties for intensive farming technologies, in some works, 
up to 119 cm, that is, 20-30 cm higher compared to plant height in traditional 
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agriculture) [44, 46]. 
Miner a l  nut r i t i on re spon se  ma rker s and ch romosome  re -

g ion s. The potential for using genotypic differences in ability to assimilate min-
erals is enormous, since there is a 20-fold differences between the extreme mani-
festations of the trait [52-54]. The problem is that high-yielding varieties, as a rule, 
are not adapted to the lack of mineral nutrients. The mechanism of adaptation of 
rice plants to such a deficiency differs in different genotypes and includes an in-
crease in root size, an intensification of absorption, and an increase in the internal 
efficiency of fertilizer use. However, there are reports that in most of the studied 
genotypes the latter indicator varies slightly [55-57]. 

Nutrition response of Russian rice varieties is poorly studied. Our studies 
have shown high yield variability in rice varieties at different levels of nitrogen 
fertilizers. Rapan variety shows the greatest variability of the trait (Cv = 33.4%), 
whereas Vodopad variety is the most stable (Cv = 15.7%). Without mineral ferti-
lizers, the varieties reduced the yield by 49.05% on average with 55.93% reduction 
(variation from 53.33 to 58.71%) in varieties Rapan, Yubileyny 85, and Nautilus 
of intensive type. The grain yield of Vodopad variety decreased by 32%. In other 
words, the specialized “organic” varieties can additionally provide for more than 
20 c/ha of rice grain and a 1.5-fold increase in OFS profitability [16].  

Investigation of dose-dependent response to nitrogen fertilization revealed 
Vodopad variety to be in the lead without fertilization, 61 c/ha vs. an average yield 
of 48.2 c/ha. The yield of Nautilus (46.2 c/ha), Yubileiny 85 (43.1 c ha) and 
Rapan (40.8 c/ha) was lower than the average value of 48.2 c/ha. The change in 
the yield upon application of fertilizers was determined by the coefficient of linear 
regression of its relationship with the doses of applied nitrogen fertilizers [16]. 

On average, a 1 kg/ha nitrogen fertilizer provided 23 kg/ha increase in 
rice yield. The gain decreased with an increase in the dose of the fertilizer, from 
32 kg/ha for N0-N91 to 21 kg/ha for N92-N137 and 15 kg/ha for N138-N184 (Fig. 
3). The revealed differences of Russian varieties allow breeding for increased 
nitrogen efficiency under different cultivation technologies [58].  

Our previous works showed that the development of root system largely 
determines adaptability of rice plants to a deficient mineral nutrition, however, 
the question of which molecular markers can reliably group domestic samples 
contrasting in the manifestation of this trait during different phases of vegetation 
has not been studied [56]. 

 

 

Fig. 3. Grain yields of Russian rice varieties depending on N-fertilizer doses (per active ingredient): a 
— 0-91 kg/ha, b — 92-137 kg/ha, c — 138-184 kg/ha (test plot of FSC of the Federal Rice Research 
Center rice, Krasnodar, 2017-2018) [16].  
 

In a study of Russian rice varieties with microstellite markers, it was shown 
that the size of the root system is determined by genes in 14 loci [30], and these 
genes are not the same at different stages of plant development. Seven SSR 
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markers, RM261, RM6314, RM126, RM463, RM405, RM509, and RM242 dif-
ferentiated the samples by the efficiency of mineral nutrition during germination. 
None of the markers reliably divided the samples by the efficiency of mineral 
nutrition at the tillering stage. The markers RM245, RM284, RM574, RM258, 
RM227, RM509, RM3428, RM440, and RM154 showed a high probability of 
association with the trait. Ten SSR markers, RM284, RM335, RM245, RM600, 
RM53, RM542, RM261, RM5361, RM5371, and RM6314 discriminated domes-
tic rice varieties contrasting in adaptability to a lack of mineral nutrition during 
ripening (Table 1). 

1. SSR markers discriminating Russian rice varieties with contrast adaptability to 
deficient mineral nutrition 

Gene Traits SSR marker Chromosome References 
TRN7-1 Root number, 65 days after planting  RM542 7 [59] 
LFSNS Leaf structure, the chlorophyll content in the sec-

ond leaf at tasseling vs. day 30 of growth 
RM 245 9 [60] 

qTRN1-2 Root number, 65 days after planting RM600 1 [59] 
OSAD-JCAP Osmotic regulation RM284 8 [61]  
rdgf4 LFSNS Leaf senescence, the chlorophyll content in the 

second leaf at tasseling vs. day 30 of growth 
RM335 4 [62] 

AQEI046-LFSNS Leaf senescence, the chlorophyll content in the 
second leaf at tasseling vs. day 30 of growth 

RM53 2 [62] 

qTRN4-1 Root number 85 days after planting RM261 4 [59] 
NCN Efficiency of mineral nutrient utilization  RM5371 6 [63]  
NCN Efficiency of mineral nutrient utilization  RM5361 5 [63] 
NCN Efficiency of mineral nutrient utilization  RM6314 4 [30, 64] 
OSADJCAP Osmotic regulation RM126  8 [61] 
qRTT9-1 Root thickness 65 days after planting RM242 9 [59] 
qPHT12-1 
qFRP-12 

Plant height 
Grain number per panicle  

RM463 12 [59] 

NCN Efficiency of mineral nutrient utilization  RM509 5 [63, 65] 
qRTV5-1 Root volume, 65 days after planting RM289 5 [59] 
qPL-5 
qYI-5 

Panicle length 
Spikelets per panicle 

RM405 5 [66] 

NCN Efficiency of mineral nutrient utilization  RM3155 8 [30, 64] 
N o t е. NCN means that no common name of the gene is accepted. 

 

Previously, both specific and nonspecific genes were mapped that enhance 
the responsiveness of rice plants to mineral nutrition; SSR markers were also lo-
cated in the regions of localization of these genes [67-69]. The loci for the effec-
tiveness of mineral nutrition in Russian rice varieties are defined in the scholar 
publications as being responsible for the number, volume and thickness of roots 
65 days after planting, for the capability of osmotic regulation, and for leaf senes-
cence assessed by the ratio of chlorophyll content in the second leaf at tasseling 
and after 30-day growth. Since there is a close correlation between the sizes of the 
aboveground and underground parts of plants and the pleiotropic influence of 
many genes is known, the loci that determine plant height, panicle length, and 
the grain number per panicle were also attributed to those that increase the effi-
ciency of mineral nutrient utilization [70-72]. 

SSR ma rke r s  o f  s a l t  t o le r ance  o f  Rus s i an  r ic e  var i e t i e s. 
Table 2 shows SSR markers reliably grouping Russian rice varieties by different 
salt tolerance during flowering. Analysis of genes previously mapped in the regions 
of localization of these markers [72] showed that only two markers, RM25 and 
RM240 are associated with specific genes for salinity resistance enabling osmotic 
regulation. Other markers are linked to nonspecific loci that increase the viability 
and resistance to a number of stressors [72-75]. 

Markers enabling reliable discrimination of domestic rice varieties with 
contrast adaptability to salinity as assessed by changes in the length of the embry-
onic root have not been established. The obtained result is anticipated, since the 
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adaptability to salinity is determined by polygenes or gene clusters. The studied 
samples carry sets of genes that, acting together, hide the effect of one or another 
locus. However, this did not prevent the identification of loci most likely associ-
ated with the trait in question in seedlings. Identification was allowed due to an 
increase in the sensitivity threshold of the method by applying a significance level 
of p  0.09 [76]. At the accepted level of significance, a numerous of loci were 
identified that determine the change in the root length during salinization in the 
early growing season. In most cases, the varieties are also separated due to non-
specific genes that increase resistance to salinity (76). 

2. SSR markers associated with salt tolerance of Russian rice varieties [72] 

SSR marker Chromosome 
Amplicon, bp (primer 
melting temperature, С) 

Traits 

F l o w e r i n g  
RM574 5 155 (55) Root system features  
RM245 9  150 (55) Photosynthesis efficiency during growth and matu-

ration  
RM240 2  132 (55) Osmotic regulation, length of growing period 
RM53 2  182 (55) Leaf senescence, length of growing period 
RM25 8  146 (55) Length of growing period, osmotic regulation, leaf 

senescence, 
RM590 10  137 (55) Grain fracture 
RM24 1 192(55) Ratio of root number to stem number, length of 

growing period, total leaf рarea  
RM5361 5 138 (55) No data available  

S e e d l i n g s  (as per root length)  
RM574 5 155 (55) Root volume, root thickness  
RM245 9 150 (55) Photosynthetic potential, length of growing period 
RM542 7 113 (55) Root volume, the angle of rice stem inclination,  

plant height  
RM463 12 192 (55) Plant height 
RM242 9 225 (55) Root length and thickness, cold tolerance, in vitro 

culturing, germination vigor, cell-membrane sta-
bility, plant height 

RM3276 4 163 (50) Salt tolerance  
RM5508 7 177 (50) Salt tolerance 

S e e d l i n g s  (as per stem length) 
RM574* 5 155(55) Root system features 
RM154* 2 183 (61) Photosynthetic potential 
RM141 6 136 (55) Photosynthetic potential 
RM82 7 186 (55) Photosynthetic potential, resistance to low temper-

atures 
RM286 11 110 (55) Length of growing period, photosynthetic potential 
RM227 3 106 (55) Leaf features, germination vigor, length of growing 

period, root dry weight  
RM24 1 192 (55) Ratio of root number to stem number, length of 

growing period, leaf features 
RM542 7 113 (55) Root weight, plant height 
RM126 8 171 (55) Osmotic regulation, length of growing period, Leaf 

senescence  
* Markers reliably discriminating samples at p  0.05. 

 

Markers RM463, RM245, RM242, RM3276, RM5508, RM574, RM542 
are linked to nonspecific loci that determine adaptability of seedlings to salinity. 
Markers RM463, RM242 are associated with genes encoding the photosynthetic 
potential. The RM242 is mapped in the chromosomal region where genes are 
localized that determine adaptability to stress due to higher cell-membrane toler-
ance and the growth rate. Markers RM574, RM542, and RM242 flank loci that 
determine root length, thickness, volume, and efficiency, thus allowing better rice 
plant responsiveness to mineral nutrition [77-79]. 

Microsa tel li te markers a ssoc iated with growth rate  of seed-
ings. According to our data [76], most loci which determine growth rate in Rus-
sian rice gene pool, are monomorphic, since for a long time, a high level of water 
was used to control weeds. The rapid appearance of plant above the water level 
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provides even sprouts and further high productivity. Nevertheless, statistical anal-
ysis revealed polymorphic regions determining the growth rate of domestic varie-
ties. The data of http://www.gramene.org shows that genes associated with root 
system formation and germination vigor had already been found in the identified 
loci (Table 3). 

3. SSR markers for clustering Russian rice varieties based on growth rate parameters [76] 

SSR marker Chromosome Amplicons, bp Traits  
S e e d i n g  s t e m  l e n g t h   

RM289 5 108 Stem and leaf size, growth vigor  
R o o t  l e n g t h   

RM242 9 225 Tolerance to low temperatures, root size and activity, ratio of root 
length to size and number of tillers and leaves, differentiation of 
explants, tolerance to membrane stressors, germination rate 

RM126 4 125 Adaptiveness to deficit irrigation, tolerance to low temperatures, 
root size, the ratio of the root length to tiller length 

S e e d l i n g  w e i g h t   
RM405 5 110 Stem length, panicle length, leaf size 
RM261 4 125 Drought tolerance, tolerance to low temperatures, stem length, 

root length, panicle length, leaf size 
RM242 9 225 In vitro culturing, root size, root activity and length compared to 

stem and panicle activity and length, tolerance to low temperatures, 
germination rate, tolerance to membrane stressors   

RM463 12 192 Size of the aboveground organs  
RM6314 4 169 No data available  

 

The markers identified by us are mapped in the chromosomal regions 
bearing genes that determine the germination vigor, drought tolerance, tolerance 
to low temperatures, the root morphotype and size, the weight proportion of the 
aboveground to the underground parts of the plant, and cell-membrane stability 
under stress conditions [30, 56, 76]. Stem formation, according to our data, was 
determined by loci linked to the RM289 marker. In RM289 is mapped in the 
region that contains genes affecting the germination rate, plant height, differenti-
ation of explants, the relative weight of roots, and the rate of seedling appearance 
[39, 40]. Differences in clustering varieties contrast in the growth rates of seedlings 
were significant (p  0.05) for markers RM261, RM405, RM463, RM242, and 
RM6314 located on chromosomes 4, 5, 9, and 12, respectively (see Table 3). 

We found a relationship between the growth rate of seedlings and several 
loci that determine adaptability to abiotic stresses [76]. Intensive growth, high pho-
tosynthetic activity and the efficiency of mineral nutrient utilization increase plant 
viability and allow the plant to pass through stress-sensitive phases as quickly as 
possible, which reduces the likelihood of damage by extreme temperatures or other 
factors reducing vitality, including those in organic farming [80-83]. Selection for 
an increase in nonspecific adaptability is the most promising in creating varieties 
with sustainable productivity for organic agriculture [84, 85]. 

Thus, rice varieties for organic farming should have a high adaptability to 
biotic and abiotic stresses, genotype competitiveness, efficiency of mineral nutrient 
utilization and photosynthesis. The high competitiveness of the genotype is a com-
plex trait that includes high growth rate, effective tillering, a morphotype that pro-
vides minimal shading in a dense crop, and the root system with a high absorbing 
capacity. To achieve sustainable productivity in organic farming, varieties with non-
specific adaptability are the most promising. The non-specific adaptability is ensured 
by several genetic systems that control photosynthesis, the efficiency of mineral nu-
trition, the high rates of growth and development, and the resistance to salinity. In 
Russian rice varieties, microsatellite markers RM154, RM600, RM550, RM347, 
RM240, RM154, and RM509 are associated with loci for the efficiency of photo-
synthesis. Markers RM261, RM6314, RM126, RM463, RM405, RM509, and 
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RM242 differentiate rice samples by the effectiveness of mineral nutrition during 
germination, RM463, RM245, RM242, RM3276, RM5508, RM574, RM542 reli-
ably discriminate by salt tolerance. Polymorphism by markers RM261, RM405, 
RM463, RM242 and RM6314 are associated with seedling growth rate. The listed 
genetic markers can be involved in breeding rice varieties for organic farming. 
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A b s t r a c t  

The review presents the history of the Gribovskaya Vegetable Breeding Experimental Sta-
tion, the first in Russia and the USSR for vegetable breeding and seed production, on the basis of 
which the All-Russian Research Institute of Vegetable Breeding and Seed Production was estab-
lished, farther reorganized into the Federal Scientific Vegetable Center. The center’s activity dates 
back to 1920, when, under the leadership of Sergei I. Zhegalov, a theoretical and practical basis for 
the development of domestic breeding was laid. The century-old anniversary of the selection of vege-
table crops allows us to trace the way of its formation in Russia, successes and future development. 
Since 1920, scientists paid much attention to the development and improvement of breeding meth-
ods that increase the efficiency of selection, as well as to accelerate the selection process to create 
targeted varieties and hybrids. With regard to the main vegetable crops, methods have been devel-
oped for interspecific hybridization (N.I. Timin et al., 2013; A.F. Agafonov et al., 2018), molecular 
labeling (T.P. Suprunova et al., 2011; E.A. Domblides et al., 2015), clonal micropropagation and 
production of doubled haploids successfully used in breeding (M.S. Bunin et al., 2004). Basic proto-
cols have been proposed for in vitro culture of microspore for most cabbage crops (E.A. Domblides 
et al., 2016) and non-pollinated ovules for Cucurbitaceae (N.A. Shmykova et al., 2015). A technolo-
gy has been developed for the production of doubled haploids in carrots in in vitro cultures of an-
thers, non-pollinated ovules and microspores (T.S. Vjurtts et al., 2016). The economic benefit of 
modern biotechnological in vitro methods when creating hybrids has been proven: the time for creat-
ing hybrids is reduced from 12 to 6 years, financial costs are reduced 2 times (A. Mineykina et al., 
2019; T. Vjurtts et al., 2019). The aggravated situation with plant diseases and the expansion of the 
areas of new harmful pathogens on vegetable crops are discussed. Based on immunological, molecu-
lar and morphophysiological tests at artificial, provocative and natural infections, the sources of re-
sistance to economically significant diseases are identified, in cabbage to Plasmodiophora brassicae, in 
table beet to Cercospora beticola, in vegetable beans to viral diseases, in onions to Peronospora de-
structor (I.A. Engalycheva et al., 2019). Physiological and biochemical methods are widely used when 
creating varieties with a high content of biologically active substances and antioxidants. Technologies 
have been developed for obtaining functional food products, including new types of teas with a ther-
apeutic and prophylactic effect, soft drinks, food dyes, and confectionery (M.S. Gins et al., 2017). 
Recipes for gluten-free bakery products have been created using introduced yacon, amaranth and 
daikon cultures. Technologies for selenium enrichment of vegetable crops for fresh consumption and 
as raw materials for functional products have been developed (N.A. Golubkina et al., 2018). The 
intellectual potential accumulated over a hundred-year history is inextricably linked with the tradi-
tions laid down at the experimental station. Nowadays the Federal Scientific Vegetable Center coor-
dinates scientific research on the selection, production and processing of vegetable and melon crops 
in Russia within the framework of state programs for the development of the industry and ensuring 
food security. 
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The century-old history of the Federal Scientific Vegetable Center be-
gan with the Gribovskaya Vegetable Experimental Station, organized on March 
1, 1920 at the initiative of the People’s Commissariat of Agriculture for the 
state production of garden seeds and eliminating the deficit resulting from the 
introduction of sanctions from a number of foreign countries. By 1920, the 
Russian catalog of zoned crops included 70 varieties of vegetable, of which 50 
were registered for foreign companies, which prompted the solution to the 
problem and the creation of a nursery for varieties of garden plants. By 1970, 
scientists from the Gribovskaya Vegetable Experimental Station created 240 
varieties of vegetables and melons used in practice. In Erfurt (Germany) in 
1961 and 1969, varieties of Gribovskaya Vegetable Experimental Station re-
ceived 18 gold, 13 silver and two bronze medals, 11 varieties of white cabbage 
(by E.M. Popova) were awarded the Grand Prix. By the decision of the State 
Committee of the Council of Ministers of the USSR for Science and Technol-
ogy dated October 28, 1970 and by the order of the USSR Ministry of Agricul-
ture dated November 23, 1970 No. 377, the Gribovskaya Vegetable Experi-
mental Station was turned into the All-Union Research Institute of Vegetable 
Breeding and Seed Production (VNIISSOK), which became a methodological 
center of fundamental and applied research in this area, with special attention 
paid to the organization of seed production and raising a high-quality elite. In 
2017, after joining VNIISSOK eight branches, the Federal Scientific Vegetable 
Center was created as the coordinator of consolidated research on breeding, 
production and processing of vegetables and melons in Russia within the 
framework of state programs for the development of the industry and ensuring 
food security. 

The stages of development of domestic selection and seed production 
of vegetable crops can be traced through the history of the Gribovskaya sta-
tion, methods of work, the creation of unique varieties.  

To start with, foreign varieties were multiplied in order to provide the 
country with seed material, however, due to the lack of initial samples or their 
inconsistency with varietal requirements, it became necessary to create new do-
mestic varieties of vegetables. In this, agronomic and morphological features, 
varietal characteristics and their correlations were studied. A method to reveal 
early ripening variants by determining the growth rate of cabbage head was de-
veloped based on the correlations revealed in white cabbage. Correlations be-
tween early maturity and the proximity of female flowers to cotyledon leaves 
allowed accelerated selection of pumpkin crops. Analysis of trait dominance in 
vegetable peas provided identification of appropriate parents for crossing and 
selection of hybrid forms with desired characteristics given trait dominance, ex-
pected segregation, and the economic value of the parents. The used selection 
methods were continuous mass selection, individual selection using the method 
of halves for pumpkin, family selection with assessment by offspring, pure-linear 
selection for legumes, group selection for solanaceous, negative selection for 
flower varieties, clonal selection in vegetatively propagated crops, e.g. tarragon, 
rhubarb, selection from the population. Refractometers were used in breeding for 
increased dry matter content in cell sap, calipers were used to measure fruit di-
ameter, and a weight method was applied for determining plant productivity. As 
worldwide, induced mutagenesis and distant hybridization were conducted in 
order to enrich the gene pool of cultivated plants [1]. 
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The first interspecific onion hybrids were obtained in the USA in the 
1930s [2], and in Russia A.A. Krivenko made the first crosses in 1936 [1]. Cross-
ing Allium cepa L. with perennial onion species A. altaicum Pall., A. fistulosum L., 
A. vavilovii Popov & Vved. generated original interspecific hybrids with high re-
sistance to peronosporosis. For the first time in breeding and genetic investiga-
tion of interspecific hybridization in the genus Allium L., the fertile hybrids be-
tween di- and tetraploid species were created, A. cepa L. (2)  A. nutans L. 
(4) and A. cepa L. (2)  A. schoenoprasum L. (4) [3]. Interspecific onion hy-
brids were used to create varieties Sigma, Zolotye Kupola, and Tseparius with 
low damage caused by downy mildew and a high yield [4]. At present, studies of 
interspecific onion hybrids continue both in Russia and abroad [5, 6]. The world 
practice of onion breeding shows that the use of A. roylei Stearn, A. galanthum 
Kar. & Kir., A. vavilovii Popov & Vved. is advisable to obtain new forms resistant 
to downy mildew, neck rot [7] and Fusarium oxysporum f. sp. cepae [8].  

The creation and characterization of interspecific hybrids involves cyto-
genetic studies, which were started in 1931 to obtain cabbage and tomato poly-
ploids [1]. Currently, fluorescent genomic in situ hybridization (GISH) and 
fluorescence in situ hybridization (FISH) are used to determine the degree of 
proximity of samples and predict a successful distant hybridization [9, 10].  

In addition to distant hybridization, intervarietal crosses were used. Selec-
tion of parents from geographically and ecologically remote regions was widely 
used for breeding pumpkin crops, e.g., the cucumber variety Izyashchnyi, melon 
variety Gruntovaya Gribovskaya 149, watermelon variety Gribovskiy dlinnopetis-
tyi, pumpkin variety Gribovskaya zimnyaya [1]. In addition to common methods 
of selection and pair-crosses, complex stepped backcrosses are currently used with 
an emphasis on the female type of flowering and selection under infectious load. 
Cucumber (Cucumis sativus L.) varieties and hybrids with group resistance to four 
or five diseases and adaptability to abiotic environmental factors, e.g. the Aquarius, 
Electron 2, Unity, F1 Debyut, F1 Krepysh, F1 Bryunet, F1 Krasotka, bush variety 
Korotyshka, etc., are widely grown in field conditions [11]. Unique varieties and 
hybrids of large-fruited pumpkin (Cucurbita maxima Duchesne) have been created, 
e.g. ultra-early maturing variety Vesnushka, early maturing varieties Ulybka, Kon-
fetka, Olga with splendid taste quality; mid-season fruitful variety Rossiyanka; late 
ripening varieties Premiera, Gribovskaya zimnyaya and Moskvichka with a high 
content of dry matter and sugars. The last three varieties create a continuous con-
sumption conveyor, and even in the conditions of the Moscow region can be 
grown by sowing seeds in open ground at the end of May [12].  

New complex crossbreeding schemes involving varieties of local breeding 
and geographically distant foreign origin have been successfully used for legumes. 
In 1949, from the hybrid population of vegetable peas (Pisum sativum L.), a form 
with all leaflets transformed into tendrils was selected for the first time, and cul-
tivar Usatyi 5 was created, which was involved in creation of the initial material 
and varieties resistant to lodging. Based on the developed methods for the selec-
tion of parents, modern pea varieties with an optimal combination of productive 
parameters were obtained, e.g., with canned green seeds, characterized by high 
yields, top-positioned beans and a slow transition of sugar into starch (varieties 
Sovinter 1, Fragment, Izumrud, Darunok, Viking, Barin, Korsar), and sugar 
peas without a parchment layer in the bean shells for fresh consumption (Neis-
toshchimyi 195, Sakhaenyi 2, Gigant) [13]. In addition, high-quality varieties of 
Phaseolus vulgaris L. Zolushka, Pagoda, Lika, Mriya, Antoshka, Svetlyachok 
have been created, as well as Vicia faba L. var. major Harz variety Russkie belye 
with light seeds, high protein content, resistance to diseases, and suitable for 
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mechanized cultivation technologies have been created [15]. 
Back in the 1930s, breeders were tasked with creating annual onion vari-

eties throw sowing seeds in the ground. This task remains relevant nowadays. 
For growing from seeds, high-yielding varieties have been created that can form 
a harvest of marketable bulbs not only in the southern regions, but also in the 
Non-Black Earth Zone of Russia. These varieties are Chernyi Prints, Globus, 
Zolotnichok, Zolotye Kupola, Kolobok, Patryda, and Vermeles [16]. Intensive 
breeding is underway to create heterotic hybrids based on cytoplasmic male ste-
rility (CMS). Using sterile lines, a number of heterotic hybrids have been creat-
ed, including F1 Vizit possessing high marketability, maturity, bulb yield, and 
disease resistance [17]. 

Hybridization method were also used to create cosmopolitan cabbage va-
rieties Iyun’skaya 3200, Podarok 2500, Zimnyaya Gribovskaya 2176, Slava Gri-
bovskaya 231, Slava 1305, Nomer pervyi Gribovskiy 147, Stakhanovka 1315, 
Amager 611 [1]. Almost the entire assortment of Brassica oleracea L. convar. 
capitata (L.) Alef. var. alba DC from the Gribovskaya station and the All-Russian 
Research Institute of vegetable breeding and seed production (VNIISSOK), zoned 
more than half a century ago, comprises a unique gene pool for creation of new 
heterotic hybrids and varieties. Thus, heterotic hybrids F1 Aurora, F1 Snezhinka, 
F1 Zarnitsa, F1 Mechta, F1 Severyanka were obtained, which make a conveyor 
of fresh products for consumers [18].  

At the dawn of the selection of table root crops, free pollination was the 
main method of hybridization. Using polycross-pollination of a group of samples, 
varieties of table beet (Beta vulgaris L. ssp. vulgaris var. conditiva Alef.) Bordo 237, 
carrots (Daucus carota L.) Nantes 4, radish (Raphanus sativus L. var. sativus) Tep-
lichnyi Gribovsky and Soffit were produced [1]. By the method of paired crosses, 
i.e. a kind of free pollination of two parents, direct and reverse, the carrot variety 
Moscovskaya zimnyaya A-515 was obtained. Intra-family crossing and cross-
breeding within groups were used to obtain monogerm forms of table beet (Bordo 
odnosemyannaya, Lyubava, Gaspadynya). In recent years, inbreeding, backcross-
ing and crossbreeding have become the main methods for creating lines. The sib 
cross method is used to overcome inbred depression [19]. 

Over time, the requirements for the varieties have changed. The need 
arose to obtain varieties and hybrids with modified biological properties. The 
scope of the study was biochemical features and chemical composition of plants, 
e.g. concentration of carbohydrates in green peas, protein in vegetable beans, 
ascorbic acid in large-leaved sorrel Rumex acetosa L., watercress Lepidium sa-
tivum L., in the leaves of Brussel cabbage Brassica oleracea L. var. gemmifera 
Zenker and Savoy cabbage Brassica oleracea L. convar. capitata (L.) Alef. var. 
sabauda L. [20]. Adverse conditions due to technogenic factors create a special 
need for these products, since vegetables are considered as a necessary product 
for normal human life. In recent years, functional food products containing 
components that have a positive effect on the physiological functions of a person 
have become widespread in Japan and the EU countries [21-23]. 

The world market of functional products is intensively developing, annu-
ally increasing by 15-20%, which reflects the modern trend to healthy and bal-
anced nutrition. Japan remains the leader in the functional food market with 
about 40% of the global product, the second place is occupied by the United 
States with slightly more than 30%, and the share of European countries is less 
than 30% [24, 25]. The creation of functional food products is focused on ob-
taining varieties with an increased content of carotenoids, flavonoids and other 
bioactive components [26-28]. 

In Russia, breeding for a high content of biologically active compounds, 
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including antioxidants and micronutrients, is also being successfully carried out. 
The required product quality is achieved through regular assessment of biochem-
ical parameters during breeding [29]. These studies result in functional products 
aimed to boost immunity and to increase human life expectancy. Technologies 
have been developed for the production of new types of tea with therapeutic and 
prophylactic properties, soft drinks, food dyes and confectionery products, in-
cluding for diabetics. Formulations of gluten-free bakery products have been 
created using yacon, amaranth and daikon varieties [30]. Technologies for en-
riching vegetable crops with selenium for fresh consumption and use as raw ma-
terials for functional products have been developed [31-34]. 

Research on immunity and plant protection has always been a priority. 
The study began with the most harmful pathogens and the methodology of the 
assessment of plant resistance [1]. Nowadays, the plant immunity and protection 
are acquiring special relevance. In the world, millions of tons of vegetable prod-
ucts are annually lost due to various epiphytoties [35]. Monitoring of the patho-
genic complex on agricultural crops over the past 10-15 years indicates an ex-
pansion of the areas of new harmful pathogens, a change in abundance popula-
tions of plant pathogens, the nature and size of the ecological niches they occu-
py, a change in dominant species in communities, an increase in virulence. and 
aggressiveness of previously low-pathogenic organisms [36, 37].  

The population changes are largely associated with environmental factors 
that affect relationships in the pathogen—plant system [38, 39]. Fungal patho-
gens Sclerotinia nivalis, Gleocladium roseum, Trichotecium roseum, Chaetomium 
spp., Typhula ishikariensis were for the first time discovered on the roots of can-
teen carrots during storage. An increase in the prevalence and aggressiveness of 
Pectobacterium carotovora was detected. In recent years, the species composition 
of micromycetes of the genus Fusarium has expanded on vegetable crops in the 
Moscow region. Many of these causative agents of fusarium rot and wilting are 
thermophilic species and have not previously been found in this region. F. ox-
ysporum, F. avenacium, F. nivale, F. chlamidosporum, F. solani, F. culmorum, and 
F. semitectum have been identified on winter garlic; F. chlamidosporum, F. equi-
seti, F. proliferatum were found on dining carrots [40]. Aspergillus niger, a new 
pathogen for the Central Russia identified on onions causes black mold by the 
end of the growing season and during storage [41, 42]. Typhula ishikariensis was 
isolated from beet roots, and Drechslera Bondartseva from radish seeds [43]. 

Recently, the epiphytoties of phytoviruses are mainly due to more ag-
gressive new strains, the cultivation of varieties with poor resistance, uncon-
trolled trade in planting and seed material, the emergence of new vectors and 
insufficient combating them [44, 45]. In recent years, the harmfulness of phy-
toviruses for vegetable crops has been increasing, which leads to a decrease in 
the productivity and quality of vegetable crops. Therefore, the identification and 
study of viruses and viral diseases on vegetable crops remain relevant in immu-
nological research. 

On lettuce plants (Lactuca sativa L.), harmful infections of Lettuce mosa-
ic virus (LMV, Potyvirus, Potyviridae) and Tomato aspermy virus (AsTV, Cu-
cumovirus, Bromoviridae) was identified [46]. In the Moscow region, Bean com-
mon mosaic virus (BCMV, Potyvirus, Potyviridae), Bean yellow mosaic virus 
(BYMV, Potyvirus, Potyviridae), and Pea mosaic virus (PMV, Potyvirus, Potyviri-
dae) cause great damage to Fabaceae crops (beans, sweet peas) [47]. Immunodi-
agnostic methods detected the most harmful and economically important Tobacco 
mosaic virus (TMV, Tobamovirus, Virgaviridae), Tomato spotted wilt virus (TSWV, 
Tospovirus, Bunyaviridae), Cucumber mosaic virus (CMV, Cucumovirus, Bromovir-
idae), Potato virus X (PVX, Potexvirus, Alphaflexiviridae), Potato virus Y (PVY, 
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Potyvirus, Potyviridae), and Alfalfa mosaic virus (AMV, Alfamovirus, Bromoviri-
dae) infecting Solanaceae plants (sweet pepper and tomato) [48, 49]. The meth-
ods used to isolate and select disease-resistant forms are constantly being modi-
fied depending on the biological characteristics of host plants and phytopatho-
gens within the framework of targeted breeding. Particular attention is paid to 
the development of express methods of detection at early stages of plant devel-
opment, in seeds and seedlings. The use of etiolated and photosynthetic seed-
lings allows screening of a wide range of genetically diverse samples [40, 50, 51]. 
A methodical approach is suggested to assessing the resistance of white cabbage 
to Xanthomonas campestris pv. campestris using etiolated and photosynthetic 
seedlings. The influence of this pathogen on plant growth were studied depend-
ing on the race composition of the pathogen and the cultivar resistance [52].  

Immunological, molecular, and morphophysiological assessments of the 
collection and breeding material upon artificial infection, provocative conditions 
and natural infection revealed the sources of resistance to economically signifi-
cant diseases, e.g., in cabbage to keel [53], in beetroot to cercosporosis [54], in 
vegetable beans to viral diseases [47], and onions to downy mildew [4].  

Wide experimental network in various geographic zones (Russia, 
Ukraine, Turkmenistan, Uzbekistan, Azerbaijan) provide conditions to reproduce 
high-quality elite seeds in various soil and climatic conditions. Since the 1970s, 
ecological studies have been aimed at increasing the role of the variety in the 
genotype-environment system, which has become the main method for obtaining 
plastic and high adaptive varieties [55]. Mechanized technologies for seed pro-
duction, small-scale mechanization, methods of economic evaluation in seed 
production and plant breeding were developed. The range of crops expanded to 
involve green, spicy-flavoring and less widespread crops (110 items in total).  

Nowadays, the expansion of the spectrum of genetic resources and the 
enhancement of the morphogenesis are the most important to obtain a funda-
mentally new source material. At the Federal Scientific Vegetable Center 
(FSVC), a rich indicative collection has been created, numbering more than 16 
thousand accessions of 120 cultures. In 2017, the collection was registered as 
USI (unique scientific installation) Genetic collection of plant resources 
VNIISSOK. In the collection, there are varieties of vegetables, melons and flow-
ers, breeding forms used as genetic sources and donors of selectively valuable 
traits, as well as folk varieties. 

To speed up the breeding, the development and application of innovative 
methods is of no small importance. Since the late 1980s, in vitro tissue and cell 
culture technologies has been actively using by the FRCVG researchers. First 
studies were aimed at obtaining a virus-free planting material for garlic in a me-
ristem culture. A.V. Polyakov and colleagues found that the use of air bulbs iso-
lated from unopened inflorescences up to 25 mm in diameter to produce winter 
garlic in vitro culture makes it possible to obtain plants free from internal infec-
tion [56]. The technology of clonal micropropagation of white cabbage was de-
veloped to unlimitedly obtain plants with male sterility [57]. The developed 
technology of clonal micropropagation of eggplant (Solanum melongena L.) and 
pepper (Capsicum annuum L.) [58] formed the basis of embryoculture for the 
rescue of embryos during interspecific hybridization [59]. 

Since the discovery of the first haploids in 1922 [60], many geneticists 
and plant breeders have become interested in using such haploids to obtain ho-
mozygous lines. To date, almost 300 varieties of agricultural crops have been 
created in world practice via haploid biotechnology. The list of species in which 
haploids and doubled haploids (DH) are obtained is constantly lengthening, new 
review publications on haploidy appear, genetic and fundamental studies are car-
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ried out on DH lines, new varieties and hybrids are created based on lines of 
doubled haploids, including vegetable crops [61-65]. At VNIISSOK, the meth-
ods of haploidy began to develop in the 1990s on carrots and white-headed cab-
bage. As a result, doubled haploids of carrot varieties of various origins were ob-
tained, e.g. NIIOH 336, Vitaminnaya, Moskovskaya Zimnyaya A-515, Losinoos-
trovskaya 13, Leandr, Shantane 2461, Nape, Rondo, hybrids F1 Karatan, F1 
Calisto [66]. 

The developed innovative biotechnologies make it possible to significant-
ly accelerate breeding for most vegetable crops. The basic protocol for doubled 
haploid technology based on the in vitro culture of isolated microspores was de-
veloped in the early 1980s [67] for rapeseed and adapted for genus Brassica [68, 
69]. A success of the protocol is reported by scientists from India [70], Canada 
[71], Czech Republic [72]. A basic protocol for in vitro microspore culture for 
cabbage crops has been developed at the FRCVG [73], and doubled haploids 
have been obtained, including white cabbage [74, 75], broccoli cabbage Brassica 
oleracea L. convar. botrytis (L.) Alef. var. cymosa Duch. [76, 77], turnip [78], 
purple cabbage Brassica rapa L. ssp. chinensis (L.) Hanelt var. purpuraria (L.H. 
Bailey) Hanelt [79], Sarepta mustard Brassica juncea (L.) Czern., Indau Eruca 
sativa Mil. [80], and even the most unresponsive culture in this family, the Eu-
ropean radish [81]. 

Research on generating carrot doubled haploids has been going on for a 
long time, but the first successes have been achieved recently. Back in 1995, the 
formation of multinucleated structures in the culture of isolated carrot micro-
spores was reported for the first time, but no plants were obtained [82]. There 
are publications on the use of this approach by Polish [83] and Chinese [84] re-
searchers. At the FRCVG, a technology was developed for the production of 
doubled haploids of table carrots in in vitro cultures of anther, non-pollinated 
ovules and microspores, resulting in doubled haploids for eight varieties [85]. 
Calculation of the cost for pure lines of white cabbage [86] and table carrots [87] 
proved the economic benefit of the method of isolated microspores in vitro when 
creating hybrids. The time to obtain hybrids is reduced from 12 to 6 years, and 
financial costs are halved.  

Experiments are underway to optimize production of doubled haploids in 
in vitro culture of non-pollinated ovules for pumpkin crops. DH plants of large-
fruited pumpkin have been obtained [88]. Considerable progress has been 
achieved for homozygous zucchini [89] and cucumber [90] lines. The basic pro-
tocol for production of doubled haploids of pumpkin crops via in vitro culture of 
non-pollinated ovules was developed in the second half of the 20th century but 
patented only in 2017 [91]. Over time, it was adapted for various members of 
Cucurbitaceae family [92, 93], in particular for squash (Cucurbita pepo L.), large-
fruited and hard pumpkin [94], and cucumber [95]. It was shown that the in 
vitro non-pollinated ovule-based doubled haploid technologies for pumpkin 
crops developed at the FRCVG are more effective compared to foreign ana-
logues, since the number of regenerants per ovary was greater than indicated in 
foreign publications. For the first time, the formation of ugly abnormal flowers 
was discovered in the progeny of DH lines derived from in vitro culture of non-
pollinated ovules [96], which is of interest for genetic studies of sex determinants 
in Cucurbita pepo L. Cytological analysis of R0 regenerant plants showed that 7% 
were haploids, about 20% were mixoploids, and the rest were doubled haploids 
(2n = 2 = 40). For the first time, micrographs were obtained of the chromo-
somes of the squash C. pepo subsp. brevicaulis var. giraumons Duch, its distant 
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hybrid with C. pepo subsp. pepo var. pepo, and their doubled haploids [97].  
At the FRCVG, the molecular marker technologies have been actively 

developing since the 1990s [98]. At present, molecular markers are the main 
method to produce CMS-based hybrids of vegetable crops. A system has been 
developed for DNA identification of all types of cytoplasm in cabbage crops with 
a new allelic variant of the orf138 locus responsible for sterile cytoplasm of the 
Ogura type in white cabbage [99]. 

The mitochondrial genes coxII and atp6 responsible for the CMS, have 
been identified in sweet pepper and interspecific hybrids of Capsicum frutescens 
and C. chinense, which makes it possible to identify samples with sterile and fer-
tile cytoplasm [100]. Samples of onions with mitochondrial genes orfA501 and 
cob were identified, and the type of sterile cytoplasm (S- or T-plasmotype) was 
determined [101]. Additional markers were used for detection of cytoplasmic 
gene orf725 and nuclear genes to more fully assess the initial material of onion, 
which revealed the samples suitable for hybridization [102]. 

Using modern breeding methods, heterosis hybrids of pepper F1 Natali, 
F1 Gusar [100], medium late cabbage F1 Natali [74], large-fruited pumpkin F1 
Vega [103], and broccoli cabbage F1 Sparta [104] were created.  

Thus, the breeding of vegetable crops in Russia went through several 
stages: introduction, the use of various methods of selection among local and 
foreign populations, the production of new varieties by crossing species and gen-
era, the use of biotechnology and molecular markers to quickly achieve the final 
result. A century after its founding, the Federal Scientific Vegetable Center re-
mains the leader in the Russian Federation in creating vegetable varieties and 
hybrids for open ground and greenhouses, hydroponic and aeroponic installa-
tions in combination with growing technologies, fertilization and plant protec-
tion protocols in line with the world trends. Innovative solutions are being de-
veloped for obtaining functional food products. The Federal Scientific Vegetable 
Center coordinates research on the breeding, production and processing of vege-
table and melon crops in Russia within the framework of state programs for the 
development of the industry and ensuring food security. 
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A b s t r a c t  

Large fruit in Solanum lycopersicum L. is the result of domestication. We were interested in 
the appearance of large fruits in tomato in connection with the practice task to get new tomato forms 
with large fruits for multi-tiered hydroponic and aeroponic installations for vertical fruit production in 
greenhouses. Using the technology of target tomato breeding we obtained the first special dwarf tomato 
varieties Natasha and Timosha with small fruits for multi-tiered hydroponic installations. Obtaining of 
large fruit in tomato is connected with genetic and epigenetic control of the trait (An. Frary et al., 
2000; B. Cong et al., 2006; Z. Huang et al., 2011; S. Wang, et al., 2011; A.J. Monforte et al., 2014; 
L. Azzi et al., 2015). The goal of this review is to summarize data on genetic determinants the trait of
“size/weight of the fruit”, analysis processes of organogenesis, hormone and metabolic regulation of
fruit development. Analysis of papers dedicated to fruit weight increasing during domestication shows
the availability of 37 loci involved in regulation of cell division and enlargement at four different stages
of fruit development, starting from the phases of ovary development and fruit set to the phases of cell
development and enlargement of cells which form the mature fruit. Some of these loci are connected
with processes of hormonal plant development at the phase of anthesis, fertilization, formation of fruits
and seeds, and so, they are involved in auxin (SlPIN4, SlTIR1, SlARF7, SlARF8, SlIAA9) and gibber-
ellin (SlGA20ox1, SlDELLA1) signaling pathways. Others control cell enlargement during fruit devel-
opment and maturing, and so, they are involved in regulation of primary (HXK1, SuSY, LIN5, TIV1,
mMDH, cpFBP, SPA) and secondary (NOTABILIS/NCED1, FLACCA, Gal-LDH, GME) metabolism.
Individual group of loci controls cell cycle at the period of ovary development (TAGL1, FAS, LC,
SlWUS, SlIMA) and fruit growth (SlCDKA1, SlCDCB1, SlCDKB2 and SlCCS52A, SlWEE1, SlKRP1)
(L. Azzi et al., 2015). The fw2.2 is the first locus which has been described in detail (An. Frary et al.,
2000). Locus fw2.2 controls the small fruit size in S. lycopersicum and is semidominant to allele FW2.2
of large fruit size. With transgenic lines, it had been established, that locus fw2.2 is carried by cos50.
Sequence analysis of the cos50 had identified two open reading frames. One of them contain a single
recombinant event, which delimited “the rightmost” end of the fw2.2 (XO33). Because genetic
mutation(s) causing change in fruit size must be to the left of XO33, cDNA44 cannot be involved
and open reading frame is the likely cause of the small-fruit phenotype. Next studies indicated that
fw2.2 acts as a negative regulator of cell division during the very early stages of fruit development
following pollination. Thus, fw2.2 is one of regulatory QTLs, such as achaete-scute, scabrous and
Delta QTLs in fruit flies, teosinte-branched 1(tb1) in maize and Hox genes in animals (cited by B.
Cong et al., 2006). Possible, locus FW2.2 is positive regulator of cell division, which is involved in
interaction with cytoplasmic membranes mediated by the regulatory (beta)-subunits of CKII kinase,
that is well known in yeast and animals where it forms part of cell cycle related with signaling
pathway (B. Cong et al., 2006).

Keywords: Solanum lycopersicum L., tomato, breeding, heritability, large fruits, average fruit 
weight, dwarfism, regulatory QTLs, fruit development 

The main modern trend in greenhouse vegetable growing is multi-tier nar-
row-shelving hydroponic and aeroponic installations (vertical vegetable growing) 
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which produce greenery yield 530 times as much as in field conditions [1, 2]. To fill 
the capacious [1] and fast-growing [2] vertical vegetable growing market with the 
main crops (tomato, cucumber, sweet pepper), new plant breeding technologies are 
required. Knowing the peculiarities of the phenotypic manifestation of genes that 
control the key trait (dwarfism) allowed us to developed a target technology to select 
forms of vegetable crops for vertical vegetable growing [3, 4] and to produce the 
world’s first small-fruited tomato varieties Natasha and Timosha for multi-tiered 
narrow-shelled hydroponics [5]. Application of genetic analysis [6] and targeted hy-
bridization with large-fruited maternal forms almost doubled the average weight of 
fruits in the F3 generation [7]. But the tomato fruit size is a complex quantitative 
trait. Consequently, to effectively produce large-fruited varieties, it is necessary to 
know not only the genetic determinants of the trait, but also the mechanisms that 
modulate phenotypic manifestation of these genes. In our review, we focused on the 
analysis of data on genes involved in the control of fruit weight in tomato, and the 
possibilities to regulate their expression, which, in our opinion, are of primary in-
terest for breeding. 

This review aims to summarize information on the genetic determinants 
of fruit weight in tomato and their relationship with organogenesis, hormonal and 
metabolic regulation of fruit development.  

The tomato (Solanum lycopersicum Mill.) fruit is a multilocular berry 
widely used as a model of a juicy fruit in both agronomic and basic research [8-
10]. The ancestral form of the domestic tomato had fruits less than 1 cm in diam-
eter and weighing several grams. Changes in tomato fruit size are associated with 
domestication. We recorded a tomato fruit weight of 780 g (2018) [2], but in 
modern tomatoes it can reach 1000 g with a diameter of more than 15 cm [11]. 

Loc i con tro l l ing  f ru i t  s i z e. In tomato, fruit size is a polygenic trait. 
Most of the 37 loci involved in the evolution and domestication of tomato from 
small-fruited forms to larger-fruited ones are genetically mapped [12, 13].  

The first mapped locus for tomato fruit size was fw2.2. Determining small 
fruit size, this locus behaves as semi-dominant vs. the semi-recessive large-fruit 
allele FW2.2 [11]. All studied wild species of S. lycopersicum carry small-fruit al-
leles fw2.2, while modern varieties carry large-fruit alleles FW2.2. An international 
group of researchers cloned and sequenced a 19 kb segment containing fw2.2 locus, 
and also identified the genes responsible for the effect of this locus [11]. The same 
authors constructed a high-resolution genetic map for the fw2.2 locus using four 
unique transcripts identified in 3472 plants of the F2 generation derived from 
crossing of two near-isogenic lines (NILs) different in fw2.2 alleles (Fig.) [11]. 
Four cDNAs corresponding to these transcripts were used to screen a library of 
cosmids carrying fragments of S. pennellii genomic DNA. As a result, four positive 
non-overlapping cosmids were identified, the cos50, cos62, cos69 and cos84, each 
corresponding to one of the unique transcripts. Using transgenic lines, fw2.2 was 
detected in cos50. Sequencing of this cosmid revealed two open reading frames 
(see Fig.). The first ORF corresponded to cDNA44 (one of the four unique 
cDNAs by which cos50 was identified), for the second ORF (663 nt), correspond-
ing transcripts were not initially found in the library. The insertion contained a 
highly repetitive AT-rich (80%) 1.4 kbp region (see Fig., C). Previous mapping of 
fw2.2 revealed a single recombination event [XO33] that delimited the “rightmost” 
end of the fw2.2. Comparison of the genomic DNA sequence in this recombinant 
plant with that in the two parental lines showed the localization of XO33 between 
the 43rd and 80th nucleotides from the 5-end of the open reading frame X 
(ORFX) (see Fig., A). Since the genetic mutation(s) causing fruit size change can 
only be to the left of XO33, cDNA44 cannot be involved in the fruit size increase, 
and the ORFX or an upstream region is the likely cause of a standard small-fruited 
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fw2.2 phenotype. 
         

 

High-resolution genetic mapping of fw2.2 locus [11].  
A. Location of fw2.2 on chromosome 2 in crosses between Solanum lycopersicum and an 

isogenic line containing small introgression from S. pennellii.  
B. A contig form the candidate region fw2.2 delimited by recombination events at ХО31 

and ХО33. Arrows mark four original candidate cDNA (cDNA70, cDNA27, cDNA38, and cDNA44), 
bold horizontal lines indicate four cosmids (cos62, cos84, cos69, cos50) isolated with these cDNAs as 
probes. 

C. The sequence of cos50 spanning ХО33 recombination event. 
 

The same authors [11] found an open reading frame (ORFX) in flower 
organs (petals, carpels, sepals, and stamens) before flowering. Since ORFX is tran-
scribed at a level too low to be detected using standard Northern hybridization 
protocols, the authors used reverse transcription polymerase chain reaction (RT-
PCR) and revealed the highest level of ORFX expression in carpels. The study of 
the relative expression levels of ORFX transcripts in carpels in different isogenic 
lines showed a significantly higher level of expression of ORFX transcripts in car-
pels in small-fruited isogenic lines as compared to large-fruited ones. The study of 
ORFX transcription in carpels before flowering confirms that fw2.2 is enhanced 
in the early stages of plant development. In order to test this hypothesis, the au-
thors compared the masses of flower organs in small-fruited and large-fruited iso-
genic lines [11). Carpels which later develop into fruits, pistils and sepals before 
flowering were always heavier in large-fruited isogenic lines than in small-fruited 
lines. The cell size before flowering was similar in both types of isogenic lines, 
which means that carpels of large-fruited genotypes contain more cells. Analysis 
of allelic differences between fw2.2 and FW2.2 by comparing the 830 bp fragment 
containing ORFX in S. pennellii and S. lycopersicum led to the conclusion that, in 
the case of fw2.2, the phenotype is due to one or more upstream changes in the 
ORFX promoter region. The reduction in cell division in carpels of small-fruited 
isogenic lines correlates with the general increase in levels of the ORFX transcripts, 
confirming that ORFX can be a negative regulator of cell division [11]. Convincing 
evidence of this was obtained in later works carried out in the same laboratory 
[14]. It was found that fw2.2 acts as a negative regulator of cell division in the 
earliest stages of fruit development, i.e., after pollination. Thus, the fw2.2 is one 
of the regulatory quantitate trait loci (QTL) for an increase in fruit size, similar, 
for example, to the achaete-scute, scabrous, and Delta loci in fruitу-cultures, 
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teosinte-branched 1 (tb1) in maize and Hox genes of animals, in which morpho-
logical changes reflect variations in gene regulation rather than modification of 
protein functions [cited from 14]. As for the FW2.2 locus, it most likely plays the 
role of a positive regulator, direct or indirect, of cell division. Interaction occurs 
between the FW2.2 locus and cytoplasmic membranes via the regulatory β-subunit 
of CKII kinase. CKII kinases are well studied in yeast and animals, in which 
theses kinases are involved in the cell cycle and are associated with signaling path-
ways. Thus, although FW2.2 is a specific plant protein [11] and regulates cell 
division in a specialized organ (fruit), it appears to be involved in the cellular 
control of signal transduction [14]. 

The locus FW2.2 belongs to the multigene family which in the tomato 
plants is comprised of 17 homologues. The family is usually referred to as the 
FW2.2-like or FWL genes. FW2.2 and FWL proteins contain an uncharacterized 
Placenta-specific 8 (PLAC8) motif which was originally found in the mammalian 
placental proteins [15]. The PLAC8 motif contains two cysteine-rich conservative 
domains separating the variable region that precedes the transmembrane segments. 
In tomato, the original FW2.2 proteins possess two transmembrane domains which 
fix the protein on the plasmalemma [14]. The earlier reports have shown that 
cysteine-rich domains may be involved in the transmembrane transfer of heavy 
metals such as cadmium and zinc. This was first established in proteins of cad-
mium-resistant Arabidopsis plants. This type of proteins can multimerize into a 
homopentamer to form a transmembrane pore, which makes it possible to 
transport metal cations [16].  

FW3.2 is the second major QTL for tomato fruit size/weight that has been 
mapped and cloned [17]. The genes of this locus encode the P450 enzyme from 
the CYP78A5 subfamily, previously identified as KLUH [18]. The effect of 
SlKLUH is to increase the fruit volume through an increase in the cell number in 
the pericarp and septum tissues. SlKLUH function suppression using RNA inter-
ference strategy led to a decrease in fruit and seed sizes [17]. 

FW11.3 is another important QTL responsible for tomato fruit weight [19]. 
Genetic mapping revealed an overlap of FW11.3 with the fasciated (fas) locus 
which determines the fruit shape and is located on chromosome 11, but FW11.3 
and fas are not alleles [20]. The large-fruit allele FW11.3, in contrast to FW2.2 
and fas, is partially dominant [19]. 

The complex family of loci that control the tomato fruit size/weight often 
overlaps with the loci responsible for the fruit shape, which, according to the 
opinion of some authors, was the result of domestication and is closely related to 
the regulatory functions of these loci [21]. Therefore, we will consider QTLs for 
fruit shape in S. lycopersicum. In contrast to the ancestral round shape, modern 
tomatoes are round, flat, ellipsoidal, pear-shaped, heart-shaped, oval and elon-
gated in shape. But all the diversity of these forms is controlled by only four 
mutant genes, the OVATE, SUN, FASCIATED (FAS), and LOCULE NUMDER 
(LC) [22]. 

OVATE is the first gene for fruit shape identified by positional cloning 
[23]. OVATE is a platform for the ovate family of proteins, the functions of which 
are not fully understood [23, 24]. The ovate mutation is expressed in the appear-
ance of elongated, pear-shaped, and ellipsoidal fruits, depending on the genotypic 
background of the plant carrying the ovate mutation [25]. This diversity confirms 
that OVATE is not the only gene responsible for the observed phenotype, but 
interacts epistatically with other genes [23]. It is assumed that the OVATE muta-
tion is associated with the lost function of a negative plant growth regulator, the 
role of which remains to be clarified. For example, in Arabidopsis, proteins of the 
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OVATE family act as transcriptional repressors of the expression of AtGA20ox1, 
a key factor in the biosynthesis of gibberellic acid, which reduces cell elongation 
and, therefore, can affect fruit size [24, 26, 27]. 

Elongated fruit shape is associated with the SUN gene. The retrotrans-
poson, which places this gene under the control of the DEFL1 defensin gene 
promoter, provides duplication of this gene, which leads to its high expression in 
tomato fruits [28, 29]. Overexpression of the SUN gene increases the cell number 
in the direction of fruit elongation, which ultimately forms a phenotype with an 
elongated fruit [30]. 

The number of locules (gene LOCULE NUMDER, LC) is determined by 
the number of carpels within the flower. Wild tomato species have fruits with 2-4 
locules, while modern varieties and hybrids can have more than 15 locules per 
fruit. As a result, not only the shape, but also the size/weight of the fruit changes, 
sometimes by more than 50% [9].  

QTL FASCIATED (FAS) has been identified as a locus that regulates to-
mato fruit size via an increased number of locules, from 2 to 7 or more, while the 
lc mutation has a weaker effect [31, 32]. FAS encodes a YABBY-like transcription 
factor [33], and LC is located in a non-coding region between two potential can-
didate genes, the WUSCHEL which is a member of a plant-specific transcription 
factor gene family WUS (WOX), and a gene encoding a protein carrying a WD40 
repeat [34]. The functions of most WOX genes have been known for a very long 
time [35]. More specific WUS genes are involved in maintaining stem thickness 
and meristem size, and therefore WUSCHEL can influence the number of locules. 
FAS and LC are able to epistatically interact and produce fruits with a very large 
number of locules [36]. Both of these loci control the size of the floral meristem; 
therefore, the development of a large number of carpels (locules) is possible, lead-
ing to the appearance of enormous fruits [33, 34]. 

Functional analysis using TOMATO AGAMOUS-LIKE1 (TAGL1), an 
ortholog of the duplicated SHATTERPROOF (SHP) MADS box gene of Arabidop-
sis thaliana, showed the involvement of this transcription factor in the regulation 
of fruit development [37]. Tomato plants in which TAGL1 expression was sup-
pressed produced small fruits with a thin pericarp consisting of several layers of 
cells, and the pigmentation of the fruits also changed during ripening, which in-
dicated the participation of TAGL1 in the regulation of these processes. 

Org anogene s i s: de ve lopment o f  the  tomato  f r u i t. Fruits usu-
ally develop from anterior organs, for example, from carpels inside a flower. In 
tomato, carpels are formed during 17-20 cycles of cell division which occurs before 
flowering inside the L3 layer of the floral meristem not involved in cell expansion 
[38, 39]. Obviously, the number of cells formed before flowering is critical for the 
final size of the fruit, and such a positive correlation is often observed [9]. From 
the beginning of flowering to double fertilization that occurs in the ovules [8, 40], 
the morphogenesis and growth of carpel and ovules require the synthesis of auxins, 
cytokinins, and gibberellins, which act as a complex organized spatially and tem-
porally. In order to protect the ovule and keep it dormant for a certain time, the 
abscisic acid and ethylene inside the ovary inhibit the growth of the ovule for a 
short period before flowering until it is ripe [41]. Only after successful pollination 
and fertilization of the ovules the process is completed with the involvement of 
fruit set triggers, the auxins and gibberellins synthesized by the ovary [42]. 

An increase in the tomato fruit size is the first and longest phase of a fruit 
development, it takes 5-8 weeks, depending on the genotype. Growth is due to 
the first period of intense mitotic activity in accordance with the spatial and tem-
poral organization of cell division. Active cell division within the pericarp is usually 
limited to an initial period of 1-2 weeks after fruit setting. Remarkably, cell 
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division begins within discrete cell layers according to a certain scenario: two sub-
epidermal layers of the pericarp undergo several cycles of periclinal division, thus 
leading to an increase in the number of periclinal cell layers, while two epidermal 
cell layers in response undergo anticlinal divisions, which leads to an increase in 
fruit volume [43]. These different types of cell division are regulated differentially, 
because cell division promotes the formation of cell layers that arise only within 
5-8 days after flowering, while cell division less pronounced orientation occurs 
within 10-18 days after flowering [43]. Cell division in growing fruits covers about 
80-97% of newly formed cells that arise after flowering and successful pollination.  

During the second phase of growth, cell expansion occurs independently, 
but concomitant with cell division [8]. In fact, cell expansion begins a few days 
after fruit set [43] and continues during the entire period of fruit growth. At the 
end of the cell expansion phase, individual cells in the fleshy part of the fruit 
(mesocarp tissue) increase in volume by more than 30,000 times, which leads to 
an increase in the cell diameter by more than 0.5 mm [43). The increase in cell 
volume occurs mainly due to a significant increase in the volume of the vacuolar 
compartment and the vacuolar index of the cell. This expected cell hypertrophy is 
due to an increase in the amount of nuclear DNA as a result of endopolyploidi-
zation. Endopolyploidy means the appearance of different ploidy levels within the 
organism. In plants, it occurs as a result of endoreduplication, which is observed 
in 90% of angiosperms according to various estimates [44, 45]. Endoreduplication 
leads to the emergence of chromosomes with 2n chromatids or occurs without any 
changes in the number of chromosomes. Then hypertrophied nuclei arise from the 
successive cycles of DNA replication without separation of sister chromatids, 
which ultimately leads to the formation of polytene chromosomes [46]. The phys-
iological relevance of endoreduplication is still a matter of debate. However, it is 
often noted that cell size and ploidy correlate highly and positively with each other 
in many plant species, in different organs, and in different cell types [47]. At each 
stage of organogenesis, certain groups of regulatory polygenic loci, associated with 
a change in the tomato fruit size in one way or another, are active [13]. The loci 
TAGL1, FAS, LC, SlWUS, and SlIMA are involved in the development of the 
ovule cell. During the flowering period, the genes SlPIN4, SlTIR1, SlARF7, 
SlARF8, and SlIAA9 are involved in auxin signaling, and the SlGA20ox1 and 
SlDELLA1 participate in gibberellin signaling. During fruit growth, SlCDKA1, 
SlCDCB1, SlCDKB2 (cell cycle control), FW2.2, SlKLUH/FW3.2, FW11.3, 
OVATE, SUN, SlIMA (cell division control), and SlPIN4 (auxin signaling) are 
active. SlCCS52A, SlWEE1, SlKRP1 (cell cycle control), HXK1, SuSY, LIN5, 
TIV1, mMDH, cpFBP (primary metabolism), SlIAA17 (auxin signaling), SPA 
(regulation of primary metabolism), NOTABILIS/NCED1, FLACCA (biosynthe-
sis of abscisic acid), Gal-LDH, GME (biosynthesis of ascorbates) are involved in 
increasing fruit volume (cell expansion) [13].  

Hormona l  re gu l a t ion  o f  f ru i t  g row th  and  de ve lopmen t. Af-
ter successful pollination of a flower and fertilization of an ovule and setting of 
fruits and seeds, the stage of ovary formation begins with the subsequent develop-
ment of fruits and seeds, which occurs synchronously in accordance with a precise, 
genetically controlled process mediated by phytohormones [8]. Auxin and gibber-
ellic acid seem to precede the phytohormones necessary for fruit set in response 
to pollination, since the exogenous use of these phytohormones leads to the for-
mation of the ovary and the development of parthenocarpy [48]. The role of cy-
tokinin, ethylene and abscisic acid was demonstrated later, but not well docu-
mented [49]. Early fruit development processes, controlled by auxins distributed 
in tissues and cells, initiate signal transduction pathways. Temporal and spatial 
distribution of PIN and AUX/LAX expression suggests that their coordinated action 
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regulates auxin transport during fruit development in tomato [50]. Silencing of the 
SlPIN4 gene, which is first expressed in flower buds and young developing fruits, 
leads to the parthenocarpy of small fruits, which indicates the premature develop-
ment of these fruits [51]. The auxin signaling pathway involves an auxin receptor, 
the transport inhibitor response protein (TIR1). In the presence of auxin, TIR1 
involves the auxin-indolyl-3-butyric acid (Aux/IAA) transcription repressors in the 
process and induces their degradation by the 26S proteasomes. Degradation of the 
Aux/IAA protein repressor leads to the emergence of Aux/IAA-related auxin re-
sponse factors (ARFs). The erroneous expression of the TIR1 gene for the auxin 
receptor in tomato, as well as the erroneous expression of specific members of this 
gene family, the Aux/IAA and ARF, disrupts the flowering and formation of the 
ovary, as a result, normal pollination and fertilization does not occur, which in-
creases the number of parthenocarpic fruits on a tomato plant [48, 52, 53]. In 
tomato, fruit setting is partly due to gibberellic acids in the complex of hormonal 
information exchange with auxin [54]. Auxin synthesized in the oocyte and apical 
shoots prevents the appearance of non-fertilized oocytes by reducing the transcrip-
tion of genes encoding the biosynthesis of gibberellic acid enzymes, in particular, 
GA-20 oxidases [55]. Thus, phytohormones play the role of mediators in the sig-
naling pathways of transport proteins and transcription factors during fruit setting 
and development in tomato. Phytohormones are involved in fruit size regulation 
with the participation of a number of genes organized into complex systems. 

Me tabo l ic  cont ro l  o f  f r u i t  de ve lopmen t. The early stages of 
fruit development are critical for the formation of economically valuable charac-
teristics, for example, organoleptic composition, which ultimately determines fruit 
quality. Water, organic acids (primarily citrate and malate), and minerals accu-
mulate inside the vacuoles of expanding cells [38], while starch is rapidly converted 
to simple sugars [56]. Fruit softness, color and taste are formed during ripening 
[57, 58]. The development and weight of the fruit is closely related to the content 
of primary and secondary metabolites [59, 60]. Consequently, modification of the 
expression of genes associated with metabolism can affect the organoleptic prop-
erties and weight of the tomato fruit. The development of the fruit as a succulent 
organ is more dependent on the accumulation of photoassimilates: a change in 
accumulation of assimilates significantly affects the development and size of the 
fruit through modulation of the number and size of cells [61, 62]. When a tomato 
plant is kept in the dark, fruit growth is significantly slowed down as a result of 
strong suppression of cell cycle genes in the fruit tissues [63]. On the contrary, an 
increase in the photoassimilation capacity of a fruit with a decrease in the number 
of fruits per plant led to an increase in the rate of flower formation and fruit 
growth. This is evidenced by an increase in the number of cells inside the carpel 
due to an increase in mitotic activity [64]. Thus, modification of carbohydrate and 
photoassimilate metabolism, driven partially by key enzymes involved in primary 
carbohydrate metabolism and photosynthesis, may affect fruit growth. 

QTL Lin5 has been identified as the main QTL controlling fruit weight 
and sugar content [65]. It was found that genes associated with it encode cell wall 
invertase [66]. When Lin5 was silenced, fruit yield, fruit and seed size, and seed 
number were significantly reduced [67]. In transgenic plants, the changes affected 
the sugar metabolism, therefore, the sucrose content increased while the glucose 
and fructose content decreased at the full-ripening stage. Silencing of the vacuolar 
invertase gene (TIR1) in tomato led to generally similar results. The formation of 
small fruits was caused by a high rate of sucrose accumulation and a decrease in 
the amount of hexose at the final stage of fruit development [68]. Interestingly, 
changes in the concentration of osmotically active soluble sugars occurred during 
the expansion phase of the cell and affected the size of the fruit. This supports the 
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idea that the concentration of soluble sugars is associated with an increase in water 
volume, which is an important determinant of an increase in fruit size. 

When searching for genomic QTL regions associated with yield traits, Ber-
mudez et al. [69)] identified 9 candidate genes located on chromosome 4. In 
particular, a gene encoding a protein similar to the DnaJ chaperone was identified, 
and an assumption was made about its connection with the primary metabolism 
in tomato during fruit development. Functional analysis of this gene, later named 
SPA (sugar partitioning-affecting) in planta using the silencing method, showed that 
the weight of the ripe fruit, the number of fruits per plant, and the harvesting 
index are significantly higher in transgenic plants than in wild plants [70]. A de-
tailed analysis of metabolic and enzymatic activity showed that during silencing, 
intermediate metabolites (sugar phosphates) accumulated in the photosynthetic 
organs of plants, while the activity of phosphoglucomutase, sugar kinases, and 
invertases decreased. The SPA protein of tomatoes interacts with the thylakoid 
membranes of chloroplasts, plays an important role in metabolism, affects the 
redistribution of carbohydrates and, as a result, changes the harvest index [70].  

In recent studies of QTLs that determine the size and shape of the tomato 
fruit, emphasis is placed on the complex nature of the alleles. Chu et al. [71] quite 
definitely state that the number of locules and fruit size in tomato are controlled 
by natural alleles lc and fas. LC encodes the WUSCHEL tomato ortholog (WUS), 
while the FAS encodes the CLAVATA3 tomato ortholog (CLV3). The leading role 
of the WUS-CLV3 in the organization of the meristem was demonstrated in sev-
eral plant species. The authors of this work showed that mutation of both loci in 
tomato leads to an increase in the SlWUS expression level in flower buds 2-3 days 
after initiation. Single and double mutant alleles lc and fas retain a high level of 
SlWUS expression during the development of carpel in a flower bud [71]. Other 
authors, combining the sequence mapping technique and the CRISPR-Cas9 ge-
nome editing method, identified the AP2/ERF transcription factor locus which 
regulates the activity of the flower meristem [72]. They named this locus EXCES-
SIVE NUMBER OF FLORAL ORGANS (ENO) [72]. Mutation of the ENO gene 
leads to an increase in the number of multilocular fruits per plant as a result of 
the proliferation of the flower meristem. Genetic analysis revealed a synergistic 
effect of LOCULE NUMDER (SlWUS locus) and FASCIATED (SlCLV3 locus) 
mutations, the two key mutations in the evolution of tomato fruit size upon do-
mestication [72]. As a result of extensive research carried out by traditional (To-
mato Analyzer) and modern (EcoTILLING) methods, a group of Indian scientists 
found that a population of one tomato variety with a low level of polymorphism 
detected by EcoTILLING, nevertheless, showed a wide phenotypic diversity. The 
authors explain the obtained results by the fact that phenotypic diversity is the 
result of interaction between the genome, transcriptome, proteome, and metabo-
lome [73]. In the context of the studied topic, this means that not so much single 
genes control the size and weight of the tomato fruit, but regulatory QTLs which 
was mentioned above [71, 72]. Of particular interest are works devoted to the 
influence of regulatory QTLs involved in the metabolic pathways of auxin and 
gibberellin on the setting and regulation of fruit size in tomato [74, 75], but we 
believe that these aspects should be the subject of special review. 

So, summarizing data on the genetic determinants of the fruit size in to-
mato, led us to the following conclusions. The fruit size in Solanum lycopersicum L. 
is controlled by a group of loci that regulate the processes of cell division and 
expansion during four stages of fruit development, from the development of the 
ovule and the ovary formation after fertilization to cell division and expansion of 
cells that form a mature fruit. To date, 37 such loci are known. These loci can 
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overlap with loci that control the fruit shape in S. lycopersicum and are likely 
involved in phytohormone signaling pathways and processes of primary and sec-
ondary metabolism. Genetic determinants of cell division and expansion are in-
volved in the signaling pathways of auxin and gibberellin, and therefore changing 
fruit size through these phytohormones is quite likely. The development and 
weight of the tomato fruit is closely related to the amount of primary and second-
ary metabolites. Modification of the expression of genes associated with primary 
and secondary metabolism can change the organoleptic composition and weight 
of tomato fruits by adjusting the harvest index and distribution of carbohydrates, 
which will ultimately improve the biochemical composition of tomato fruits. 
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A b s t r a c t  

In the Russian Federation, headed cabbage B. oleracea L. сonvar. capitata (L.) (both tradi-
tional cultivars and hybrids) is the most common cole crop. Application of DNA marker technologies 
allow rapid identification of valuable genotypes and their genetic relationships in order to produce 
genetically diverse breeding forms. Microsatellite (SSR) markers are widely involved in genetic identi-
fication and genotyping of crops. Particularly, these markers effectively reveal the polymorphism among 
and within cultivars of B. oleracea L. In the present work we have estimated for the first time the 
genetic relationship among local accessions of headed cabbage on the basis of SSR-loci polymorphism. 
The goal of the work was to reveal genetic relationship between breeding accessions of B. oleracea L. 
сonvar. capitata (L.) Alef. var. capitata L. f. alba, var. capitata L. f. rubra, and var. sabauda L. based 
on DNA typing and genetic classification using SSR markers, and to compare DNA data of studied 
genotypes with defined cabbage varietal and maturity groups. Twenty-four breeding accessions of 
headed cabbage including red and Savoy varieties from collection of the Federal Scientific Vegetable 
Center (FSVC) and also developed at FSVC were involved. Genomic DNA was extracted from young 
plant leaves at 2-3 leaf stage with DNA extraction kit Sorb-GMO (Syntol, Russia). Final DNA purity 
and concentration were identified with the SmartSpec Plus spectrophotometer (Bio-Rad, USA). 
Twenty-one microsatellite loci with known primer sequences were chosen to perform SSR analysis. 
The amplification was run in C1000 Touch thermocycler (Bio-Rad, USA). PCR products were sepa-
rated in a 6 % polyacrylamide sequencing gel with the use of Sequi-Gen GT electrophoresis system 
(Bio-Rad, USA). The fragments sizes were detected in comparison with molecular weight markers 
GeneRuler100 bp plus DNA ladder (Thermo Fisher Scientific, USA). The digital images of electro-
phoregrams were analyzed with Image Lab 3.0 software (Bio-Rad, USA). STRUCTURE 2.3.4 
(https://web.stanford.edu/group/pritchardlab/home.html) software was used to study population struc-
ture. The genetic distances were calculated using GenAlEx 6.5 software for Microsoft Excel by Nei’s 
method. To construct the UPGMA dendrogram the algorithm of MEGA 5.2 program was used. As a 
result of analysis 103 alleles were obtained with an average 4.9 alleles per locus. PCR product sizes 
were between 130 and 410 bp. The PIC value varied from 0.3 to 0.9. Population analysis revealed six 
clusters to distribute all breeding accessions. Calculated Nei’s genetic distances varied from 0.060 to 
0.186. The UPGMA deprogram constructed on distances matrix reflected the origin of cabbage acces-
sions taken. Thus, cultivars Belorusskaya 455, Podarok 2500, Amager 611 and Zimovka 1474 originated 
from Northwestern Europe were joined into one cluster, there was also hybrid Severiynka F1 developed 
with the use of these cultivars. Early-maturing varietal group Ditmarskaya Raniya represented by cul-
tivars Ijunskaya 3200, Stakhanovka 1513, Nomer Perviy Gribovskiy 147 formed a separate cluster 
which also included an early-maturing hybrid Avrora F1 being of a partial origin from Ijunskaya 3200. 
Two breeding lines obtained from Avrora F1 were genetically distant and disposed in another subcluster. 
Cultivars Slava 1305 and Slava 231 belonging to the separate varietal group Slava formed a branch of 
the dendrogram. Cultivar Parus and hybrids Zarnitsa F1, Mechta F1 developed relatively recently were 
disposed distantly from other accessions. Moscovskaya pozdnyaya 15 a local cultivar formed its own 
branch of the dendrogram. Three cultivars of Savoy cabbage were grouped together with sufficient 
genetic distance between each other, where a new early-maturing cultivar Moskovskaya kru-
zhevnitsa was more distant from others. The group of red cabbage accessions situated distantly 
from other clusters with great difference inside the group. The obtained results based on SSR 
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marker variation were in accordance with data on the origin of headed cabbage accessions con-
firming that they belong to defined varietal and maturity groups. This provides information for 
nearest breeding program for new cabbage breeding forms. 

 

Keywords: Brassica oleracea L., headed cabbage, SSR markers, genetic identification, cultivar 
genotype polymorphism, varietal group   

China, India and the Russian Federation are the world’s largest cabbage 
producers, and Russia retains the leadership in cabbage consumption [1]. Cabbage 
is rich in antioxidants, e.g. polyphenols, anthocyanins, gallic, vanillic and couma-
ric acids, and has anti-inflammatory properties due to glutamine and flavonoids. 
Cabbage is also a rich source of vitamin C and glucosinolates [2]. 

Of the species Brassica oleracea L. (CC, 2n = 18), the white cabbage 
B. oleracea L. сonvar. capitata L. Alef. var. capitata (L.) f. alba DC. is the most 
common in Russia, while the red-headed cabbage B. oleracea L. сonvar. capitata 
(L.) Alef. var. capitata (L.) f. rubra (L.) Thell., Savoy cabbage B. oleracea L. convar. 
capitata (L.) Alef. var. sabauda L., cauliflower B. oleracea L. convar. botrytis (L.) 
Alef. var. botrytis L., broccoli B. oleracea L. convar. botrytis (L.) Alef. var. italica 
Plenck, Brussels sprouts B. oleracea L. convar. gemmifera (DC.) Gladis var. 
gemmifera DC., kohlrabi B. oleracea L. convar. acephala (DC.) Alef. var. gongylodes 
L., and leafy kale B. oleracea L. convar. acephala (DC.) Alef. var. sabellica L. are 
less popular. Numerous cultivars and high-yielding hybrids of B. oleracea have 
been produced due to breeding activities performed worldwide. The forms with 
the longest period of vernalization and frost resistance are a distinguishing feature 
of the сonvar. capitata. The initial biodiversity of cabbage originated in the Western 
Mediterranean Sea, Western and Northern Europe, and then spread to Eastern 
Europe, America, Asia (China, Japan), Australia and Africa. High yield and 
transportability were the properties of cabbage that contributed to widespread 
distributed of the crop. Cabbage varieties significantly differ in early maturity 
properties. The crop is not demanding for heat, positively responds to long daylight 
hours and cultivation technologies making the growing period longer [3]. 

Genetic characterization enables identification of parental forms with a 
high level of heterosis and a stable expression of economically valuable traits, 
which should be involved in crossing, thus allowing for a better use of plant 
resources. In addition, with the advent of a new breeding material, it is necessary 
to distinguish generated genotypes and identify the same or closely related ones. 
The use of SSR (simple sequence repeats) DNA markers facilitates the precise 
genetic typing of breeding samples. The reliability and detection of high genetic 
polymorphism are the advantages of microsatellite markers, which make them the 
most popular and universal in genetic studies of agricultural crops [4-6].  

The database, which accumulates information on the variability of 
microsatellite loci in the genus Brassica L., including B. oleracea, contains 398 
microsatellite markers [7]. Based on microsatellite loci, genetic relationships 
between species of the genus Brassica were established and confirmed [8-10]. 
Genetic analysis within the B. oleracea species revealed the relationships both 
between cabbage varieties, and varieties and breeding lines [11-14]. Phylogenetic 
studies of the B. oleracea were also based on the variability of microsatellites [15]. 
In a set of 91 commercial white cabbage genotypes, a total of 359 alleles grouped 
into six clusters were detected by 69 microsatellite markers. The first two clusters 
grouped the white cabbage genotypes, with broccoli, cauliflower, kohlrabi and kale 
varieties grouped in the remaining clusters [16]. In breeding samples of white 
cabbage, a high genetic variability was determined with accurate typing of each 
plant based on microsatellite polymorphism [17]. 
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Thus, summarizing previous works, there is a scarcity of published 
literature on the genetic diversity of headed cabbage traditional Russian varieties 
and hybrids. Currently, the varieties used in breeding have been bred and zoned 
by E.M. Popova back in the 1940s at the Gribovskaya Experimental Station. 

This work is the first to establish the genetic relationships between breeding 
samples of domestic head cabbage based on polymorphism of microsatellite loci. 
When comparing the three varieties, a close genetic relationship was found 
between the genotypes of Savoy cabbage and white cabbage. 

The aim of our work was to identify genetic relationships between breeding 
samples of Brassica oleracea L. сonvar. capitata (L.) Alef. var. capitata L. f. alba, 
var. capitata L. f. rubra, and var. sabauda L. using SSR markers, and to compare 
the obtained data with assignment of the examined genotypes to cultivar types and 
maturity groups. 

 Materials and methods. Genomic DNA of 24 breeding samples of head 
cabbage (Genetic collection of the Federal Scientific Vegetable Center (FSVC) 
was extracted from leaves in the 2-3rd leaf phase by the CTAB buffer-based 
method using Sorb-GMO-B reagent kit (Syntol LLC, Russia) as per the 
manufacturer’s protocol. Young leaves, from five plants per sample, were 
homogenized in an extraction buffer (a ball mill TissueLyser II, Qiagen, Germany; 
26 Hz, 1560 vibrations per min, 1.7 min). The final DNA purity and concentration 
were determined spectrophotometrically (a SmartSpec Plus, Bio-Rad, USA). 
DNA solutions with OD260/280 = 1.6-1.8 were used in PCR. 

Twenty-one microsatellite loci with known primer sequences [11, 12] and 
polymorphic information content (PIC value) of 0.5 or above were involved in 
SSR analysis. For 25 μl PCR, 2.5 μl of 10½ PCR buffer, 2.5 mM MgCl2, 0.25 mM 
individual dNTPs, 0.3 μM of each primer, 1.5 U Taq DNA polymerase (Syntol 
LLC, Russia), and 3 μl of individual DNA template were mixed. The basal PCR 
protocol was as follows: 45 s at 92-95 С (denaturation), 30 s at 52 to 58 С, 
depending on primer pairs (annealing), and 30 s to 1 min at 72 С (elongation). 
A 35-cycle amplification was performed (a C1000 Touch™ thermal cycler, Bio-
Rad, USA). 

Amplification products were separated by vertical electrophoresis (a Sequi-
Gen GT system, Bio-Rad, USA) in a 6% polyacrylamide sequencing gel at 1600 
V for 1.5-2 h. After electrophoresis, gels were stained (SYBR™ Safe DNA Gel 
Stain, Invitrogen, USA). The ChemiDoc XRS + system (Bio-Rad, USA) was used 
for gel documentation. The size of the amplified fragments was determined using 
GeneRuler100 bp plus DNA ladder (Thermo Fisher Scientific, USA). The digital 
photographs of electrophoregrams were analyzed using the Image Lab 3.0 software 
(Bio-Rad, USA).  

For each SSR locus, the presence and absence of amplification product were 
designated as 1 and 0, respectively, to construct the final binary matrix. For each 
primer, the PIC value was calculated [18]. Population structures were analyzed using 
STRUCTURE 2.3.4 software (http://web.stanford.edu/group/pritchardlab/ho-
me.html) [19]; to determine the ΔK value, the STRUCTURE HARVESTER 
v0.6.1 program was applied (http://taylor0.biology.ucla.edu/structureHarvester/) 
[20]. The data analysis in STRUCTURE did not provide the number of 
clusters, so their probable number was set from 1 to 12, followed by a 
comparison of the K value for each option. Genetic distances were calculated 
in GenAlEx 6.5 (https://biology-assets.anu.edu.au/GenAlEx/Download.html) 
[21] by the Nei’s method [22, 23]. The MEGA5.2 algorithm was used to construct 
the UPGMA dendrogram (https://mega.software.informer.com/5.2/) [24].   
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 Results. Table 1 shows the samples of B. oleracea involved in the study.  

1. A set of headed cabbage (Brassica oleracea L.) breeding samples involved in SSR 
analysis of genetic diversity (Genetic collection of the Federal Research Center 
for Vegetable Growing, FRCVG) 

Name Cultivar Designation 
S a m p l e s  o f  Brassica oleracea сonvar. capitata (L.) Alef. var. capitata L. f. alba DC 

Amager 611 Amager Ama 
Avrora F1 Ditmarskaya rannyaya  Avr 
Avrora F1 line 1 Ditmarskaya rannyaya  AvL1 
Avrora F1 line 2 Ditmarskaya rannyaya  AvL2 
Belorusskaya 455 Belorusskaya Bel 
Zarnitsa F1 Ditmarskaya rannyaya Zar 
Zimovka 1474 Langendeiskaya zimyaya Zim 
Iyunskaya 3200 Ditmarskaya rannyaya Iju 
Moskovskaya pozdnyaya 15/reproduction Moskovskata posdnyaya  MoPo/MoPo1 
Mechta F1 Langendeiskaya zimyaya  Mech 
Nomer pervyi gribovskii 147 Ditmarskaya rannyaya N1 
Parus/reproduction Dutch group Par/Par4 
Podarok 2500 Belorusskaya Pod 
Severyanka F1 Belorusskaya Sev 
Slava 1305 Slava  Sl13 
Slava gribovskaya 231 Slava  Sl23 
Stakhanovka 1513 Ditmarskaya rannyaya Sta 

S a m p l e s  o f  Brassica oleracea var. sabauda L. 
Virtue 1340 Virtue Ver 
Moskovskaya kruzhevnitsa Rosetochnaya MosKr 
Yubileinaya 2170 Ulmskaya Ubi 

S a m p l e s  o f  Brassica oleracea var. capitata L. f. rubra 
Gako 741 Gako Gak 
Kamennaya golovka 447 Erfurtskaya  KamG 
Rubin Turnovskaya  Rub 
Krasnokochannaya line I3 Erfurtskaya RedL1 
N o t е. Reproduction means that the sample is grown from the elite seeds. 

 

Amplification of 21 microsatellite loci yielded 103 alleles, 4.9 per locus on 
average, of which 13 alleles were specific. The breeding samples Severyanka F1, 
Belorusskaya 455, Podarok 2500, Amager 611, and Zimovka 1474 have the largest 
number of specific alleles (seven alleles). The amplification products vary in length 
from 130 to 410 bp. Sets of five alleles each were characteristic of the most 
informative SSR loci AF458409 and BZ523957 with the PIC values 0.90 and 0.86 
for the primers, respectively (Fig. 1). However, less informative SSR loci with the 
PIC value 0.69 for the primers could contain a larger number of alleles, up to 
13, like in CC969431, or 11, like in CC956699, CC969507, and AF113918. The 
lowest PIC value for the primers to AF180355 locus was 0.30, with only two 
alleles found. 

2. Polymorphic microsatellite loci for marker-based estimation of the genetic 
relationships among headed cabbage (Brassica oleracea L.) breeding samples 
(Genetic collection of the Federal Scientific Vegetable Center)  

Marker (GenBank 
NCBI) 

Genes with polymorphic  
microsatellite sequences  

Motif  
Number 
of alleles  

PIC 

AF051772 Reproductive meristem gene 1 (REM1) mRNA (gaa)5 3 0.81 
AF051772(2) B3 domain-containing protein REM1 (ct)6-1(ct)4-1(tcc)3 4 0.78 
AF458409 Deoxycytidine deaminase (DCTD1), mRNA (aga)6 5 0.90 
AJ427337 mRNA for calmodulin 1 (cam1 gene) (ga)5 3 0.61 
BZ523957 Genomic clone BOKAH45 (ttg)6 5 0.86 
СС956628 Brassica oleracea genomic clone BOIAA94,  

genomic survey sequence (tc)5 2 0.50 
CC956699 Brassica oleracea genomic clone BOIAB20,  

genomic survey sequence (cac)9 11 0.69 
CC969431 Genomic clone BOIAB19 (ga)6 13 0.61 
CC969459 Genomic clone BOIAB94 (cgg)5 2 0.31 
CC969497 Genomic clone BOIAA26 (tgc)5 2 0.83 
CC969507 Genomic clone BOIAB15 (ct)5 11 0.74 
Х94979 mRNA for pollen coat protein (atg)5 2 0.44 
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Continued Table 2 

AF241115 Isolate HRI/CGN 5688 cauliflower gene (at)5(ta)6 6 0.51 
X92955 mRNA for pollen coat protein (tttta)2(ata)7 3 0.57 
AF180355 Isolate B265 ABI1 protein (ABI1) gene (tc)16 2 0.30 
AF113919 Phospholipase D2 (PLD2) gene (at)6(gt)5 3 0.58 
AF273844 Thioredoxin-h-like protein 1 (THL1) mRNA (ctt)7 4 0.73 
AF230693 Stearoyl-ACP desaturase (DELTA9-BO-1) gene (ctt)3(ct)6(cttg)6 4 0.81 
AF113918 Phospholipase D1 (PLD1) gene (ct)7(at)7-1 11 0.60 
U67451 Brassica oleracea homeotic protein boi1AP1 

(Boi1AP1) mRNA (at)9-1 6 0.81 
AF241115(2) Isolate HRI/CGN 5688 cauliflower gene (ta)6-1 2 0.63 
 

A 

 
B 

 
Fig. 1. Electophoregrams of microsatellite loci AF458409 (A) and BZ523957 (B) PCR amplification 
products in headed cabbage (Brassica oleracea L.) breeding samples (Genetic collection of the Federal 
Research Center for Vegetable Growing, FRCVG). М — molecular weight marker (GeneRuler100 
bp plus DNA ladder, Thermo Fisher Scientific, USA). For designations and description of samples, 
see Table 1.  

 

In our study, the calculated PIC values were consistent with the values 
reported for the same markers by other researchers (χ2 = 2.16 at p = 1.0) [11, 12]. 
The markers for loci with a PIC value  0.5 turned out to be effective for genetic 
discrimination of related genotypes [25]. As a result, these markers allowed us to 
revealed 76% polymorphism among the studied breeding samples. 

 

 
Fig. 2. Structure of the set of headed cabbage (Brassica oleracea L.) breeding samples (Genetic 
collection of the Federal Scientific Vegetable Center) based on Bayesian analysis (built with 
STRUCTURE software for six clusters, K = 6). For designations and description of samples, see 
Table 1. 

  

It was shown that the tested breeding samples were best distributed among 
six clusters (ΔK = 2.05) where they were grouped according to origin (Fig. 2). The 
calculated genetic distances varied from 0.060 to 0.186, with the greatest genetic 
distance between the Parus cultivar and the Mechta F1 hybrid. Cabbage samples 
Severyanka F1, Belorusskaya 455, Podarok 2500, Amager 611, and Zimovka 1474 
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of the Dutch group originating from North-Western Europe clustered together 
(Fig. 3). The high genetic similarity of cultivars Amager 611, Belorusskaya 455, 
and Podarok 2500 confirms that the latter was obtained through complex 
hybridization of the first two cultivars. The cultivars Belorusskaya 455, Zimovka 
1474, and Podarok 2500 originated at the Gribovskaya Experimental Station were 
involved in production of a relatively new hybrid Severyanka F1 advanced in 
quality and resistance to fusarium wilt, clubroot, and bacterioses. The cultivar 
Belorusskaya 455 obtained by selection of the earliest maturing forms in the 
Vitebsk region, has been zoned since 1943. The late-ripening cultivar Moskovskaya 
Pozdnaya 15, zoned in the same year and having a high productivity, formed a 
separate sub-cluster, closer to the samples of later ripeness, which explains local 
origin of the cultivar Moskovskaya Pozdnaya 15 from the Pyshkinskaya cultivar 
[26]. The genetic remoteness of this variety is also confirmed by its separate varietal 
type in the Central Russian group of varieties. The Parus cultivar with high quality 
parameters formed its own cluster, which proves the genetic remoteness of this 
cultivar from the general group of varieties and indicates a complex origin from 
various lines with economically valuable properties. 

 

 
Fig. 3. UPGMA tree derived from data on microsatellite loci polymorphism of headed cabbage (Brassica 
oleracea L.) breeding samples (Genetic collection of the Federal Scientific Vegetable Center). 
Bootstrap replicates of 1000. For designations and description of samples, see Table 1. 

 

Cultivars of the Ditmarskaya early type originating from Central Europe 
(Iyunskaya 3200, Stakhanovka 1513, Nomer pervyi gribovskii 147 and the early 



896 

ripening hybrid Avrora F1 which has the Iyunskaya 3200 cultivar in the pedigree) 
formed a separate cluster. All these samples were early maturing. The cultivar 
Nomer pervyi gribovskii 147 zoned since 1943 was used to create cultivar Iyun-
skaya 3200, which is also consistent with its position in the dendrogram. The lines 
derived from the Avrora F1 hybrid formed a separate subcluster. This confirms 
that the derived lines can be genetically quite distant from the hybrid. The tradi-
tional mid-season cultivars Slava Gribovskaya 231 and Slava 1305 of the Slava 
type, which were bred at the Gribovskaya Experimental Station and released in 
1940, grouped in a separate subcluster. 

The new mid-early hybrid Zarnitsa F1 formed a separate branch of the 
dendrogram closer to the early ripening specimens, while the late-ripe hybrid 
Mechta F1 formed a cluster at a 0.123 distance from the general group of 
cabbage specimens.  

Savoy cabbage cultivars grouped into a separate subcluster within the white 
cabbage cluster. All of them belonged to different types of varieties, therefore, they 
were located genetically distantly from each other. The early-ripe cultivar Yubi-
leynaya 2170 resulted from crossing the Savoy Viennese early cabbage and the 
white cabbage variety Nomer pervyi gribovskiy 147. The new mid-ripe cultivar 
Moskovskaya kruzhevnitsa with bubbly leaves turned out to be the most genetically 
distant from the other two cultivars of Savoy cabbage. 

Traditional cultivars of red cabbage Kamennaya golovka 447 and Gako 
741, bred at the Gribovskaya Experimental Station and released in 1943, belong 
to the Erfurt and Gako variety types, respectively, which is confirmed by their 
genetic remoteness. The Rubin variety and the I3 424-17 breeding line were 
grouped in the same cluster. Traditional varieties are well adapted to local grow-
ing conditions and can be donors of valuable genes conferring genetic variability 
and plasticity.  

It should also be noted that the relatively recently bred cultivars Parus, 
Moskovskaya kruzhevnitsa, hybrids Zarnitsa F1 and Mechta F1 were quite distant 
from the main clusters consisting of traditional varieties. In addition, the breeding 
lines derived from promising F1 hybrids significantly differed from the original 
form, which makes it possible to use DNA markers in inbreeding when obtaining 
hybrid-based lines.  

In this study, a relatively small set of microsatellite markers successfully 
classified unique domestic head cabbages. El-Esawi et al. [27] used only twelve 
microsatellite loci to revealed a 75.7% polymorphism among twenty-five Brassica 
oleracea L. genotypes of which fifteen genotypes were cabbages, which is con-
sistent with our findings. 

Despite significant advances in the genetics of cabbage crops, the research-
ers mainly focus on the pathogen resistance [28-30], flowering time [31, head 32], 
morphology [33] and cracking [34, 35], with the lack of information on the genetic 
identification of cabbage varieties from different ripeness groups. Based on the 
genetic assessment of the studied breeding samples, we identified two main groups 
of white cabbage genotypes, with early maturation (the cluster of Avrora F1, Iyun-
skaya 3200, Nomer pervyi gribovskiy 147, and Stakhanovka 1513) and late matu-
ration (Moskovskaya pozdnyaya 15, Severyanka F1, Belorusskaya 455, Amager 
611, and Zimovka 1474). The Savoy cabbage genotypes in general were more 
precocious, which may explain their close genetic location to the group of more 
early maturing cultivars. Of these, the cultivar Virtue 1340 is the most late-ripening 
(the ripening period is about 130 days), while the white cabbage late-ripen geno-
types need more than 140 days to reach ripeness.  
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Since environmental factors can influence varietal morphological traits 
and characteristics, cause phenotypic variability and hamper the assessment of 
varietal traits, DNA markers are the only tool for accurately identifying, main-
taining and preserving genotypes for further selection [36]. DNA analysis with a 
set of known SSR markers allows reliable identification and selection of breeding 
samples from different ripeness groups and among valuable domestic cultivars, 
which are suitable for growing in all regions of Russia.  

Thus, SSR markers were effective in detecting genetic variability among 
twenty-four genotypes of headed cabbage, including those similar in origin and 
belonging to the same cultivar. The results of DNA analysis confirm pedigrees of 
the traditional varieties and new hybrids. The genetic background of the genotypes 
can be decisive for design of crossing combinations in obtaining new breeding 
forms. The results of SSR analysis and genetic distance evaluation are “decision 
support information”. This helps to select breeding material, control crossing com-
binations within groups of different ripeness, with preserving characters of the 
original cultivar types, and identify breeding lines in hybrid and/or varietal popu-
lations.  
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A b s t r a c t  

Recent years have seen a significant expansion in the distribution area of bean common 
(Phaseolus vulgaris L.) mosaic virus (BCMV) that has become an economically significant disease 
agent for the non-chernozem part of Russia. As early as 2014, the epiphytotics were observed in 
the Moscow region, but no BCMV resistance screening in both Russia and foreign bean acces-
sions has been performed yet in these agroclimatic conditions. Thus, the presented study is the 
first one that has described the features of BCMV development in the Moscow region and de-
fines climatic factors affecting the disease progression. An assortment of bean accessions has 
been estimated on a level of resistance to BCMV using different techniques including molecular 
markers. The goal of the study was to find an initial breeding material as a source for develop-
ment of new competitive BCMV-resistant local yardlong bean cultivars. The research was carried 
out in the Moscow Province in 2014-2019. The research methods included visual and serological 
diagnosis and phytopathological monitoring of disease progression of artificial and natural infec-
tion. Field testing of disease resistance in accessions of various genetic and geographical origins 
over time was performed using a four-point scale; the accessions were ranked into resistance 
groups based on the degree of the disease with regard to the stability of expression of the charac-
teristic in various years. DNA analysis of the main resistance genes, i.e., dominant gene I and 
recessive genes bc-12 and bc-3, was performed using the respective markers SW13, SBD5, and 
ROC11, following the developed procedures. The result of the study was the identification of the 
biological features of the BCMV isolate from the Moscow region affecting Phaseolus vulgaris L. and 
Pisum sativum L. from the Fabaceae family in biotest. The expression of symptoms and intensity of 
the disease in indicator plants in a greenhouse and bean accessions in field trials significantly de-
pended on temperature, and the spread of the virus — on the accumulated precipitation. In gen-
eral, reduced precipitation in combination with elevated temperatures served as a deterrent pre-
venting the pathogen from further spreading in the climatic conditions of the Moscow region. At 
the same time, this combination facilitated viral infection manifestations on the plant leaf appa-
ratus, especially during the vegetation period. Out of 207 accessions studied, only 6 % demon-
strated a persistently high BCMV resistance in the context of epiphytotics. Screening of 30 ac-
cessions with different resistance levels showed that recessive genes bc-12 and bc-3 were present 
in the majority of the accessions and dominant gene I only in half of all accessions. Most acces-
sions had genotypes I/bc-12/bc-3 (33 %) and bc-12/bc-3 (47 %), among which only 1/3 demon-
strated a persistently high virus resistance. The plants lacking the genes I and bc-12 were severely 
damaged by the virus. The chi-square test (χ2) revealed a more significant effect of the gene bc-12

on the field resistance of common bean accessions to BCMV. Based on the results obtained, as an 
initial breeding material for developing yardlong bean cultivars with high BCMV resistance we 
recommend 17 most promising accessions of different origin, including five cultivars (Khavskaya 
Universalnaya, Rant, Zolushka, Marlinka, Svetlyachok) and two perspective hybrids (SP-232, KP-
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84) selected at Federal Research Center for Vegetable Growing that are distinguished by several 
agronomic characters. 

 

Keywords: Phaseolus vulgaris L., green bean, bean common mosaic virus, BCMV, virus re-
sistance, resistance genes, sustainable resistance, DNA-markers, initial material 

 

Common bean (Phaseolus vulgaris L.) is the third most important and 
worldwide grown food legume crop following soybeans Glycine max (L.) Merr. 
and peanuts Arachis hypogea L. [1]. Recently, it has been used as a functional 
food product with a high content of proteins, vitamins, antioxidants and trace 
elements, and, moreover, with an excellent taste [1, 2]. According to the FAO 
(Food and Agriculture Organization) report for 2018, vegetable bean is the crop 
occupying the largest areas in the countries of Latin America, Eastern and 
Southern Africa [3]. In recent years, the industrial production of this culture has 
been actively expanding in Russia [4]. 

Viruses, especially aphid-transmitted, constitute a large group of patho-
genic microorganisms infecting Ph. vulgaris. To date, about ten viruses are 
known, among which the Bean common mosaic virus (BCMV), Bean yellow mo-
saic virus (BYMV), Bean common mosaic necrosis virus (BCMNV) of Potyviridae 
family, and Bean leafroll virus (BLRV) of Luteoviridae family are the most harm-
ful and wide-spread. Other species are classified as endemic, the appearance of 
which is due to certain conditions in different countries and regions [1, 5, 6]. 

BCMV was first discovered in 1917 in the USA [7]. At present, BCMV 
is the most harmful. In some countries, the epiphytoties caused by BCMV, ac-
cording to various estimates, annually result in a 50-100% loss of legumes [8-
13]. In the Russian Federation, BCMV was first described in the 1980s on 
meadow clover in the Far East, and a decade later on bean culture in other re-
gions [14, 15].  

BCMV is typically transmitted vertically by pollen and seeds. The virus is 
found in the seed coat, cotyledons, and embryos [6, 8, 9]. The seed infection is 
significantly influenced by the time of plant infection: the most vulnerable period 
is the phase of differentiation of flower organs, while during infection after flow-
ering, the probability of seed transmission of BCMV is significantly reduced [16]. 
Eleven species of aphids are actively involved in the vector transmission of the 
virus in a non-persistent way form the source of infection. Most of them effec-
tively transmit the virus as winged migrants in a matter of minutes, but they also 
quickly lose this ability [6, 9, 17]. The range of natural reserves of BCMV is 
mainly limited to cultivated and wild species of the Fabaceae family, the genera 
Phaseolus, Pisum, Trifolium, and Vicia [11, 18-20].  

In fact, BCMV is a complex of strains subdivided into eight pathogroups 
(PG), five for BCMV (PG-1, PG-2, PG-4, PG-5, PG-7), and three for 
BCMNV serologically related to BCMV (PG-3, PG-6, PG-8) [21]. Recent mo-
lecular studies have shown high genetic diversity among all these strains and a 
large number of identified recombinants [10, 22-25]. The strains are distin-
guished due to symptoms of infection they cause in vegetable beans with various 
combinations of seven currently known resistance genes, a single, the main dom-
inant strain-nonspecific gene I and six strain-specific recessive genes bc-u, bc-1, 
bc-12, bc-2, bc-22, and bc-3 from four independent loci [17, 26, 27].  

Breeding vegetable beans with multiple resistance to BCMV is a priority, 
since such varieties are resistant to various BCMV pathogroups [17, 26]. In order 
to pyramid genes conferring bean resistance to BCMV in beans, foreign scien-
tists are increasingly combining the I and bc-3 genes via marker-assisted selec-
tion (MAS), which provides wider range of nonspecific protection [9, 28-31]. 
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Alleles of the recessive genes bc-1 and bc-2 prevent the systemic spread of the 
virus. Their combination in plant genome, even in the absence of the dominant 
gene I, can be effective against many BCMV pathotypes. Transfer of resistance 
genes to susceptible genotypes using indirect selection under the control of 
DNA markers was performed for loci I [32, 33], bc-3 [31], bc-12 [34, 35] bc-1, 
and bc-u [36]. For introduction of the resistance gene I into susceptible geno-
types, the SW13 marker was used [28, 37-39]. SW13 and SBD5 were used in to 
pyramid the bc-12 and I genes in a susceptible genotype [35]. For the bc-3 
gene, markers ROC11 and SG6 have been developed, which can also be used 
in combinations with other markers [31, 40]. Thus, the SW13 marker is linked 
to the I gene, the SBD5 marker to the bc-12 gene, the ROC11 and SG6 mark-
ers indicate the presence and absence of the bc-3 allele, respectively. In recent 
years, the recessive gene bc-12 conferring resistance to the most common 
BCMV and BCMNV pathotypes, the PG-1, PG-2, PG-3, and PG-5 has been 
involved in breeding programs [13, 34]. It should be noted that molecular 
methods for marking R-genes are deemed auxiliary. MAS application is suc-
cessful when combined of requires a combination of molecular markers with 
classical phytopathological methods for assessing plant resistance to artificial 
and natural infections. 

In Russia, bean crop breeding started in 1920 at the Gribovskaya 
Vegetable Breeding Experimental Station, the precursor of the Federal Re-
search Center for Vegetable Growing (FRCVG). Over the past 100-year peri-
od, the breeders have created 45 varieties of beans, or 32% of the total as-
sortment of the State Register of Breeding Achievements approved for use. 
Most of the previously created bean varieties are universal. In recent years, 
the creation of asparagus-type green beans that meet market requirements 
and are highly resistant to diseases is given a priority.  

Because of climate change and uncontrolled import and logistics of vi-
rus-infected seeds, BCMV was noticed in the more northern regions of the 
Non-Black Earth Zone and Western Siberia of the Russian Federation [41-45]. 
After the first epiphytoty in the Moscow region registered in 2014-2015, a local 
study of the BCMV biology have been initiated in which Ph. vulgaris accessions 
from extensive Genetic collection of the Federal Research Center for Vegetable 
Growing were involved. 

This paper is the first report on BCMV isolates affecting beans in the 
Moscow region, and on climatic factors influencing the severity of the infection. 
BCMV resistance of a wide variety of plant beans has been assessed using mo-
lecular markers. New genetic sources of bean resistance to BCMV have been 
identified and involved in breeding programs. The reported DNA marker-based 
screening of the gene pool of domestic beans for BCMV resistance is the first in 
the Russian Federation.  

The work aimed to search for sources of resistance to bean common mo-
saic virus (BCMV) to involve these donor cultivars in common bean breeding 
for asparagus-type with a desirable combination of characteristics.  

 Materials and methods. Vegetable bean cultivars of different origin, 
mostly from the USA, the Netherlands, Germany, and the Russian Federation, 
including cultivars bred at FRCVG were screened for BCMV infection (207 ac-
cessions of the FRCVG collection, 45-60 plants per accession, the Federal Re-
search Center for Vegetable Growing, Moscow Province, 2014-2019). Bean 
common mosaic virus was isolated from the infected plants. 
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BCMV was detected in plant leaves by sandwich enzyme-linked im-
munosorbent assay (ELISA Reagent Set for Bean common mosaic virus, Agdia, 
Inc., USA). The extinction coefficients were recorded (a semi-automatic Stat 
Fax® 2100 microplate reader, Awareness Technology, Inc., USA,  = 480 nm). 
ImmunoStrip® express test (Agdia, Inc., USA) was used to avoid mixed infec-
tion with other plant viruses, in particular Cucumber mosaic virus (CMV) and 
Tobacco mosaic virus (TMV) causing symptoms similar to BCMV. 

To describe symptoms of BCMV infection and assess phenotypic re-
sistance to BCMV in 30 promising bean accessions, pea (Pisum sativum L.) vari-
ety Zhegalovets plants and bean (Phaseolus vulgaris L.) variety Gribovskaya 92 
plants were artificially infected with BCMV (a film greenhouse, ten plants of 
each cultivar in 3 replicates). Seeds were sown in the third decade of April when 
the average daily temperature in the greenhouse was 20-22 С, and in the first 
decade of June when the average daily temperature was 26-29 С. At the pri-
mordial leaf phase plants were inoculated by rubbing crude juice from leaves of 
the infected plant in 0.1 M phosphate buffer (pH 7.0) with carborundum, as per 
Mills et al. [46]. The viral infection was confirmed visually and by ELISA test. 

In 2014-2019, the accessions were grown in the field (Moscow Province, 
Odintsovsky District) under natural infection conditions. A scheme of random-
ized plots allowed plants of each accession to have approximately the same 
chance to be infected. The severity of viral infection was assessed visually ac-
cording to a modified scale where 0 means no symptoms on leaves, 0.5 means 
weak symptoms on some leaves, 1 means less than 10% leaves affected, 2 points 
stand for 10-30% affected, 3 points for 30-50%, and 4 points mean that more 
than 50% of the entire leaf surface of the plant is affected. The BCMV resistance 
of accessions was assessed by the prevalence (disease incidence) P (%), lesion 
index I (an average score), and disease severity R (%). The estimates were rec-
orded 3 times, at the third true leaves, flowering and technical ripeness. The ag-
gregated estimates were used to differentiate the accessions in susceptibility to 
BCMV and stability of manifestation of the infection. The accessions were 
deemed resistant at R = 0, relatively stable at 0 < R  10%, weakly susceptible 
at 10 < R  25%, and susceptible at R > 25%. The accessions in group I had no 
signs of lesion, in group II, symptoms of BCMV infection appeared only in the 
years of epiphytoties, in group III, symptoms were unstable in different years, 
and in group IV, stable BCMV lesion occurred in all years of investigation. 

During the growing season, the valuable traits of the accessions were as-
sessed [47, 48]. Promising accessions were identified based on complex breeding 
values by accounting for all studied traits.  

Among the accessions involved in field trials in 2014-2019, 30 most 
promising, with varying degrees and stability of field resistance to BCMV, were 
selected and screened for genes I, bc-12, and bc-3 to reveal donor cultivars for 
breeding BCMV resistant common bean varieties. In PCR analysis, markers 
SW13, SBD5, and ROC11 were used.  

Tissues of young leaves of individual plants were disrupted in 200 μl 
CTAB buffer (a ball mill TissueLyser II, Qiagen, Germany) at 26 Hz (1560 os-
cillations/min) for 1.7 min to a suspension followed by addition of 15 μl of pro-
teinase K. DNA extraction by CTAB method was performed using a set of Sorb-
GMO-B reagents (OOO Syntol, Russia) according to the manufacturer’s proto-
col. The final purity and total DNA concentration were determined spectropho-
tometrically (a Smart Spec Plus, Bio-Rad, USA) (OD260/280 = 1.6-1.8 corre-
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sponded to a pure DNA preparation).  
For 25 μl PCR, 2.5 μl of 10½ PCR buffer, 2.5 mM MgCl2, 0.25 mM in-

dividual dNTPs, 0.3 μM of each primer, 1.5 U SynTaq polymerase (Syntol 
LLC, Russia), and 50 ng of individual DNA template were mixed. The primer 
sequences for the three resistance markers were taken from Hegay et al. [49]: for 
SW13, the forward primer 5´-CACAGCGACATTAATTTTCCTTTC-3´, the re-
verse primer 5´-CACAGCGACAGGGGAGCTTATTA-3´; for SBD5, the for-
ward primer 5´-GTGCGGAGAGGCCATCCATTGGTG-3´, the reverse primer 
5´-GTGCGGAGAGTTTCAGTGTTGACA-3´; for ROC11, the forward primer 
5´-CCAATTCTCTTTCACTTGTAACC-3´, the reverse primer 5´-GCATGTTC-
CAGCAAACC-3´. PCR was run according to the following program: 2-5 min at 
95 C (initial denaturation); 30 s at 95 C (denaturation), 30 s at 59 C, 64.6 C, 
and 53 C (annealed for SW13, SBD5, and ROC11, respectively), 30 s at 72 C 
(elation) (35 cycles); 7 min at 72 C (final elongation) (a C1000 Touch Thermal 
Cycler, Bio-Rad, USA) The primer annealing temperature was adjusted so that 
clear single and reproducible fragments were obtained.  

Amplification products were separated in 1.7% agarose gel in 0.5½ TBE 
buffer (a Wide Mini-Sub Cell GT horizontal electrophoresis chamber, Bio-Rad, 
USA). The resulting gels were stained with ethidium bromide and photographed 
(a ChemiDoc XRS + system, Bio-Rad, USA) followed by image processing 
(ImageLab software, Bio-Rad, USA). The sizes of the amplified fragments were 
determined using the GeneRuler100 bp Plus DNA Ladder molecular weight 
marker (Thermo Fisher Scientific, Inc., USA).  

Data were processed using LightCycler® 480 SW 1.5.1 software (Roche 
Molecular Systems, Inc., USA) and Microsoft Excel 2010. Mean values (M), 
their standard deviations (±SD) and standard mean error (±SEM), the level of 
significance of differences (p) was assessed, regression, variance, correlation 
analysis, and Chi-square goodness-of-fit test (χ2) were performed [51].  

Results. The origin of the common bean samples used in the work is 
shown in Figure 1. 

 

 
Fig. 1. Origin and number of common bean (Phaseolus vulgaris L.) cultivars tested for resistance 
to Bean common mosaic virus (Genetic collection of the Federal Research Center for Vegetable 
Growing). 

 

The weather conditions in the years of research differed significantly in 
the combination of the main climatic factors over growing seasons (Fig. 2), 
which influenced incidence and severity of the BCMV infection damage. 
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Fig. 2. Average daily air temperature (a) and total precipitation (b) over the years of investigation 
(Moscow Province, Odintsovsky District).  

 

 
Fig. 3. Symptoms of Bean common mosaic virus (BCMV) infection in naturally infected common bean 
(Phaseolus vulgaris L.) plants (A) (Genetic collection of the Federal Research Center for Vegetable 
Growing, Moscow Province, Odintsovsky District, field surveys, 2014-2019), and in inoculated test 
plants of Gribovskaya 92 bean cultivar (B, C) and pea (Pisum sativum L.) Zhegalovets cultivar (D, E) 
(a greenhouse, 2015-2016). 

 

In the Moscow region, bean plants infected by BCMV had typical symp-
toms of dark green or light green mosaic and leaf deformation (wrinkling and 
twisting) (Fig. 3, A). ELISA test confirmed the presence of BCMV in plants 
with different scores of lesions. 

In biotests, at temperatures below 26 С, inoculation with the Moscow 
BCMV isolate caused weak mosaic of young bean plants. During vegetative 
phase, a latent (asymptomatic) course of the disease was also noted. However, 
BCMV had a notable effect on the development of reproductive organs thus 
reducing plant productivity. At elevated air temperatures (26-29 С), symptoms 
typical for BCMV (dark green mosaic, leaf twisting or wrinkling) appeared on 
susceptible adult plants of Gribovskaya 92 variety followed by leaf necrosis (see 
Fig. 3, B, C). At the early development, plants of vegetable pea variety Zhegalo-
vets had no symptoms, but, prior the plants entered the flowering stage, a mosa-
ic appeared with subsequent necrosis (see Fig. 3, D, E). 

Annual monitoring revealed a significantly increased BCMV prevalence 
in the Moscow region, starting from 2014. In 2015, 2016 and 2019, the disease 
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reached epiphytotic levels. The maximum number of affected accessions (90% of 
the total) was noted in 2016. In 2015 and 2019, the proportion was about 50%. 
The disease prevalence in these years exceeded the threshold of harmfulness, 
averaging more than 30% of plants with symptoms of damage (34% in 2015, 
81% in 2016, and 36% in 2019), with the highest average damage index (2.7 
points) registered in 2019. 

In 2017 and 2018, there was a sharp decline in the disease incidence and 
harmfulness. The prevalence did not exceed 10%, the affected accessions 
amounted to 22 and 13%, respectively, however, the infectious load in 2018 was 
higher and the lesion index averaged 2.2 points, whereas in 2017 it was less than 
1.0 points (Table 1).  

1. Characterization of Bean common mosaic virus (BCMV) infection of common 
bean (Phaseolus vulgaris L.) accessions in the years of investigation (Genetic 
collection of the Federal Research Center for Vegetable Growing, field tests, 
Moscow Province, Odintsovsky District) 

Parameters 
 Year and a sample 

2016 2017 2018 2019 
A B A B A B A B 

I n f e c t i o n  p a r a m e t e r s  a n d  l o a d s  
Р, % 81 90 9 42 4 33 36 54 
I, points 2,2 2,5 0,2 0,9 0,3 2,2 1,0 2,7 
R, % 51 57 2 12 2 18 15 40 

P r o p o r t i o n  o f  t o t a l  n u m b e r  o f  c u l t i v a r s ,  % 
Without symptoms 9 78 87 48 
With symptoms  91 22 13 52 

including:   22 13 52 
0 < R < 10% 4 9 6 6 
R = 10-25% 9 11 4 24 
R > 25% 78 1 3 22 

N o t е. А — the complete sample mean (for all accessions), B — the affected sample mean (infection load); P 
(%) — prevalence (disease incidence), I — lesion index (an average score), and R (%) — disease severity.  

 

The development of any disease in a specific cultivation zone is known 
to depend on plant resistance and the environmental conditions. A five-year 
study of a constant set of accessions revealed a more significant role of weather 
conditions in BCMV spreading and harmfulness in the Moscow region. Two-
way ANOVA showed the 41% contribution of the climatic factor to total varia-
bility of the disease development (the aggregate indicator R), with only 17% for 
the genotype. Moreover, the weather conditions of the year to a greater extent 
determined BCMV prevalence (73%) as compared to severity (50%). 

Based on the effect of climatic factors on BCMV infection, combina-
tions of favorable and unfavorable conditions for the disease development the 
Moscow region were revealed. The dependences between the average values P 
and I, on the one hand, and the average daily air temperature (T, С) and the 
amount of precipitation (∑p), on the other hand, for each month of the growing 
season had a complex character and were described by polynomial functions of 
second and third orders (Fig. 4). However, a number of patterns could be 
identified. Moderate rainfall together with moderate temperatures in the first 
half of the growing season (∑p  110 mm, T  15-16 C in May, ∑p  70 mm, 
T  18 C in June) and heavy rainfall combined with increased daily air tem-
peratures in the second half (∑p > 120 mm, T > 20 C) facilitated intensive 
spread of the virus on bean crops. Decreased precipitation during all periods of 
plant growth in combination with higher temperatures (∑p < 60 mm, T > 16 C 
in May, ∑p < 70 mm, T > 18 C in June, ∑p < 85 mm, T > 20 C in July, 
and ∑p < 60 mm, T > 19 C in July) as a whole restrained the pathogen spread. 
However, this combination of factors contributed to more apparent symptoms of 
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the virus affecting leaves, especially in early growth (see Fig. 4). Thus, a high 
score of BCMV lesion was noted in years with May average daily temperatures 
of 16-18 C and minimum amount of precipitation (2018 and 2019), or with 
June air temperature of 18-20 C and moderate rains (2016 and 2019). In the 
second half of the growing season, the combination of contributing factors was 
less apparent. It was both cool (T  17.2 C) and dry (∑p  72 mm) weather in 
July 2019 (as compare to average annual rates of 18.8 C and 81.6 mm), and 
elevated temperatures (T > 20 C) with heavy precipitation (∑87-126 mm) in 
2016 and 2018.  

Dry and hot weather in certain periods, mainly in the middle of the 
growing season, could decrease lesion intensity in relatively stable accessions, as 
it was in 2015, 2017, and 2019. In 2019, clear symptoms of BCMV lesion ap-
peared in 52% of samples at the beginning of growth (early June), in 36% at 
the beginning of fruiting, in mid-July when the weather was hot and dry, and 
in 47% after a cold snap at the end of the growing season. These results are 
consistent with the observed “masking” of symptoms due to high tempera-
tures. [6, 22]. Therefore, the BCMV infection should be assessed at least 
twice, in the first and second half of the growing season, and it is the maxi-
mum seasonal values of P and I that should be used to rank the BCMV re-
sistance of the sample. 

 

 
Fig. 4. A relationship between parameters (M±SD) of Bean common mosaic virus (BCMV) infection 
of common bean (Phaseolus vulgaris L.) plants and climatic conditions (the complete sample of acces-
sions, Genetic collection of the Federal Research Center for Vegetable Growing): A — May, B — 
June, C — July, D — August; a, b — polynomial functions of incidence and severity of BCMV in-
fection plotted against the average daily air temperature (С, triangles) and the total amount of pre-
cipitation (mm, circles) (Moscow Province, Odintsovsky District, 2015-2019). 

 

Stability of plant viral resistance in years varying in combination of envi-
ronmental factors and natural infectious loads should be accounted in searching 
for sources of resistance. According to this criterion, the collection samples were 
divided into four groups of stability (Table 2). 

The accessions of group I had no BCMV symptoms in all years of inves-
tigation. The resistant forms constituted 6% of the complete sample. Most of them 
were varieties of domestic selection: Zabava (Russia, VIR k-15356), Izunrudnaya 
(Russia, VIR k-15593), Khavskaya universalnaya (Russia), Mulatka (Russia), 
Local vegetable beans (Russia, VIR k-15673), Zolotoi nectar (Russia), Zapadna-
ya Sibir (Russia), Oktava (Belarus), Ryabushka (Russia), Zit 551 RS (the Neth-
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erlands, VIR k-15375), Cade 128 (the Netherlands, VIR k-15261), and Alicе 
Sunshine (USA, VIR k-15599).  

Susceptible cultivars (group IV, 2% of the complete sample) were stably 
infected by the virus regardless of the conditions of the year. These were Kir-
gizskaya Sakharnaya (Kyrgyzstan), Kustovaya (Russia), Zatus (Poland), and Gri-
bovskaya 92 (Russia, VIR k-12200). The prevalence of BCMV in this group aver-
aged 78% over four years (an average lesion index of 2.5 points) and reached 
100% in the epiphytotic years (an average lesion index of 3-4 points).  

2. Stability of resistance of common bean (Phaseolus vulgaris L.) accessions to 
Bean common mosaic virus (BCMV) (Genetic collection of the Federal Re-
search Center for Vegetable Growing, field tests, Moscow Province, Odintsov-
sky District, 2015-2019) 

Parameters 
Stability group 

LSD05 
I II III IV 

A v e r a g e d  i n f e c t i o n  p a r a m e t e r s   
Р, % 0 26 (0-100) 38 (0-100) 78 (1-100) 9 
I, points 0 0.8 (0-2.6) 1.2 (0-4.0) 2.5 (0.5-4.0) 0.3 
R, % 0 17 21 45 6 

P r o p o r t i o n  o f  t o t a l  n u m b e r  o f  c u l t i v a r s ,  % 
Without symptoms 6 0 0 0 6 
With symptoms  0 62 30 2 94 

including:           
0 < R < 10 % 0 14 1 0 15 
R = 10-25 % 0 41 7 1 49 
R > 25 % 0 7 22 1 30 

N o t е. I — no symptoms, II — symptoms appeared only in the epiphytotic years, III — unstable symptoms 
over years, IV — stable lesion occurred in all years of investigations (the range of variation of the indicator be-
tween years and samples within a group is indicated in brackets, min-max,); P (%) — prevalence (disease inci-
dence), I — lesion index (an average score), and R (%) — disease severity. 

 

In the largest group II, BCMV infection was recorded in the epiphytotic 
years 2016 and 2019, with 30% accessions affected in both years, 61% in 2016, 
and 9% in 2019. Group III showed unstable BCMV resistance. Viral symptoms 
appeared regardless of the year, including years when the infectious load was low 
(in 2017 and 2018). 

It is worth noting that the four-year mean values of prevalence and lesion 
indexes in group III were significantly higher compared to group II (χ2 = 3.8 at 
p = 0.05 and χ2 = 6.6 at p = 0.01, respectively) due to the greater proportion of 
accessions with R > 25% (see Table 2). However, the average values for 2016 
and 2019 indicated that approximately 1% and 4% of the complete sample (in 
group II and group III, respectively) were highly susceptible to BCMV (R > 75%) 
during epiphytoties. That is, only in epiphytotic years, it is possible to correctly 
assess the resistance to BCMV, provided that the combinations of weather condi-
tions in these years differ. Indicators averaged even over several years do not pro-
vide reliable estimates. This should be taken into account when selecting valuable 
samples. In the years with a low infectious load, only negative selection (i.e. cull-
ing of susceptible specimens) must be applied.  

Primers to the SW13 marker closely linked to the dominant gene I gen-
erated a 690 bp PCR amplification product, as described [50]. Primers to the 
SBD5 marker gave a 1300 bp PCR amplification product, indicating the bc-12 

gene [28, 39]. Primers to the ROC11 marker linked to the bc-3 gene amplified 
DNA fragments of 300 bp, whereas in earlier studies it was noted that the size of 
the product should reach 420 bp [31, 40]. However, other researchers also found 
deviations in the size of the amplified PCR product when working with this 
marker [52]. Genetic marking of three resistance genes, I, bc-12, and bc-3 re-
vealed the bc-3 gene in most of the 30 studied accessions (Table 3).  
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3. DNA marking of R-genes of common bean (Phaseolus vulgaris L.) accessions 
(Genetic collection of the Federal Research Center for Vegetable Growing) dif-
ferent in stability and field resistance to Bean common mosaic virus (BCMV) 

Stability group Accessions 
Disease severity  
R, %  

Marker (gene) 
Extinction 
coefficient SW13 

(I) 
SBD5 
(bc-12) 

ROC11 
(bc-3) 

I Cade 128 0 + + + 0 
SP-232 0  + + 0 
Khavskaya universalnaya 0  + + 0 

II Vestochka 2,5  + + 0.115 
Rant 2,9  + + 0.118 
Kit-79 3,3 + + + nt 
Veritsa 7,7 + + + nt 
КP-84 10,7 + + + nt 
Fatima  13,5 + +  0.115 
Montdor 14,0  + + 0.100 
Purpurnaya 20,7 + + + nt 
Hоlberg 23,3 +   0.281 
Poroto Еvestad 30,0  + + 0.280 
Ariоn 31,7 + + + nt 
Niagara 776 37,2 +  + 0.352 

III SP-164 4,0  + + nt 
SP-220 5,0 + + + nt 
Zolushka 6,0  + + 0.112 
MBZ 556 11,1    0.250 
Sparzhevaya 11,7  + + 0.114 
Secunda 12,3  + + 0.230 
Rubin  16,2  + + nt 
Pluto  17,7 + + + 0.114 
Kentuky Wander 19,3  + + nt 
Dilano 20,7 + + + nt 
Rannyaya voskovaya  25,0 + + + nt 

IV Lika 7,8  + + 0.114 
Kustovaya 17,1  + + 0.240 
gribovskaya 92 52,1    0.561 

N o t е. I — no symptoms, II — symptoms appeared only in the epiphytotic years, III — unstable symptoms 
over years, IV — stable lesion occurred in all years of investigations; nt — not tested. The extinction coefficient 
is given according to the ELISA test performed to confirm the presence of BCMV in the specimens.  

 

In lab tests, on day 14 after inoculation of 30 promising accessions of 
various origin with BCMV, typical symptoms (mosaic and leaf deformation) ap-
peared only in plants lacking resistance genes I and bc-12. In genotypes harbor-
ing these genes, depending on their combination, a hypersensitivity-like response 
occurred as punctate dry necrosis, yellowing and wilting of infected leaves. 
Moreover, the gene I enhanced wilting which proceeded faster, and on day 10, 
the infected leaves were practically dry and easily separated from the plant. This 
was confirmed by significant correlation coefficients between the presence of the 
gene I and the scoring of leaf wilting, r from +0.64 to +0.74 depending on the 
gene combinations. The bc-12 in the genome, even in the absence of gene I, 
prevented wrinkling (r from 0.59 to 0.73), and reduced the number of necrosis 
along the veins (r from 0.35 to 0.53). 

When comparing the data of field and lab resistance tests, a negative re-
lationship was traced between the degree of BCMV field harmfulness and the 
intensity of leaf yellowing in seedlings (r from 0.52 to 0.85, depending on the 
gene combinations), as well as a positive relationship with wrinkling (r from 
+0.69 to +0.72). However, we did not reveal a consistently close relationship 
between the presence of one or another resistance gene and the field resistance 
of genotypes in different years. Depending on the intensity of the infectious 
load, it varied from weak to medium or was absent. In some years, there was a 
relationship between the average score of plant damage and the genes I (r from 
0.33 to 0.71) and bc-12 (r from 0.35 to 0.57). Analysis of the average pa-
rameters of BCMV infection over all the years of investigation using χ2 test re-
vealed a significant effect of only the bc-12 gene on the field resistance of vege-
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table beans in the Moscow region (Table 4).  
For all correlation coefficients we obtained, rcritical = 0.36 at p = 0.05.  

4. Chi-square-based correspondence between R-genes of resistance to Bean com-
mon mosaic virus (BCMV) and field susceptibility to BCMV common bean 
(Phaseolus vulgaris L.) accessions (Genetic collection of the Federal Research 
Center for Vegetable Growing, Moscow Province, Odintsovsky District, 2016-
2019)  

Parameters I bc-12 bc-3 I + bc-12 I + bc-12 + bc-3 
Number of degrees of freedom 3 3 3 6 8 
χ2fact. value 0,312 8,334 3,111 10,437 14,844 
χ2crit. at p < 0.05 7,815 7,815 7,815 12,592 15,507 
Correspondence at p level   Not found 

p = 0.958 
Found  

p = 0.040 
Not found 
p = 0.375 

Not found 
p = 0.475 

Not found 
p = 0.875 

 

Nevertheless, analysis of various combinations of I, bc-12, and bc-3 
genes with respect to BCMV infection severity (R) clearly indicates that the re-
sistant forms, which showed no signs of BCMV infection during epiphytoty of 
2019, can only be detected among genotypes +/+/+ and /+/+ (Fig. 5, A, B). 
They amounted to 40 and 13%, respectively, which confirms the data available 
in the literature on the enhanced protective functions in plants with a combina-
tion of resistance genes I and bc-12, although not in all cases this combination 
guarantees 100% efficiency. In half of the accessions tested, the infection severi-
ty was lower (R < 10%); 10% of +/+/+ genotypes and 33% of /+/+ genotypes 
showed moderate resistance (R = 10-25%). In the absence of the bc-3, combi-
nations +/+/ and +// conferred little field protection. These genotypes 
turned out to be moderately susceptible, and in the absence of all resistance 
genes genotypes were moderately and highly susceptible to BCMV. 

 

 
Fig. 5. Combinations of genes I, bc-12, and bc-3 (“+” for presence, “—" for absence the gene) 
among 30 promising genotypes of common bean (Phaseolus vulgaris L.) (Genetic collection of the 
Federal Research Center for Vegetable Growing) (А), and their distribution with respect to severity of 
Bean common mosaic virus (BCMV) infection (R) in 2019 (B) and BCMV resistance stability in 2016-
2019 in field conditions (C): R = 0 — resistant, 0 < R  10 % — relatively resistant, 10 < R  25 % — 
low-susceptible, R > 25 % — susceptible; I — no symptoms, II — symptoms appeared only in the 
epiphytotic years, III — unstable symptoms over years, IV — stable lesion occurred in all years of 
investigations (Moscow Province, Odintsovsky District). 

 

Involvement of nonspecific resistance genes I and bc-3 in breeding pro-
grams worldwide resulted in the emergence of new BCMV strains that overcom-
ing plant resistance that these genes confer, also, the closely related BCMNV 
virus is spreading which affects BCMV-resistant varieties [9, 22]. In 2018, Feng 
et al. [22] showed that the use of the recessive resistance genes bc-1 and bc-2, 
alone or in combination (even without the dominant gene I) is effective in breed-
ing for resistance to a number of BCMV pathotypes. These genes do not affect 
replication and cell-to-cell movement of the virus, but they affect its systemic 
spread. We have found that a particular combination of genes does not always  
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5. Characterization of agronomically valuable genotypes of common bean (Phaseolus vulgaris L.) (Genetic collection of the Federal Research Center 
for Vegetable Growing) resistant to Bean common mosaic virus (BCMV) in the conditions of Moscow region (2016-2019 годы) 

Name (origin) A B C 
Pods (technical maturity), M±SEM Seeds (biological maturity), M±SEM 

D E F G H I J K L M 
R e s i s t a n t  (group I) 

Izumrudnaya (Russia) 0 3 10.5±0.8 dg 0 12.5±1.2 0.9±0.1 0.85±0.07 90±4.1 w 4.5±0.2 250±14.5 20±1.5 
Zapadnaya Sibir (Russia) 0 3 13.0±1.2 y 0 12.5±1.1 0.9±0.1 0.82±0.08 96±4.5 w 4.3±0.2 289±13.7 19±1.2 
Zabava (Russia) 0 3 10.5±1.0 g 0-1 10.0±0.9 0.8±0.0 0.65±0.05 82±3.7 w 4.1±0.2 279±15.2 18±1.3 
Khavskaya universalnaya (Russia) 0 3 10.1±0.9 g 0-1 9.8±0.8 1.0±0.1 0.90±0.07 82±3.4 w 3.9±0.2 235±13.4 15±1.1 
Mulatks (Russia) 0 2 14.5±1.3 v 0-1 13.5±1.2 1.0±0.1 0.85±0.06 91±3.6 lb 5.1±0.3 302±17.5 26±2.1 
Oktava (Belarus) 0 2 11.5±0.9 g 0 13.8±1.2 1.4±0.1 1.05±0.09 95±3.9 bl 4.4±0.2 204±12.3 16±1.3 
Ryabushka (Russia) 0 3 10.5±0.8 y 0-1 14.2±1.3 1.5±0.1 0.70±0.05 71±3.2 bl 4.3±0.2 250±15.4 15±1.2 
Zit 551 RS (the Netherlands) 0 3 11.5±0.8 g 0-1 9.5±0.7 1.3±0.1 0.80±0.04 74±3.5 w 3.9±0.2 260±17.5 14±1.1 
Cade 128 (the Netherlands) 0 4 14.5±1.2 g 0-1 9.5±0.8 0.9±0.1 0.65±0.04 80±4.1 w 3.7±0.2 271±12.7 16±1.3 
Zolotoi nektarc (Russia) 0 5 9.5±0.7 g 0 17.4±1.5 1.4±0.1 0.85±0.05 178±9.5 w 5.5±0.3 284±13.8 34±2.7 
Fasol mestnaya ovoshchnayac (Russia) 0 5 11.5±0.8 g 0-1 10.5±0.8 0.8±0.1 0.70±0.03 160±8.7 w 5.3±0.2 207±9.7 22±1.4 

R e l a t i v e l y  r e s i s t a n t  (groups II and III) 
Zinuly (Belarus) 5.6 3 12.2±0.9 g 0 10.5±0.8 1.0±0.1 0.93±0.08 74±4.1 w 3.8±0.2 337±18.3 15±0.9 
Bertires (the Netherlands) 0.6 3 9.5±0.7 g 0-1 9.5±0.7 0.8±0.1 0.75±0.06 88±4.7 w 4.1±0.2 285±15.9 15±1.0 
Fanacnos (Poland) 2.0 5 10.5±0.8 g 0-1 9.5±0.8 1.0±0.1 0.76±0.05 74±4.5 w 3.9±0.2 275±14.3 13±0.8 
Верица (Bulgaria) 9.7 3 10.5±0.9 g 0-1 9.5±0.7 1.1±0.1 0.70±0.04 75±4.3 w 3.9±0.2 319±16.4 19±1.1 
Purpiat (Poland) 8.8 2 13.5±1.1 v 0-1 10.5±0.7 1.3±0.1 0.72±0.04 92±5.1 b 3.9±0.2 427±17.2 18±1.0 
Kit-¹ 79 (China) 6.1 2 17.5±1.3 g 0-1 15.5±0.9 1.3±0.1 0.95±0.07 115±6.7 bl 4.9±0.2 367±15.8 29±2.2 
N o t е. А — ВCMV resistance (R, %); B — ripening groups (2 — precocious, 3 — early-ripening, 4 — mid-early ripening, 5 — mid-ripening), C — lower pod attachment height, cm; D — color, E — 
stringiness, points; F — length, cm; G — width, cm; З — thickness, cm; H — yield, g per plant; I — color (dg — dark green, g — green, y — yellow, v — violet фиолетовая, w —white, lb — light 
brown, b — beige, bl — black); J — number per pod;  K — 1000-seed weigh, g; L — yield, g per plant); с — climbing bean plants. 
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provide field resistance to the virus. The resistance stability of a cultivar in dif-
ferent years is influenced by climatic conditions which largely determine the 
physiological state of the plant, changing expression of R-genes responsible for 
the immune response and appearance of symptoms during infection. Both the 
dominant gene I combination with recessive genes bc-12 and bc-3, and the re-
cessive combination without dominant gene provide high BCMV resistance. The 
Cade 128, SP-232, Veritsa, Kit-89, KP-84, Khavskaya universalnaya, Vestochka, 
and Rant cultivars and breeding samples of resistance stability groups I and 
(+/+/+ and /+/+, see Fig. 5, B) are of practical interest for breeding. 

When selecting the initial material for target selection, it is important 
that the samples have not only the necessary genes and high field resistance to 
the pathogen, but other economically important traits. From this point of view, 
relatively stable accessions (R < 10% in the epiphytotic years) from groups II 
and III, which possess a number of valuable characters, in addition to resistant 
forms from stability group I, are of interest. Among them, 17 accessions have the 
highest breeding value (Table 5). 

Selection of parents for breeding commercial varieties for industrial cul-
tivation are based on following characteristics: early maturity, stable yield, sugar 
beans, high technological parameters (Izumrudnaya, Khavskaya universalnaya, 
Oktava, Mulatka as genetic sources); high pod attachment, sugar beans, multiple 
resistance to diseases (Mulatka, Kit-¹ 79, Purpiat, Cade 128); straight long 
sugar beans (Golden nectar, Mulatka, Ryabushka); suitability for freezing and 
canning (Octave, Mulatto, Emerald), as well as for some other characteristics  

Among the farmers, beans of climbing type are in demand, which allow 
obtaining fresh young pods during growing season, or varieties of the determinant 
type but with a long season of pods picked repeatedly yield productions. From this 
point of view, the samples of interest are Zolotoi nectar, Kit-¹ 79, Fasol mestna-
ya ovoshchnayac, and two varieties bred at FRCVG, Ulyasha and Malume (the 
latter of climbing type, was submitted for State testing in 2019). The most popular 
varieties bred at FRCVG are highly resistant to bacterial, fungal and viral diseas-
es [43, 44], including BCMV. These are Mariinka, Svetlyachok, Kreolka, Rant, 
and Pagoda of groups II and III. In survey of crops of these varieties, severity of 
BCMV infection over the years averaged 10% at most. Possessing a complex of 
other economically valuable traits [53], these varieties can also be genetic 
sources of resistance to BCMV. 

Thus, global climate change has intensified the spread of Bean common 
mosaic virus (BCMV) to the northern regions of the Russian Federation. In the 
Moscow region, the prevalence of the virus is more influenced by the amount of 
precipitation, and the lesion index by the air temperature. The BCMV epiphy-
toties were recorded in 2015, 2016, and 2019. In searching for genetic sources of 
BCMV resistance, combined estimates of a particular sample must be used. 
These are disease severity and resistance stability evaluated over several years 
with different combinations of weather conditions that determine BCMV infec-
tious load. The χ2 test revealed a significant effect of the bc-12 gene on field re-
sistance of bean plants to BCMV. In the local climatic conditions, genotypes 
I/bc-12/bc-3 and /bc-12/bc-3 are of the greatest value as sources of R-genes. 
Seventeen most promising breeding samples of various origins, five varieties 
(Khavskaya universalnaya, Rant, Zolushka, Mariinka, and Svetlyachok), and two 
promising cultivars possessing a set of economically valuable traits (SP-232, KP-
84, bred at FRCVG) are suggested as genetic sources for breeding asparagus-type 
beans highly resistant to BCMV.  
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A b s t r a c t  

An important area of systemic biology (metabolomics) is the study of the composition and 
properties of low-molecular metabolites of agricultural plants with different modes of nutrition. The 
use of metabolic technologies expands the possibilities of analyzing biochemical changes in the com-
position and structural modifications of metabolites occurring during the transition from autotrophic 
to heterotrophic nutrition. Most photosynthetic plants are capable of autotrophic nutrition, but in 
their lifetime, there are periods of appearance of the achlorophyllic organs which receive nutritients 
from the organic substances stored earlier. Thus, among Amaranthus tricolor L. plants there are varie-
ties with leaves which differ from each other in the way of nutrition. For example, Early Splendor 
variety plants form brightly colored red heterotrophic leaves along with green photosynthesis leaf 
blades at the end of the vegetative phase. The comparative study of the low-molecular metabolites 
composition in these leaves is important for understanding the relationship between heterotrophic 
and autotrophic nutrition in the whole plant. In this paper, significant qualitative differences in me-
tabolites composition between autotrophic and heterotrophic leaves were stated for the first time 
during the metabolome analysis of water and alcohol extracts of heterotrophic and autotrophic ama-
ranth leaves of Early Splendor variety using the method of gas chromato-mass spectrometry. It was 
found that the low-molecular metabolites of autotrophic and heterotrophic leaves contained both 
non-specific metabolites common for both type of nutrition and specific metabolites characteristic 
for each of the ways separately. On the one hand, it indicates the close interaction between two ways 
of nutrition and, on the other hand, the ability to synthesize and modify the metabolites which 
demonstrates partial autonomy of heterotrophic leaves. The purpose of the work is to study the com-
position of low-molecular metabolites and to identify new biologically active metabolites antioxidants 
in heterotrophic and autotrophic amaranth leaves of Early Splendor variety. Experiments were car-
ried out in 2017-2019 with amaranth plants of the Early Splendor variety at the end of flowering—
the beginning of seed formation phase. The plants were grown in a film greenhouse (the Federal 
Research Center for Vegetable Growing). The fresh red-colored heterotrophic leaves formed at the 
top of the main stem and the underlying photosynthetic leaves with a fully formed leaf blade were 
collected for analysis. The leaves were homogenized (T18 homogenizer, IKA, Germany) and extract-
ed for 30 min at 24 C with either 96 % ethanol or distilled water (leaves weighing batch: extragent 
1:10). The metabolites were profiled by gas chromato-mass spectrometry method (GH-MC) with a 
chromograph GH-MC JMS-Q1050GC (JEOL Ltd., Japan). According to the mass spectra library of 
the NIST-5 National Institute of Standards and Technology (USA), a total of 87 metabolites were 
totally identified. Heterotrophic leaves contained 19 substances in water extracts and 38 metabolites 
in alcohol extracts, while photosynthetic leaves contained 21 substances in the water extract and 57 
metabolites in alcohol extracts. Twenty-nine identical metabolites were found in water and alcohol 
extracts. In heterotrophic and autotrophic amaranth leaves of Early Splendor variety squalene 
(C30H50), a biologically active compound with antioxidant properties was identified for the first time. 
Also, in heterotrophic leaves monopelargonine (monononanoin) (C15H11O7) was identified. Mon-
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opelargonine is an intermediate product of flavonoid o-glycosylation, is referred to phenolic com-
pounds and possesses high antioxidant activity. Metabolites have been identified that are present in 
both autotrophic and heterotrophic amaranth leaves, which suggests a close interaction of the two 
types of nutrition during the appearance, growth and development of heterotrophic leaves. At the 
same time, photosynthesizing leaves serve as donors of key metabolites for heterotrophic leaves, 
while the latter are not only acceptors, but also can synthesize and modify metabolites necessary 
for cell formation. Due to revealed rich composition of carbohydrates, essential amino acids, li-
pids and organic acids, the photosynthesizing leaf biomass is a source of antioxidants and biologi-
cally active substances. It should be stressed that not all metabolites were identified. Nevertheless, 
the set of metabolites that we identified in the photosynthetic leaves allows us to suggest these 
substances to be key and sufficient compounds for the construction and functioning of cells and 
tissues in heterotrophic leaves. 

 

Keywords: Amaranthus tricolor, low-molecular antioxidants, autotrophic leaf, heterotrophic 
leaf, gas chromatography, mass spectrometry 

 

Photosynthetic plants are mostly autotrophs, however, their chlorophyll-
less organs (flowers, leaves, bulbs, etc.) should utilize organic nutrients accumu-
lated earlier. As all non-green organs and plant cells in the dark are hetero-
trophic, disclosing the mechanisms of heterotrophic nutrition is of fundamental 
importance. 

Amaranth plants (Amarantus tricolor L.) are widespread throughout the 
world and recognized as a source of essential nutrients [1-3]. Healthy nutrition is 
an important element of human life. Deficiency of essential nutrients, bioactive 
compounds and minerals poses a serious threat to health [4]. Gaining more 
knowledge about the nutritional and pharmacological metabolites derived from 
amaranth leaves allows for a better development of safe functional foodstuff. 
Amaranth leaves contain vitamins, minerals [5-7], red betacyanins and yellow 
betaxanthins, flavonoids and other physiologically active compounds with anti-
oxidant properties [8-11].  

The amaranth (A. tricolor) Early Splendor variety is convenient for pro-
filing organic substances in photo-synthesizing and chlorophyll-less leaves. The 
variety considered as leafy vegetable is so decorative that also decorate flower 
beds. During their life cycle, plants pass through stages characteristic only for 
the Early Splendor variety, i.e., the emergence of bright red heterotrophic 
leaves at shoot tops after growth completed, the formation of a green spot at 
the tip of each red leaf, and a gradual spread of the green zone throughout the 
leaf masking the red color.  

Our previous findings have shown that the total content of antioxi-
dants, photo-synthetic pigments and betacyanins in photosynthetic and hetero-
trophic leaves of Early Splendor plants differs. Moreover, the heterotrophic 
tissue of red leaves contains trace amounts of chlorophyll and is incapable of 
photosynthesis [12]. A number of studies have been reported on chlorophyll 
accumulation in red leaves [13, 14]. When assessing the expression of nine 
genes encoding eight enzymes that are involved in chlorophyll biosynthesis, a 
decrease was observed in the expression of the NADP-H-protochlorophyllide 
oxidoreductase gene. It catalyzes one of the stages of chlorophyll biosynthesis, 
therefore, a decrease in the NADP-H-protochlorophyllide oxidoreductase gene 
expression causes a loss of the ability to synthesize this photosynthetic pigment 
which plays a key role in the formation of red leaves in A. tricolor and its nu-
trition. Overproduction of the red-colored pigment amarantine can also be 
regulated by altering gene expression [15, 16].  

The autotrophic leaves use inorganic substrates to photosynthesize while 
heterotrophic leaves of the same plant utilize pre-synthetized organic compounds 
[17]. However, scant data are available on the patterns of the main low-
molecular-weight metabolites in auto- and heterotrophic leaves. 
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This paper is the first to report significant differences in the metabolite 
profiles between auto- and heterotrophic leaves of the Early Splendor amaranth 
plants. Gas chromatography-mass spectrometry (GC-MS)-based metabolomic 
analysis of water and ethanol leaf extracts has identified both nonspecific (com-
mon for different trophic types) and specific (characteristic of each type) low-
molecular-weight metabolites. These findings broaden current knowledge of the 
adaptive changes in cells during the transition from phototrophic to hetero-
trophic nutrition type through modulation of the set and properties of low-
molecular-weight metabolites. 

This work aimed to comparatively profile the low-molecular-weight me-
tabolites from heterotrophic and autotrophic leaves of the amaranth plant and to 
identify new bioactive antioxidant metabolites. 

Material and methods. The amaranth (Amarantus tricolor L.) Early 
Splendor cv. plants were grown in a film greenhouse (the Federal Scientific 
Center for Vegetable Growing, 2017-2019). During the period from the end of 
flowering to the beginning of seed formation, fully formed red-colored hetero-
trophic leaves from the top of the main shoot and the underlying photosynthet-
ic leaves were collected. The fresh leaves were crushed (an A11 basic homoge-
nizer, IKA, Germany) and extracted with 96% ethanol or distilled water at a 
ratio of 1:10 (leaves:extractant) at 24 С for 30 min. Metabolites were analyzed 
by gas chromatography-mass spectrometry (GC-MS) using a JMS-Q1050GC 
chromatograph (JEOL Ltd, Japan) equipped with a DB-5HT capillary column 
(Agilent, USA; 30 m½0.25 mm, film thickness 0.52 μm). The temperature gra-
dient ranged from 40 to 280 С (250 С for the injector and interface, 200 С 
for the ion source). The helium carrier gas flow rate in the column was 
2.0 ml/min, the analysis time was 45 min, the injection mode was split-flow, 
the volume of the injected sample was 1-2 μl of the evaporated extract. For 
derivatization, the silylation reagent N,O-bis(trimethylsilyl)trifluoroacetamide 
(BSTFA) was used as described by Robbins [18]. The scanning range was 33-
900 m/z. Substances were identified by retention parameters and mass spectra 
according to the of the library NIST-5 (National Institute of Standards and 
Technology, https://www.nist.gov, USA). The reliable probability of identification 
ranged within 75-98%. 

Results. The Figure (A, B) shows typical GC-MS profiles of water and 
ethanol extracts from heterotrophic amaranth leaves. The analysis identified 
87 metabolites of which 33 were found in water extracts and 74 in ethanol 
extracts (Table). 

A total of 22 compounds were organic acids, including aliphatic, cyclic 
and high molecular weight acids which contain one or more carboxyl groups (see 
Table). In cells, organic acids can be free or bound. The physiological role of 
organic acids lies in their protective antibacterial activity, antioxidant properties, 
and the ability to buffer cell sap and participate in the Krebs cycle. Five organic 
acids were identified in the water extracts from heterotrophic amaranth leaves 
and nine in the ethanol extracts. Bromsebacic, monoamidoethylmalonic and 
succinic acids were found in both extracts of the heterogeneous leaves. Phenolic 
acids (i.e., benzoic, phenylacetic, and phthalic) were identified only in auto-
trophic leaves. 

An important metabolite found in the ethanol extract was pantothenic 
acid (vitamin B5), an amide of the amino acid -alanine and pantothenic acid. 
Pantothenic acid as a coenzyme in CoA is involved in more than 130 metabolic 
reactions, participating in the synthesis of fatty acids, sterols, glycerides, citric 
acid, etc. [19].  
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Chromatographic profiles of water (left) and ethanol (right) extracts from heterotrophic (A, B) and 
photosynthesizing (C, D) leaves of amaranth (Amaranthus tricolor L.) cv. Early Splendor. Gas chro-
matography-mass spectrometer JMC-Q1050GC (JEOL Ltd, Japan).  
 

Metabolites identified in extracts from heterotrophic and photosynthesizing tissues of 
amaranth (Amarantus tricolor L.) cv. Early Splendor leaves by gas chromatography-
mass spectrometry 

Rt, min Compounds Extract 
O r g a n i c  a c i d s  

20:02 D-arabinonic acid, C5H10O5  EH, EP 
19:57 Azelainic acid, C9H16O4  WH, WP 
22:42 2-Bromosebacic acid, C10H17O4Br WH, EH 
10:23 Butanoic acid, C4H8O2  EP 
27;25 Dodecanedioic acid, C12H22O2 EP 
17:59 Glutaric acid, C5H8O4 EH, EP 
22:23 2-Hydroxyoctanoic acid, C4H8O3 WP 
12:09 Monoamidoethylmalonic acid, C14H33NO3  WH, EH, EP 
16:33 Malic acid, C4H6O5 EH, EP 
14:59 Malonic acid, C3H4O4 EH, EP 
10:24 Lactic acid, C3H6O3 EH, EP 
20:47 Pentonic acid, C5H10O2 EH, EP 
20:11 10-Undecynoic acid, C11H22О2 WP 
14:58 Erythronic acid, C18H30O5 EP 
22:59 Erythro-pentonic acid, C6H12O2  EP 
13:09 DL-malic (Butanedioic) acid, C4H4O5  EP 
14:04 Succinic acid, C4H4O4 WH, EH 
17:47 2-Isopropylmalic acid, C4H4O4  EH 
22:04 Pantothenic acid, C9H17O5 EH 

P h e n o l i c  a c i d s  
19:37 Benzoic acid, C7H6O2  WP 
21:09 Phenylacetic acid, C8H8О2 EP 
22:51 Isoferulic acid, C10H13O4  WP 
21:23 Phthalic acid, C8H12O4 WP 

F a t t y  a c i d s  
18:25 
19:07 

Dodecanoic acid, C10H20O2 
Myristic acid, C14H28O2  

EH  
EH 

21:15 Hexadecanoic acid, C16H32O2 WH, EH, WP, EP 
17:51 Octadecanoic (Stearic) acid, С17Н35COOH WH, EH, WP, EP 
21:10 Linoleic acid (essential), C12H14О2 WH, EH, WP, EP 
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Continued Table 

C a r b o h y d r a t e s  
19:43 L-(-)-Arabitol, C5H12O5 EP 
21:22 -DL-Arabinopyranose, C5H12O5 WH, EH, EP 
19:03 -L-Galactopyranose, C6 H13 O8 EH, WP, EP 
19:26 D-Galactose, C6 H16O6 EH, WP, EP 
20:01 -D-Xylopyranose, C6H10O5  EH 
22:07 D-Mannitol, C6H12O6 EP 
19:43 Ribitol, C5H12O5 WP, EP 
17:57 β-Erythrotetrofuranose, C5H14O5 EP 
22:41 Ribonic acid, pentakis, C5H12O5 EP 
22:17 -D-Glucopyranose, C6H6O6 EP 
20:46 -(DL)-Lyxopyranose, С5Н10О5 EP 
20:00 Levoglucosan, C6H10O5 WP, EP 
36:53 3--Mannobiose, C12H22O11 EP 
20:11 D-(-)-Tagatofuranose, C6H12O6  EH, EP 
20:15 L-(-)-Sorbose, C6H12O6 EP 
20:36 -l-(-)Sorbofuranose, С6Н12О6 EH, WP, EP 
18:36 D-(-)-Ribofuranose, C5H10O5  WH, EH, EP 
20:36  D-(-)-Fructofuranose, C5H8O6  EP 
20:51 D-(-)-Fructopyranose, C5H8O6  WP, EP 
30:48 D-(+)-Turanose, C6H12O6 EP 
20:55 D-(+)-Talofuranose, C5H12O6  EH  
19:43 Ribitol, C5H12O5 EH 
21:17  Glyceryl glycoside EP 
20:18 Glucofuranoside, C6H12O6 EP 
19:43 Gluconic acid, -lacton, C6H12O6 EP 
21:51 Inositol, C6H12O6 EP 
19:30 D-(+)-Ribono-1,4-lactone, C5H12O5 EH, EP 
19:43 Gluconic acid, -lacton, C6H10O6  WH, EH  
13:50 Clycerol, C3H8O3 WH, EH, WP, EP 
14:57 2(3H)-Furanone, C4H4O2 EH 

A m i n o  a c i d s  a n d  t h e i r  d e r i v a t e s  
11:07 L-Alanin, C3H7NO2 EH, WP, EP 
12:06 L-Leucine, C6H13NO2 EH, EP 
14:03 L-Isoleucine, C6H13NO2 EP 
16:58 L-Aspartic acid, C4H7NO4  EP 
18:40 L-Аsparagin, C4H8N2O3 EP 
16:48 L-Proline, C3H9NO2 EH, EP 
13:47 L-Homoserine, C4H9NO3 EH 
13:20 L-Serin, C3H7N1O3 EP 
12:55 L-Valin, C5H11NO2 EH, EP 
15:23 L-Treonin, C4H9NO3 EH, EP 
21:37 L-Tyrosine, C9H17NO2 EP 
18:12 L-Phenylalanin, C9H18NO2 EP 
22:38 L-Cistatione, C7H14N2O2 EH 

T e r p e n e s  
36:06 Squalen, C30H50  WH, EH, WP, EP 
23:01 Borneol, C10H18O  EH 
20:10 Izoborneol, C10H18O EH 
22:42 Dehydroabietic acid, C20H29O EH 

O t h e r s   
40:20 (+)--Tocopherol, C29H50O2 EP 
16:00 Niacinamide, C6H5NO2 WP, EP 
22:25 Stigmasterol, C30H18O EH 
20:29 Monononanoin, C15H18O7      EH 
11:45 Carbamothioic acid, CH3NO2 EH, WP 
20:08 Adenine, C5H5N5 EH, WP 
14:25 Uracil, C4H6N2O2 EP 
11:18 Mono-ethylmalonate, C4H4O5 EH 
16:25 Trigonelline, C7H7NO2 EP 
16:08 2-Pyrrolidone-5-carboxylic acid, C9H27N2O4 EH 
16:28 2,4(1H,3H)-Pyromidinedione, C4H4N2O3 EP 
N o t е. Rt — retention time, WH — water extract from heterotrophic tissues, EH — ethanol extract from 
heterotrophic tissues, WP — water extract from photosyntesizing tissues, EP — ethanol extract from 
photosyntesizing tissues. 

 

The next group of identified compounds refers to fatty acids that contain 
an acidic group —COOH (carboxyl) in their molecule. Fatty acids are the lipid 
components and have protective functions. In addition to fatty acids, lipids in-
clude alcohol glycerol which has been identified in water and ethanol extracts of 
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heterotrophic leaves. In the course of plant adaptation to changing ambient con-
ditions, an important role is assigned to an increase in the content of saturated 
and unsaturated fatty acids and their ratio, which determines the stability of the 
membrane lipids [20, 21]. 

In heterotrophic and autotrophic leaves, two saturated fatty acids (pal-
mitic and stearic) and one unsaturated fatty acid (linoleic) were identified. In 
addition, in the aqueous extract of heterotrophic leaves, we found two saturated 
fatty acids, the myristic (C14H28O2) and lauric (C10H20O2), which indicates a 
high adaptability of photosynthetic leaves.  

Low-molecular-weight sugars and polyhydric alcohols perform protective 
functions in the plant, exhibiting osmoprotective and antioxidant properties, and 
can also be part of signaling systems [22]. Monosaccharides serve as sources of 
energy and nutrients and are used for the synthesis of polysaccharides. The 
group of carbohydrate derivates is the largest and represented by 30 compounds, 
including simple carbohydrates, sugar alcohols, and lactones. Analysis of these 
compounds from the heterotrophic leaves revealed 12 substances, including two 
polyhydric alcohols, the glycerol and ribitol. The water extracts contained only 
four carbohydrate metabolites, the gluconic acid lactone, arabinopyranose, ga-
lactopyranose, and ribose  

Amino acids are bioactive compounds with physiological activity. They 
are structural elements of synthesized protein molecules and participate in vari-
ous metabolic events, in formation of plant resistance to stresses of various na-
tures, and in detoxification of xenobiotics [23]. In the ethanol extract from het-
erotrophic leaves, we identified six amino acids of which three, the valine, thre-
onine, and leucine are essential. It should be noted that cystathione serves as an 
intermediate in the biosynthesis of methionine.  

Terpene metabolites, the borneol, isoborneol, dehydroabietic acid, and 
squalene were identified in the water extracts, while phytosterols and stigmas-
terol involved in the synthesis of cholesterol were identified in the ethanol ex-
tracts. The unique phytosterol squalene (C30H50) found in the heterotrophic 
leaves exhibits anticarcinogenic activity and wound-healing effects in humans 
and, being a powerful antioxidant, promotes intensive metabolism in cells [24]. 
As a food ingredient or as a special dietary supplement, squalene lowers choles-
terol. Earlier, we first identified squalene in an aqueous extract from leaves of 
amaranth Amaranthus tricolor L. cv. Valentina [25]. Squalene is the compound 
from which steroids are formed. Currently, a number of steroid compounds have 
been found in plants that were previously considered typical for animal organ-
isms, for example, cholesterol pregnenolone and progesterol [26].  

In heterotrophic amaranth leaves, monopelargonin (mononanoin) 
(C15H11O7) was identified for the first time. Mononanoin is a phenolic com-
pound, an intermediate of o-glycosylation of flavonoids, and has high antioxi-
dant activity [27, 28].  

The Figure (C, D) shows typical profiles of water and ethanol extracts of 
autotrophic leaves of amaranth cv. Early Splendor. GC-MS analysis revealed 67 
low-molecular-weight compounds in photosynthesizing green-violet leaves, of 
which 59 metabolites from autotrophic tissues were present in the ethanol extracts, 
and only 21 metabolites were identified in the water extracts (see Table 1).  

It should be noted that more organic acids were present in autotrophic 
leaves than in heterotrophic. We found five organic acids in the water extracts 
from autotrophic leaves. It is known that natural antimicrobial substances with 
antioxidant activity synthesized in the leaves of amaranth A. tricolor (malate, 
oxalacetate, ferulic, benzoic, gallic and other organic and phenolic acids) con-
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tribute to food preservation [29-32]. Among natural metabolites of amaranth, 
these organic and phenolic acids involved in cell metabolism attract special at-
tention [33-35]. 

Organic acids of different chemical nature (i.e., polyoxycarboxylic and 
phenylcarboxylic acids) were found in the ethanol extracts of green amaranth 
leaves. For example, the bioactive phenylacetic acid (С8Н8O2) serves as a plant 
hormone (auxin).  

Of the fatty acids, we found palmitic, stearic, and linolenic acids both in 
water and ethanol extracts. In addition, lauric and myristic saturated fatty acids 
were detected in the water extracts.  

In green leaves, five monosaccharides and a polyhydric alcohol ribit were 
identified in the water extracts, erythrofuranose and ribonic acid were addition-
ally found in the ethanol extracts (see Table). The ethanol extracts of auto-
trophic leaves contained the largest number of monosaccharides and their de-
rivatives, a total of 24, of which five, the mannitol, ribitol, glycerin, arabitol, and 
inositol (a vitamin-like substance cyclohexane-1,2,3,4,5,6-hexol, the vitamin B8) 
belong to polyhydric alcohols.  

In water and ethanol extracts of autotrophic amaranth leaves, we found 
essential amino acids valine, leucine, isoleucine, threonine, and phenylalanine, 
as well as stress-protective amino acids serine, proline, aspartic acid, asparagine, 
alanine, and tyrosine. Six amino acids were detected in heterotrophic leaves.  

Ore earlier studies have shown that the leaves of the vegetable amaranth 
A. tricolor cv. Valentina contain a full set of free and protein-bound essential ami-
no acids, as well as a large number of bioactive metabolites with antioxidant ac-
tivity which determine the pharmacological property of a bioactive supplement 
(herbal tea) Amarantil [7, 36].  

Trigonelline (betaine) which is formed by methylation of nicotinic acid 
and plays a significant role in nitrogen metabolism [31, 37] was also found in the 
ethanol extracts from photosynthesizing amaranth leaves.  

The E group vitamins identified in the ethanol extracts of photosynthe-
sizing leaves, being strong antioxidants, regulate free radical activity in the cell 
and thus protect unsaturated fatty acids of membrane lipids from oxidation. To-
copherols reduce the risk of chronic free radical pathologies and suppress the 
enzyme responsible for cholesterol synthesis [38]. The profiles of bioactive me-
tabolites in water and ethanol extracts from amaranth leaves identified in this 
work and obtained earlier [24] indicate that amaranth can be used to develop 
safe functional products and drugs exhibiting antioxidant [39], hepatoprotective 
[40, 41], and antidiabetic [42, 43] effects.  

The biochemical composition of low-molecular-weight bioactive sub-
stances, including those with anti-stress and pharmacological effects, is being 
actively studied in various organs of amaranth, but especially in the leaves [44, 
45]. With the advent of metabolomic technologies, the list of identified low-
molecular-weight metabolites in various amaranth species has increased [46]. In 
leaves of green- and red-colored vegetable and grain amaranth species, com-
pounds were found that are valuable not only for the food, but also for the phar-
maceutical industry (squalene, inositol, glycerin, stigmasterol, linoleic acid, gluco-
pyranose, mannose, etc.), which is similar to the data obtained in this work.  

The relationship between hetero- and phototrophic leaves is of particular 
interest. Metabolic profiling showed that the heterotrophic leaves of cv. Early 
Splendor contain 13 carbohydrate derivates out of 29 those present in auto-
trophic leaves (see Table). It should be noted that carbohydrates in plants play a 
key role as energy sources and carbohydrate skeletons for organic compounds, 
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storage substances, signaling molecules, they also participate in plant defense 
response to abiotic stresses. 

Of the monosaccharides, eight compounds were detected in the hetero-
trophic leaves, which was significantly less compared to autotrophic leaves con-
taining 13 compounds. It should be noted that among the latter, xylose and 
talose which are involved in the synthesis of complex carbohydrates were not 
identified. The revealed ability of monosaccharides to be both water- and etha-
nol-extracted from heterotrophic (arabinopyranose and ribose) and autotrophic 
(galactopyranose, galactose, sorbofuranose and fructofuranose) leaves indicates 
the amphiphilic (osmoprotective) properties of their molecules.  

Metabolic profiling revealed five polycyclic alcohols in the autotrophic 
leaves and glycerol and ribitol in heterotrophic leaves. 

Monosaccharides, polycyclic alcohols and proline in amaranth leaves are 
compatible osmolytes that help maintain the osmotic balance of the cell, stabi-
lize proteins and cellular structures, exhibiting a protective function. However, 
heterotrophic leaves contained significantly less compatible osmolytes compared 
to autotrophic ones. Probably, in heterotrophic leaves, carbohydrates perform 
the function of signaling molecules and are necessary to construct cell mem-
branes.  

The obtained results suggest the formation of three pools of monosac-
charides and their derivates in hetero- and autotrophic amaranth leaves which 
perform different, possibly interchangeable functions. The water-soluble pool of 
carbohydrate metabolites plays a decisive role in cell metabolism, providing op-
timal metabolic activity in the cytoplasm and antioxidant protection. The etha-
nol-soluble pool of monosaccharides and their derivates ensures the preservation 
and activity of cell structures. The pool of amphiphilic monosaccharides and 
their derivates maintains the osmotic balance, participates in the stabilization of 
proteins and cell structures, and provides antioxidant protection.  

In cv. Early Splendor amaranth plants, after the growth of the main 
shoot is completed and the formation of heterotrophic tissues are initiated at its 
apex, complex metabolic links arise between red and photosynthesizing leaves. 
We assume that they are mediated by the transport of assimilates from photosyn-
thetic leaves (donor) to newly formed growing heterotrophic leaves (acceptor). 
This study indicates that the heterotrophic tissues of red leaves contain 37 low-
molecular-weight metabolites found in photosynthesizing leaves. These are car-
bohydrate substances, organic acids, amino acids, and essential fatty acids. Iden-
tical metabolites found in heterotrophic and autotrophic leaves seem to be key 
for the formation of heterotrophic tissue.  

Thus, gas chromatography-mass spectrometry profiling of water and eth-
anol extracts from photosynthesizing and heterotrophic leaves of amaranth cv. 
Early Splendor revealed 87 low-molecular-weight metabolites, including organic 
acids, monosaccharides and their derivates, fatty and amino acids, and second-
ary metabolites (phenolic compounds, terpenes, and glycosides). Heterotrophic 
leaves contain almost 1.5 times less metabolites compared to autotrophic leaves. 
The appearance of nonspecific and specific metabolites in both photosynthesiz-
ing and heterotrophic leaves, on the one hand, indicates a close interaction of 
these trophic ways, and on the other, the partial autonomy of heterotrophic 
leaves due to their ability to synthesize and modify metabolites. Most of the 
identified compounds have nutritional and pharmacological value. Therefore, 
leaves of the amaranth cv. Early Splendor are rich in bioactive metabolites and 
can be used as a raw material for production of dietary and prophylactic bioac-
tive food additives and herbal medicines. The detection of identical metabolites 
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in photosynthesizing and heterotrophic tissues indicates that in-deep study of 
their interaction is of fundamental and practical matter.  
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A b s t r a c t  

Heteromorphism is widespread in nature and manifests itself in the variation of various 
parameters of seeds within individual individuals and populations. Dill (Anethum graveolens L.) seeds 
are characterized by heteromorphism caused by the maternal factor. First of all, the maternal factor 
effects on the size of the seeds, in this case a variation in the size of the embryo can be observed. The 
study of the reaction of such seeds to the action of abnormal weather conditions is an urgent task. 
High temperature is one of the unfavorable abiotic factors that plants can be exposed to at different 
stages of development. In the present study, a significant thermal sensitivity to the long-term effect of 
suboptimal (higher than the optimal) temperature of embryos from dill seeds, formed in inflorescences 
of the second order of branching, was revealed for the first time. Under the influence of high 
temperature, the growth of embryos was inhibited. As a result, germination of intact dill seeds obtained 
from second-order inflorescences was observed. This work is devoted to the study of the effect of high 
temperature on the growth of the embryo and the germination of intact dill seeds obtained from 
different orders of branching. The study aimed to determine the influence of the maternal factor, as 
well as high temperature on the growth of the embryo during germination and on the germination of 
intact dill seeds formed in inflorescences of different orders of branching. The research was conducted 
in 2015-2016 at the All-Russian Research Institute for Vegetable Growing, Branch of the Federal 
Scientific Vegetable Center, with the late-ripening dill variety Centaur seeds, formed in inflorescences 
of the first and second orders of branching. The seeds were obtained from dill plants grown in the 
open field. Harvesting was carried out on day 50 after flowering of 1st order umbels. The experiments 
were carried out in a temperature-controlled thermostat. To determine the critical temperature for the 
growth of the embryo during germination and germination rate of intact seeds formed in different 
orders of branching, a wide temperature range was applied, 20 С as control, and 25, 30, 35 and 40 С. 
Using the morphometric method of analysis, we studied the growth of the embryo, as well as the 
dynamics of the germination of intact seeds against the high temperatures background. The data 
obtained were used to calculate the parameters and plot the embryo growth curve, as well as the 
germination curve of intact seeds. Logistic regression was used to calculate the maximum suboptimal 
temperature at which embryo growth and seed germination are possible. On the basis of experimental 
data, we have shown that embryos, formed at different branching orders of the mother plant, have 
different stages of development. The initial dimensions of the embryo of the first branching order are 
30 % higher than the second (p < 0.001). Under the action of a temperature of 30-35 С, differences 
appeared in the thermal sensitivity of the embryos and the growth rate of the embryos. The effect of 
high temperatures is crucial for the growth of the embryo (57.0 %; F = 415.3, p < 0.001) and 
germination of dill seeds (37.2 %; F = 270.5, p < 0.001). The maximum temperature at which 
the growth is possible is 40±0.4 °C for the first-order embryo, and 38±0.5 °C for the second-
order embryo (p < 0.001). The maximum temperature allowing for germination of at least 50 % of 
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viable first-order seeds is 34±0.3 С, for the second-order 30±0.4 С (p < 0.001). The seeds are more 
sensitive to high temperatures than the embryos, and the growth of the embryo has a significant 
effect on seed germination (r = 0.946; t = 25.85; p < 0.001). Our studies have shown that the 
temperature sensitivity of second-order embryos, which is clearly manifested against the background 
of morphological underdevelopment, is one of the main reasons for the slow, inhomogeneous and 
incomplete germination of the dill seed population under suboptimal temperature conditions. 
 

Keywords: Anethum graveolens L., embryo growth, heteromorphism, seed position, mother 
plant, seed germination, thermosensitivity 

 

Heteromorphism which refers to the appearance on one plant of seeds 
that differ in size, weight, color, morphology, anatomy, germination and other 
characteristics is widely represented in the plant world and inherent in both wild 
and cultivated forms [1-3]. In the families Asteraceae, Chenopodiaceae, Poaceae, 
Apeaceae, and Brassicaceae, the seed size varies significantly [4-7]. Some species, 
for example Danthonia spicata [8] and Heterosperma pinnatum [9], show a discrete 
variability, while others, in particular Rubus ulmifolius [10], Raphanus raphanistrum 
[11], and Rubus chamaemorus [12], show permanent variation in seed size. 

Between individuals [13-15] and in the population [16, 17], the variability 
of seeds in terms of a set of characters, including sowing qualities [18-20], is 
widespread. Different germination capacity and requirements, as a rule, are 
associated with the location of seeds formed on different metameres of the mother 
plant. One of the main explanations for these differences is that the nutritional 
resources of the mother plant are not equally distributed among the seeds [21]. In 
addition, seed formation differs temporally and, therefore, occurs under different 
weather conditions. Moreover, the age, physiological and biochemical state of the 
mother plant also change, which additionally affects the seed metabolism [22]. 

Heteromorphism caused by the maternal factor is widespread among 
vegetable crops of the family Apiaceae [23, 24]. These plants are characterized by 
extended flowering and seed maturation in umbels. Hendrix [25] showed that the 
size and weight of parsnip seeds decrease as the branching order increases. 
Thompson notes [26] that the variation in seed size within a single Lomatium grayi 
plant reaches 16%. The influence of heteromorphism of Apiaceae seeds on their 
quality has been studied by many researchers. Thomas et al. [27] found that carrot 
seeds collected from primary and secondary umbels are unequal in quality 
parameters under different conditions of germination. In the same work, the 
influence of the branching order on the manifestation of dormancy in Apium 
graveolens seeds and their sensitivity to GA4/7 was revealed. Many papers have 
shown that the quality of carrot seeds decreases as the branching order increases 
[28-30].  

Morphologically underdeveloped embryo is among the key endogenous 
factors which affect quality of the Apiaceae seeds [31-33] and impose special 
requirements for their use. Various conditions can inhibit embryonic growth at 
several critical stages and thus affect the seed germination rate and the number of 
germinated seeds. Plant adaptive responses are attracting urgent scientific interest 
due to current climatic instability and the likelihood of abnormal weather 
conditions. For example, plants can be exposed to high temperatures at different 
stages of development [34]. The influence of this factor on seed germination is 
considered from the point of view of cardinal temperatures [35, 36]. 

For seeds of most crops, the temperature optimum ranges from 15 to 
30 C with the maximum from 30 to 40 C [35]. For embryos and intact dill seeds 
formed in inflorescences of the first and second branching orders, the cardinal 
temperature has not been determined. In most works, the influence of seed 
location in the umbel on seed quality and germination parameters [28-30] and the 
effect of high temperature on seeds [37, 38] were studied on carrot plants. Fewer 
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similar studies have been conducted on dill [39]. The growth of the embryo in the 
seeds after separation from the mother plant was assessed mainly on wild Apiaceae 
species [40, 41]. The pre-development of embryos from different branching orders 
in umbels and the influence of stress factors on this process in the Apiaceae seeds, 
in particular in dill, is poorly covered. 

Previously, we considered the germination features and kinetic parameters 
at different temperatures in homogeneous lots of seeds of vegetable umbellifers [42]. 

In this work, for the first time, we revealed a significant thermal sensitivity 
of embryos from seeds of second-order umbels to the long-term exposure to 
superoptimal temperature. High temperatures inhibit the embryo growth and, 
consequently, the germination of intact dill seeds derived from the second-order 
inflorescences. 

The work aimed at studying effects of seed position in an umbel and high 
temperatures on embryo growth and germination of intact dill seeds. 

Materials and methods. Dill (Anethum graveolens L.) late-season cv. Centaur 
plants were grown in the field (Moscow region, 5536´N 381´E, the All-Russian 
Research Institute of Vegetable Growing — a Branch of Federal Research Center 
for Vegetable Growing, 2015-2016). The cv. Centaur plants in the flowering phase 
are 100-110 cm in height, spreading and leafy, the umbels are large in size, convex, 
and multi-radial. In the conditions of the Moscow region, cv. Centaur plants form 
mature umbels on the axes of two orders. To produce seeds derived from first-order 
(1o) and second-order (2o) umbels, the sowing was performed in the second decade 
of May (10 m2 plots allocated randomly, 45½10 cm rows, a 1.5 cm seeding depth, 
and the 1-2 g/m2 seeding rate). Experiments were arranged in triplicate.  

Harvesting was carried out on day 50 after the 1o umbel flowering began. 
Two-order umbels were cut off 90 selected plants. The seeds were dried and stored 
under natural conditions in the laboratory for 6 months. After storage, the moisture 
content and 1000-seed weight were measured. 

The temperatures critical for embryo growth in intact 1o and 2o 
germinating seeds were determined within the following rang: 20 С (control) 
refers to as the average optimum temperature for non-dormant seeds [43], 25, 30, 
35, and 40 С (a TC 1/80 thermostat, OJSC Smolenskoye SKTB SPU, Russia). 
The substrate was constantly kept moist, the air humidity in the chamber was 90-
95%. Before the test, seeds were sterilized with 0.125% sodium hypochlorite for 5 
min and rinsed in distilled water. The tests continued for 21 days in the dark. 

To assess the embryo growth dynamics, the intact seeds were placed into 
9-cm Petri dishes on a sheet of filter paper moistened with distilled water (four 
replicates of 10 seeds per day). Additional portion of seeds (four replicates, 100 
seeds each) were provided to be randomly selected, if necessary, in case of seed 
death or appearance of embryo-less seeds. For each treatment, the seeds in Petri 
dishes selected daily at random were cut with a blade and the embryos were 
removed. Approximately 6,000 seeds were examined. The seeds were cut in half, 
the embryo length was measured. In germinated seeds, the critical embryo length 
parameter was used, i.e., the length of the embryo after the rupture of the seed 
coat but before the root appears [44]. Embryos were imaged using a Levenhuk 
670T microscope (Levenhuk, USA) with a 4½ achromatic objective connected to 
a ScopeTek DCM 300 MD video eyepiece (ScopeTek, China). The embryo length 
was measured using the Scope Photo image analysis software (Image Software V. 
3.1.386), the endosperm length was measured with a caliper, and the embryo 
length (E) to endosperm length (S) (E:S) ratio was calculated. The E:S ratio was 
scored as follows: 1 — 0.0-0.19 (the embryo is less than 1/4 of the endosperm in 
length, the heart stage); 2 — 0.20-0.29 (the embryo is 1/4 of the endosperm in 
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length, the cotyledon and the root are of equal length); 3 — 0.30-0.39 (the embryo 
is approximately 1/3 of the endosperm in length, it has pronounced cotyledons and 
the root); 4 — 0.40-0.59 (the embryo is 1/2 of the endosperm in length, the root 
is longer than the cotyledons); 5 — 0.60-0.79 (the embryo is 2/3 of the endosperm 
in length); 6 — 0.80-1.00 (the embryo and the endosperm are almost equal in 
length) [45].  

The effect of high temperature on seed germination was assessed in a 21-
day test by the radicle protrusion. Radicle emergence was considered as the 
completion of germination. In the test, portions of intact seeds (4 replicates, 100 
seeds each) were germinated as described above. The number of seeds with a 
visible protrusion of radicle was counted daily. In total, approximately 4000 seeds 
were examined. Sprouted seeds were removed. 

The data were used to construct graphs of embryo growth and seed 
germination. For embryo growth, the four-parameter logistic regression was 
applied where b was the slope of the embryo growth graph, c was the lower point 
of the embryo growth graph which corresponds s to the initial embryo length, d 
was the upper point of the embryo growth graph which corresponds to the 
maximum embryo length during germination, e was the period (in days) during 
which the embryo reached 50% length necessary for seed germination. To plot the 
seed germination graph, the three-parameter logistic regression was used where b 
was the slope of the seed germination graph, d was the upper point of the seed 
germination graph which corresponds to the percentage of germinated seeds during 
the test); e was the period (in days) during which germination of 50% of all 
germinated seeds occurred [46, 47]. Logistic regression was used to calculate the 
maximum temperature at which embryo growth and seed germination are possible. 

Differences were statistically assessed using the standard error (±SEM) 
and criteria for the null hypothesis that the difference was 0. All data were tested 
for normality of distribution (W, Shapiro-Wilk test). Two-way analysis of variance 
with preliminary conversion to the root of the arcsine angle was used to assess the 
influence of the studied factors on the embryo growth and seed germination. The 
relationship between parameters was assessed using Pearson’s correlation analysis. 
Differences in each pair of compared values were considered statistically significant 
at p  0.05. The presented models were implemented in the drc extension package 
for the R software environment. All statistical analyzes were performed in R 
version 3.4.3 [48].  

 Results. For 1o and 2o umbels, the 1000-seed weigh was 1.50 and 1.32 g, 
respectively, in 2015 and 1.59 and 1.41 g, respectively, in 2016. The moisture 
content in seeds after drying was 12-13%.  

An increase in the temperature to the maximum (40 C) inhibited the 
embryo growth in both 10 and 20 seeds (p < 0.001) (Fig. 1). A less aggressive 
temperature (30-35 C) disclosed differences in the thermal sensitivity of embryos. 
Comparison of their growth graphs clearly reveals heteromorphism of the initial 
length (p < 0.001). The inhibition of the growth was expressed during germination 
in a decrease in their maximum length from 2.30±0.02 mm (E:S = 0.68) at 20 C 
to 1.21±0.04 mm (E:S = 0.36) at 40 C for 1o seeds and from 1.89±0.03 mm 
(E:S = 0.62) at 20 C to 0.86±0.01 mm (E:S = 0.28) at 40 C for 2o seeds. High 
temperatures negatively affected the growth rate of embryos. As the temperature 
rose from 20 to 25 and 35 C, the time embryos needed increased by 2.4±0.3 
(p < 0.001) and 5.3±0.9 days (p < 0.001), respectively, for 1o seeds and by 2.9±0.8 
(p < 0.001) and 3.1±1.2 days (p = 0.007), respectively, for 2o seed. The growth 
rates of 1o and 2o embryos under the same stress differed insignificantly. With an 
increase in temperature to 40 C, the growth of embryos in seeds of both orders 
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completely stopped in 4-5 days.  
 

 
Fig. 1. Embryo growth during dill (Anethum graveolens L.) late-season cv. Centaur seed germination as 
influenced by high temperature and the umbel order on the mother plant: A — first-order umbels, B — 
second-order umbels; 1 — 20 C, 2 — 25 C, 3 — 30 C, 4 — 35 C, 5 — 40 C; S — endosperm 
length, Critical E — critical embryo length (lab tests, 2015-2016). 

 

An increase in temperature also resulted in inhibition of seed germination 
(p < 0.001), which was expressed in a decrease in the germination rate and the 
number of germinated seeds (Fig. 2). The average percentage of germination for 
1o seeds decreased with an increase in temperature to 30 and 35 C compared to 
20 C (by 16.0±0.7%, p < 0.001 and 46.0±0.8%, p < 0.001, respectively). The 
percentage of germination of 2o seeds also decreased significantly (p < 0.001). At 
20 C, the percentage of germination of 1o seeds was 19.0±0.63% (p < 0.001) 
higher than that of 2o seeds. At 30 and 35 C, germination of 2o seeds compared 
to 1o seeds decreased 2.1-fold and 5.2-fold, respectively (p < 0.001). The 50% 
germination period for 1o seeds at 30 and 35 C was 2.3±0.1 (p < 0.001) and 
3.5±0.2 days (p < 0.001) longer than at 20 C. For 2o seeds at 30 C, this time 
increased by 3.7±0.2 days (p < 0.001) compared to 20 C. 

 

 
Fig. 2. Germination of dill (Anethum graveolens L.) late-season cv. Centaur seeds as influenced by high 
temperature and the umbel order on the mother plant: A — first-order umbels, B — second-order 
umbels; 1 — 20 C, 2 — 25 C, 3 — 30 C, 4 — 35 C (at 40 C, no germination occurred; lab tests, 
2015-2016). 

 

The maximum embryo length in germinating seeds had a significant effect 
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on the number of germinated seeds (the Pearson correlation coefficient r = 0.946, 
t = 25.85; p < 0.001). Two-way analysis of variance revealed a significant influence 
of several factors, i.e., the high temperature (57%, F = 415.3, p < 0.001), the 
location on the mother plant (37.2%, F = 270.5, p < 0.001), the year of growing 
(5.3%, F = 38.5; p < 0.001), and their interaction (0.37%, F = 2.7, p = 0.004) on 
the maximum embryo length during seed germination. The data show that the 
year had the smallest influence. The high-temperature factor (71.0%, F = 1013.1, 
p < 0.001), the location on the mother plant (27.6%, F = 395.1, p < 0.001), 
the year of growing (0.9%, F = 12.9, p = 0.001), and the interaction of these 
factors (0.7%, F = 10.1, p <0.001) had a significant effect on the percentage of 
germinated seeds. As seen, the effect of high temperature was of decisive 
importance for the embryo growth and germination of intact dill seeds.  

 

 
Fig. 3. Dose—response relationship between temperature and maximum embryo length in dill (Anethum 
graveolens L.) late-season cv. Centaur seeds during germination (for more correct interpretation, 
embryo length to the endosperm length E:S ratio was used for recalculation) (А) and percentage of 
germinated seeds (B) depending on the umbel order: A — first-order umbels, B — second-order 
umbels lab tests, 2015-2016).  

 

The maximum temperature which allows embryos growth is 40±0.4 C, 
for 1o seed and 38±0.5 C for 2o seeds (p < 0.001). The maximum temperature, 
allowing for radicle emergence in at least 50% of viable seeds, was 34±0.3 C for 
1o and 30±0.4 C for 2o (p < 0.001) (Fig. 3). 

 Differentiated embryos in mature seeds is characteristic of the Apiaceae 
crops, however, a certain proportion of seeds have embryos underdeveloped to 
varying degrees. Their further development occurs after the seed separation from 
the mother plant, i.e., during germination, and has its own characteristics [49, 50]. 
We have shown that embryos from seeds of different orders differ not only in 
length, but also in E:S ratios. The initial E:S value for the 1o embryos was 
0.31±0.01. They had pronounced cotyledons and root. For the 2o embryos, the 
initial ratio was 0.23±0.01, and the cotyledons and root were of equal length and 
weakly developed. That is, already at the early germination, the 1o embryos had 
an advantage over the 2p embryos. Larger lo seeds accumulated more nutrients 
and had a potential resource for maintaining higher growth rate of the embryo. 
According to the data obtained, in order the radicle to be emerged, the embryo 
should lengthen at least by 40-50% of its original length. In this case, the growth 
rates of the embryo (see Fig. 1) under conditions of optimal and stress 
temperatures significantly differed depending on seed location. As a result, the 
number of germinated 1o seeds was higher than that of 2o seeds (see Fig. 2). 

Under unpredictable growing conditions, temporal separation of seed 
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ripening or germination effectively reduces the risk of offspring death and increases 
reproductive success. It can be expected that the role of varying the morphometric 
parameters of seeds within individual plants will increase if the environment is 
unpredictable [51-53]. Consequently, from an evolutionary point of view, seed 
heteromorphism is an adaptively positive phenomenon. However, in agronomic 
practice, as a rule, it becomes the cause of a decrease in the number and rates of 
seed germination, thinness of stands, heterogeneity of seedlings and plants [54, 
55]. The problem of heteromorphism can be addressed by improving the 
production and processing of seeds.  

Heat stress is one of the most significant abiotic factors that determine the 
productivity of many agricultural crops [56-58], in particular celery [59, 60]. It is 
believed that exceeding the optimal temperature for a particular plant species by 
10-15 С causes a cascade of responses aimed at transmitting a stress signal and 
increasing resistance, which is expressed in a shift in metabolic reactions and 
physiological processes [61-63]. Non-dormant seeds can usually germinate over a 
wide range of temperatures. However, a constant temperature of about 40 С 
during the swelling period turns out to be critical for seeds of many species and 
makes germination difficult [64].  

We revealed a significant sensitivity of dill embryos to high temperatures, 
depending on the order of umbels. The physiological response to the continuous 
action of elevated temperatures (30-40 С) was a progressive inhibition of 
embryonic growth and seed germination. At temperatures from 25 to 35 С, 
differences were observed in the response of embryos and seeds to stressors. The 
growth of the embryo and germination slowed down to one degree or another with 
an increase in the swelling temperature to 30-35 С for 1o seeds ad up to 25-30 
С for 2o seeds.  

The effect of temperature on seed germination has been studied in several 
works [65-67]. In particular, the combination of factors of salinity, water and 
temperature regimes for seed germination was studied [68-70]. However, the 
influence of the embryo diversity due to location on the mother plant on the 
resistance to high temperatures during germination was not considered. In our 
experiments, the maximum germination temperature, allowing for radicle 
emergence in at least 50% of viable seeds and embryo growth, differed significantly 
depending on seed orders. As the critical temperature (40 С) was approached, 
the differences leveled off. Embryos in 1o and 2o seeds exhibited significant 
sensitivity to prolonged and continuous exposure to elevated temperatures during 
swelling and were not capable of germination at 40 С. Intact seeds were found to 
be more sensitive to high temperatures than embryos. 

Germination rate is another important aspect of the seed germination 
process which can be temperature dependent. Our results showed that, for dill, 
the germination rate of intact seeds increased linearly in the temperature range to 
their optimum value, and then decreased. Similar linear relationships between the 
germination rate and temperature were observed in millet [71], Kochia scoparia 
[72], cuphea [73], Plantago ovata [74], and some medicinal plants [75]. We found 
significant differences in the germination rate of 10 and 2o dill seeds under high 
temperature stress.  

The thermosensitivity of embryos, due to their morphological 
underdevelopment, is one of the main reasons for the slow, inhomogeneous and 
incomplete germination of the seed population under superoptimal temperature 
conditions. Modeling the process of germination of seeds with an underdeveloped 
embryo is of interest both for breeding practice and for improving seed pre-sowing 
processing. Methods based on the kinetics of embryo growth and germination of 
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heteromorphic dill seeds under a wide range of temperature can be useful in 
breeding for heat resistance 

Thus, the initial development of dill embryos of the cv. Centaur during 
formation of seeds on the mother plant affects their germination. Embryos from 
seeds derived from umbels of different orders (first-order — 1o, second-order — 
20) differ in morphometric parameters. The 1o embryos were significantly larger 
than 2o embryos in initial size. The 1o embryos are better developed and less 
sensitive to high temperatures during germination. High temperatures significantly 
influence the embryo growth rate, seed germination, and the number of 
germinated seeds. The seeds are more sensitive to high temperatures than the 
embryos. Significant differences in the thermal sensitivity of embryos and intact 
seeds due to location on the mother plant that we revealed during germination 
occur already at 20-30 C. The temperature which rises to 35-40 C inhibits 
embryo growth and seed germination regardless of the umbel orders. In dill cv. 
Centaur, the maximum temperature for the 1o embryos was significantly higher 
than for the 2o embryos. Our study has shown that the temperature factor largely 
determines embryo development prior to seed germination and can be an effective 
for pre-sowing seed treatment.  
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A b s t r a c t  

Humic acids are formed in soil during decomposition of organic residues and are capable of 
increasing plant productivity. Plant growing widely utilizes application of the most soluble preparations 
on the base of sodium and potassium humates possessing hormone-like activity. Humic substances are 
capable of stimulating plant growth in very low concentrations that determines the necessity of targeting 
their uptake by plants. Such a possibility is provided by placing fertilizers in the direct vicinity of the 
seeds. The effect of incrustation of Nitrofosque granules with sodium humate (SH) on the crop yield 
of spring durum wheat has been shown previously. In the present experiments, the data on the changes 
in growth and hormone content of wheat plants (Bashkirskaya 27 cv.) treated with SH included into 
the granules of organic-mineral fertilizer (OMF) are reported for the first time. Granules of fertilizers 
without SH and those containing 1.25½102 %, 2.5½102 % and 5½102 % of humic preparation (of 
the granule mass) were placed at the distance of 2-3 cm from the 1-day seedlings planted into the soil. 
OMF was obtained from poultry waste (chicken manure) and dolomite and SH was extracted from 
brown coal. Plants that obtained neither humates nor OMF served as the control. Leaf length and 
transpiration (according to the decline in the mass of vessels with plants) were measured starting from 
the third day after sowing. Leaf samples for determination of hormones with enzyme-linked immuno-
assay were sampled on day 9 and leaf area and plant mass were measured on day 21 after sowing. 
OMF granules without SH stimulated leaf elongation resulting in their significantly longer length com-
pared with the control (42, 156, 187 and 274 mm against 47, 167, 199 and 294 mm, p  0.05) detected 
in the first leaves 3, 6 and 8 days after sowing and 14 days after sowing in the second leaves. Meanwhile 
an increase in the OMF dosage did not increase their length significantly compared to the lower dose. 
Addition of humic substances to the OMF granules increased the promotive effect of the preparation 
on the leaf elongation most clearly manifested in the case of intermediate SH concentration 
(2,5½102 %), which significantly increased the leaf length during the time of registration (3, 6, 8, and 
14 days after sowing) compared to the application of OMF without SH (6, 11, 13 mm increment of 
the first leaves and 9.4, 9, 22 mm of the second leaves, р  0.05). Unlike OFM without SH, which 
application did not change the shoot mass and leaf area, combination of OFM with intermediate 
SH concentration increased shoot mass (from 538 to 583 mg, р  0,05). Leaf area was significantly 
greater than in the control in the case of intermediate and maximal SH concentration (increments 
were 385 and 283 mm2, р  0.05). Thus, addition of SH to OFM increased the effectiveness of the 
OFM action on growth characteristics. Accumulation of nitrogen in the shoots of the wheat plants 
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supplied only with OFM without SH did not differ from the control, while combination of OFM with 
SH resulted in accumulation of nitrogen at the level (by 8-15 %, p  0.05) higher than in the control. 
Application of OFM without SH did not influence the content of studied hormones (auxins, cytokinins 
and abscisic acid — ABA), while addition of SH to the granules of fertilizers resulted in significantly 
higher concentration of abscisic acid (ABA) and cytokinins in the shoots, the 1.6-2.8 ng∕g-1 incre-
ment (1.5-1.8 times) and 3.8-4.9 ng∕g-1 increment (1.5-1.7 times) (р  0.05). Concentration of 
indole acetic acid (IAA) with intermediate SH concentration was higher than in the control (40 against 
15 ng∕g-1, р  0.05). The results obtained by us allow attributing increased effectiveness of fertilizers 
in the case of their supply with humates to their effect on the hormonal content. Increased content of 
hormones with promotive type of action is likely to enable activation of plant growth, while accumu-
lation of ABA limits water losses by transpiration. The results of these laboratory experiments indicate 
perspectives of application of OMF containing sodium humates according to technology developed by 
us. Furthermore, the obtained data are of importance for revealing fundamental mechanisms, by which 
the action of humic compounds is manifested, in particular at the level of hormonal balance in plants.  

 

Keywords: Triticum durum, organo-mineral fertilizer, sodium humate, auxins, cytokinins, 
abscisic acid, plant growth 

 

Humic substances, mostly humic acids and fulvic acids synthesized in the 
soil during the decomposition of organic residues, can stimulate plant growth and 
yield [1]. Sodium and potassium humates manufactured commercially by alkaline 
extraction of caustobiolites (brown coal, peat, sapropel) are increasingly used in 
crop production. It is assumed that humates affect plant productivity both directly 
and indirectly. The indirect effect is associated with a modification of the soil 
structure in the rhizosphere and an increase in the availability of mineral elements 
for plants, while the direct effect lies in a change in the metabolism and develop-
ment of plants [2, 3]. 

The mechanism underlying the effect of humic substances on physiological 
and biochemical processes in plants is not fully understood [4]. Humic substances 
of a relatively low molecular weight can form supramolecular associations consist-
ing of hydrophilic and hydrophobic domains [5]. The hydrophobic components of 
humic substances resulted from destruction of plant residues capture the hydro-
philic components of the soil and protect them from degradation [6). The com-
pounds captured in this way can be further released due to changes in the structure 
of these associates under the influence of low-pH root exudates [4]. The direct 
effect of humic acids on the growth and development of plants is a manifestation 
of their hormone-like activity [7-9]. Auxins (mainly indoleacetic acid) [7, 10] and 
cytokinins (in the form of isopentenyladenine) [11] are identified in preparations 
of humic acids. Humic acids affect enzyme activity, gene expression, and proton 
pump activity in the same way as the plant hormone auxin [7-10]. There are 
reports that humic substances change the root architecture and metabolism due to 
such activity [12]. The hormone-like properties of humic preparations determine 
one of the advantages of organic fertilizers over chemical ones. However, the ef-
fects of humic acids on the levels of auxins and cytokinins in plants have not yet 
been studied.  

The practical advantage of humic compounds is that they can stimulate 
plant growth in very low concentrations, from 20 mg∕l-1 [7], which provides their 
cost-effectiveness. However, in case of low concentrations, the problem of target-
ing and entry into plants arises. The strip till technology and special seeders which 
allow fertilizers to be incorporated in the immediate vicinity of the seeds facilitate 
the problem.  

Previously, we have shown the positive effect of sodium humate incor-
porated into nitrophoska granules on the yield of spring durum wheat [13]. This 
work is the first to report on the effect of different doses of sodium humate-
based organic mineral fertilizers (OMF) on the growth and hormonal balance of 
wheat plants.  
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Our main purpose was to confirm or disprove the hypothesis that the ef-
fectiveness of the organomineral fertilizers combined with sodium humate is due 
to the sodium humate effect on the hormonal system of plants.  

Materials and methods. Sodium humate (SH) was obtained according to a 
procedure similar to that described [14, 15]: 100 ml of 3% NaOH was added to 5 
g of brown coal (Kumertau deposit, Republic of Bashkortstan) and stirred for 2 h 
at 60 С, the undissolved precipitate (humin) was separated by centrifugation and 
rinsed by distilled water, 1% HCl was added to the resulting solution to pH = 2, 
the precipitate of humic acids was separated (a PE 6910 centrifuge, OOO 
EkrosKhim, Russia, 10 min, 4000 rpm/2325 g), rinsed by distilled water, dried in 
air, and dissolved in 1% NaOH (0.1 g per 10 ml).  

The concentration of 0.01-0.001% solutions of humic acids in a 0.4% 
NaOH solution was measured by the optical density (OD) (Shimadzu UV 2600, 
Shimadzu, Japan,  = 465 nm) as described [14, 15]. 

The organomineral fertilizers (OMF) were 60-65% fresh chicken manure 
and 54-33% dolomite (calcium and magnesium carbonates). SH was added to 
OMF at 1.25½10 2%, 2.5½10 2%, and 5½10 2% (SH1, SH2, and GN3, respec-
tively) of the weight of the OMF granules. A portion of granules were not added 
with SH. 

OMF granules, approximately 80 mg in weight with different contents of 
humic acids, were placed in pots filled with soil (about 0.82 kg, with a 2 cm layer 
of pebbles drainage) at a 5-6 cm depth from the soil surface at the rate of one or 
three granules per seed (80 or 240 mg). The seeds of durum spring wheat (Triticum 
durum Desf.) cv. Bashkirskaya 27 after 1-day germination on filter paper were 
placed at a depth of 3 cm from the soil surface (3 cm from the granules), 10 seeds 
per pot, 8 pots per treatment. Plants that did not receive additional OMF nutrition 
served as control. Plants were grown at PAR 400 μmol∕m2 (14 h daylight hours, 
20/24 °C). The 60-80% soil moisture of the full moisture capacity was maintained 
with irrigation (2-3 times a week). From day 3 after planting the seedlings, the 
lengths of the 1st and 2nd leaves were measured. Twenty-one days after planting, 
the shoots were weighed, and the area of scanned leaf images were measured using 
the ImageJ software (National Institute of Health, USA; https://imagej.nih.gov). 

The hormone concentration was determined on day 9 after planting. Phy-
tohormones were extracted from homogenized shoots with 80% ethyl alcohol at 
4 °C overnight. Purification and concentration of indoleacetic acid (IAA) and 
abscisic acid (ABA) from an aliquot of the aqueous residue after evaporation of 
the alcohol extract (from Petri dishes in a stream of air) was performed using ether 
extraction according to a modified scheme with a decrease in volume as described 
[16). IAA and ABA were twice extracted with diethyl ether from an aliquot of the 
aqueous residue acidified to pH 2-3 in a ratio of 1:3. Then they were returned to 
the aqueous phase (1% sodium bicarbonate solution, the ratio of the aqueous to 
organic phase is 1: 2), acidified again to pH 2-3, and, after 2-fold back-extraction 
with diethyl ether, methylated with diazomethane derived from nitrosomethylurea 
and added to the samples. The dried samples were dissolved in a small amount of 
80% ethanol immediately before the immunoassay or in 100 μl of 80% ethyl alco-
hol before the enzyme-linked immunosorbent assay. Cytokinins from an aliquot 
of the aqueous residue (a sample previously purified by centrifugation) were con-
centrated in a C18 cartridge (Waters Corporation, USA) equilibrated with distilled 
water. The column with the sample was washed with 20 ml of distilled water. 
Cytokinins were eluted with 70% ethyl alcohol, then the alcohol was evaporated 
to dryness and, after dissolving the residue in 20 μl of 80% ethanol, the sample 
was analyzed by thin layer chromatography (TLC) in a silufol plate. TLC was 
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performed using a butanol:ammonia:water (6:1:2) solvent system as described [17]. 
After UV-detection (TCP-15.MC transilluminator, 4½8 W 312 nm lamps, Vilber 
Lourmat, France) of the zeatin, zeatin nucleotide and zeatin riboside markers, the 
zones were eluted with 0.1 M phosphate buffer (pH 7.2-7.4). To sediment silufol, 
the eluate was centrifuged for 10 min at 10000 rpm (Eppendorf MiniSpin, Eppen-
dorf, US). The IAA, ABA and cytokinins were quantified by enzyme-linked im-
munosorbent assay (ELISA) with specific antibodies to hormones [16-18]. Anti-
bodies to zeatin riboside were also used for the determination of zeatin and its 
nucleotide since they have cross-reactivity to these cytokinins. 

 ELISA test was performed in the wells of Castar polystyrene plates (Corn-
ing Incorparated, USA). The hormone-protein conjugate was immobilized on pol-
ystyrene. A 200 μl aliquots of the conjugate pre-diluted in 0.05 M immobilization 
buffer (9% NaCl) were poured into each well and kept at 4 °C for 18-20 h in a 
refrigerator or 2 h in a thermostat at 37 °C. The plates were washed thrice by 
physiological saline (pH 7.2-7.4) with 0.05% Tween 20 (PT solution). In all sub-
sequent washings, the same solution was used. In some wells, 10-fold dilutions of 
hormone standards were poured to obtain a calibration curve. In the remaining 
wells, the aliquots of alcohol solutions of methylated hormones (IAA, ABA) or 
aliquots of phosphate buffer (pH 7.2-7.4) used to elute cytokinins from silufol 
were poured. Antisera to the corresponding hormone (100 μl per well) obtained as 
described [18, 19] and diluted with saline + 0.3% bovine serum albumin + 0.05% 
Tween 20 (PTB) were added to all wells. The plates were incubated at 37 °C for 
1 h and rinsed with PT solution. To visualize the reaction of serum antibodies 
with the immobilized hormone conjugates, the peroxidase-conjugated bovine anti-
rabbit antibodies were used. The secondary antibodies were diluted in PTB, 
200 portions were poured into wells, incubated for 1 h at 37 °C, and rinsed by PT. 
The color reaction with the substrate ortho-phenylenediamine (0.4 mg/ml in 
0.06 M phosphate buffer, pH 5.2, with 0.006% hydrogen peroxide) was stopped 
in 15-30 min using 4 N sulfuric acid. After measuring the optical density (pho-
tometer AIFR-01 UNIPLAN, ZAO PIKON, Russia;  = 492 nm), the hormone 
concentration was calculated using the calibration curve. 

On day 21, the total nitrogen concentration was measured according to 
Kjeldahl. Evapotranspiration of plants was evaluated throughout the experiment 
as pot weight losses.  

Statistical processing was performed by standard methods using the MS 
Excel software. The means (M) and their standard errors (±SEM) were calculated. 
Differences were assessed by Student’s t-test and considered statistically significant 
at p  0.05. The number of replicates were 5 for nitrogen content assessment, 9 
for hormones, 30 for water consumption, and 50 for assessment of plant weight, 
area and length of leaves. 

 Results. Mixing chicken manure with dolomite leads to formation of 
magnesium and calcium salts of uric and other organic acids contained in 
chicken manure, which reduces their solubility and a negative effect on plant 
growth when used in high concentrations. In addition, heating OMF to 100 С 
due to friction during mixing and extrusion kills pathogenic microorganisms from 
chicken droppings. 

As seen (Fig. 1), the OMF granules increased the length of the leaves by 
5-17% compared to the control depending on the leaf age and the treatment op-
tion. In 3 days after sowing, the leaves were significantly longer than in the control 
(p  0.05) only at a lower dose of OMF (one granule instead of three) and an 
intermediate concentration of humates (SH2) (see Fig. 1, A). As the plants grew, 
the effects of OMF and SH were also manifested at other doses and concentra-
tions, i.e., the 1st leaves on day 8 and the 2nd leaves on day 14 were significantly 
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longer (р  0.05) than in the control for all treatments with OMF (with and 
without humate) (see Fig. 1). An increase in the dose of OMF did not lead to a 
significant increase in the length of leaves as compared to the minimum OMF 
dose, i.e., the increase in length compared to the control averaged 7.5 and 6.0% 
for one and three granules per seed, respectively. 

 

 

Fig. 1. The 1st (A) and 2nd (B) leaf length in spring durum wheat (Triticum durum Desf.) cv. Bash-
kirskaya 27 depending on the dosage pf organomineral fertilizers (OMF granules, mg per seed) along 
and with different doses of sodium humate (SH) (SH1 — 1,25½102 %, SH2 — 2,5½102 %, SH3 — 
5½102 % of OMF granule weight). Bars from left to right are control, OMF 80 mg, OMF 240 mg, 
OMF 80 mg + SH1, OMF 80 mg + SH2, OMF 80 mg + SH3. Differences between the bars for 
which there is no coincidence in any letter designation are statistically significant at p  0.05 (M±SEM, 
n = 50, pot tests). 

 

SH added to OMF granules increased their stimulating effect on the leaf 
elongation which was the clearest for SH2 (2.5½10 2% of the granule weight) as 
compared to the control. Upon this treatment, the average increase in leaf length 
over the entire observation period (3, 6, 8, and 14 days after planting) averaged 
10% (differences as compared to the OMF effect without SH were statistically 
significant, p  0.05, paired t-test).  

 

 

Fig. 2. Shoot weight (А), total leaf area (B) and 
total N content (C) in 21-day old shoots of spring 
durum wheat (Triticum durum Desf.) cv. Bash-
kirskaya 27 depending on the dosage of or-
ganomineral fertilizers (OMF granules, mg per 
seed) along and with different doses of sodium hu-
mate (SH) (SH1 — 1,25½102 %, SH2 — 
2,5½102 %, SH3 — 5½102 % of OMF granule 
weight). Bars from left to right are control, 
OMF 80 mg, OMF 240 mg, OMF 80 mg + SH1, 
OMF 80 mg + SH2, OMF 80 mg + SH3. Dif-
ferences between the bars for which there is no 
coincidence in any letter designation are statist- 

ically significant at p  0.05 (M±SEM, for A and B n = 50, for C n = 5, pot tests). 
 

Three weeks after planting, the OMF with SH2 led to a significant increase 
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in the fresh weight of the shoots compared to the control (Fig. 2, A). OMF without 
SH did not cause a significant increase in the shoot weight compared to the con-
trol. For the OMF supplemented with SH1 and SH3, the plants occupied an 
intermediate position between the control and the use of SH2, that is, their fresh 
weight did not differ statistically significantly from those in either the first or the 
second case. Thus, we revealed a tendency to increase the biomass of wheat plants 
under the influence of a OMF combination with SH, which was statistically sig-
nificant at an intermediate SH concentration. For SH2 and SH3, the total leaf 
area was significantly greater than in the control (2637 and 2535 vs. 2252 mm2, 
p  0.05), while OMF without SH and OMF plus the minimum SH1 concentra-
tion did not have a significant effect on the indicator (the differences from the 
control are not significant) (see Fig. 2, B).  

The level of total nitrogen in shoots for OMF without humate did not 
differ from the control (see Fig. 2, C), being significantly higher (р  0.05) than 
in the control when OMF with SH were applied. 

Evapotranspiration over the entire experiment did not differ between the 
control plants and those treated with fertilizers (1.6 g of water per plant per day, 
data not shown). 

Upon application of OMF without SH, the concentration of hormones 
(auxins, cytokinins, and ABA) in wheat plants was at the control level (Fig. 3). 
The addition of sodium humate increased the content of hormones. To confirm 
the results of enzyme-linked immunosorbent assay, a comparison of ELISA and 
gas chromatography-mass spectrometry data was previously performed [17].  

The total concentration of cytokinins was stably higher than in the control 
for all SH concentrations (see Fig. 3, A, p  0.05), and OMF without SH did not 
increase the cytokinin concentrations as compared to the control. The accumula-
tion of auxins was pronounced at an intermediate concentration of humate, with 
the IAA level almost 3 times higher than in the control (p 0.05) (see Fig. 3, B). 
The ABA content was higher under the action of all tested concentrations of SH 
(differences from the control and the OMF without SH are significant at p  0.05) 
(see Fig. 3, C).  
 

 

Fig. 3. Accumulation of cytokines (А, 1 — zeatin, 
2 — zeatin riboside, 3 — zeatin ribotide), auxins 
(B, indolyl acetic acid, IAA), and abscisic acid 
(C, ABA) in 9-day-old shoots of spring durum 
wheat (Triticum durum Desf.) cv. Bashkirskaya 27 
depending on the dosage pf organomineral fertilizers 
(OMF granules, mg per seed) along and with differ-
ent doses of sodium humate (SH) (SH1 — 
1,25½102 %, SH2 — 2,5½102 %, SH3 — 
5½102 % of OMF granule weight). Bars from left 
to right are control, OMF 80 mg, OMF 240 mg, 

OMF 80 mg + SH1, OMF 80 mg + SH2, OMF 80 mg + SH3. Differences between the bars for 
which there is no coincidence in any letter designation are statistically significant at р  0.05 
(M±SEM, n = 9, pot tests). 

 

In general, the results on the length and area of leaves and the shoot weigh 
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showed that the humate added to organomineral fertilizers enhances their ability to 
stimulate the wheat plant growth. It was also revealed that OMF acts in low doses 
(one granule per seed), and an increase in the dosage to three granules does not 
enhance the positive effect. 

An increase in nitrogen accumulation in shoots in response to application 
OMF with SH indicates an improvement in the ability of wheat plants to absorb 
mineral elements under the influence of humate, which corresponds to some reports 
[20]. Since the nitrogen has been repeatedly shown to stimulate the synthesis of 
cytokinins [21], their accumulation in the shoots of plants treated with SH can be 
associated with an increase in the nitrogen content. However, it is worth noting that 
the total nitrogen in shoots increased under the influence of SH to a lesser extent 
(to a maximum of 15%) than cytokinins the content which was 1.5 times higher 
than in the control, regardless of the SH concentrations. The lack of proportionality 
between the accumulation of nitrogen and cytokinins suggests the existence of ad-
ditional mechanisms for stimulating the cytokinins accumulation in plants due to 
the action of sodium humates, e.g., their direct effect on plant hormones.  

An alternative explanation may lie in the admixtures of hormone-like 
compounds in the SH preparation, which corresponds to the literature data [1]. 
Since physiologically active substances, including hormones, act in low concen-
trations, it is the presence of hormone-like substances that can explain the ability 
of small doses of SH to affect the growth and development of plants, as it was 
shown in our experiment. Auxin-like substances were found in humic preparations 
[4], which corresponds to our findings which revealed an increase in the content 
of auxins in plants under the influence of SH. It was also found that the use of a 
humic preparation increases the availability of nitrogen, phosphorus, and potas-
sium [11].  

The content of humic acids was 20-23% in fresh droppings and 15-17% 
in granulated OMF based on chicken manure and dolomite. However, the solu-
bility of free humic acids is very low, while the solubility of their sodium salts is 
quite high. Therefore, the high efficiency of granular OMF containing readily solu-
ble sodium humates on plant growth can be ensured by its high biodegradability.  

Demin et al. [22] consider the direct penetration of humates into the cell 
unlikely, since this should be prevented by the formation of hydrogen bonds with 
the components of the cell walls, but it is possible for humic substances to enter 
the cell due to endocytosis and their further digestion in lysosomes. It is known 
that receptors for many hormones are located on the cell surface [23], which 
makes it possible to explain how hormone-like components contained in humates 
can affect plants by interacting with receptors on the cell surface without pene-
trating into the cell.  

Our experiments do not allow us to conclude whether the increased levels 
of hormones are associated with their uptake from the SH preparation. The prob-
ability of this process is low, given the large sizes of humate molecules [24]. Nev-
ertheless, the very fact of the accumulation of hormones in plants treated with the 
preparation we used clearly indicates the physiological activity of SH. It is im-
portant that in plants exposed to OMF without humate no increase in the hormone 
levels was recorded, that is, an increased content of hormones in plants is a char-
acteristic response precisely to the SH in the preparations. The ability of cytokinins 
and auxins to stimulate shoot growth by activating cell division and elongation is 
well known [25]. This allows us to explain the activation of growth of wheat shoots 
under the influence of SH shown in our experiments by the accumulation of auxins 
and cytokinins.  

The accumulation of ABA we found upon the introduction of granules 
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with sodium humate into the plant rhizosphere corresponds to some data [26]. 
The authors of the cited communication associate the ABA accumulation with the 
peculiarities of water exchange in plants treated with humate. We revealed a sig-
nificantly greater accumulation of ABA under the influence of humates, i.e., al-
most 2-fold compared to the control, with the reliable differences from the control 
and OMF without SH (p  0.05). As known, the water evaporation by leaves 
increases with an increase in total leaf area. In our experiment, the leaf area was 
significantly larger compared to the control at the intermediate and maximum 
doses of SH. However, we did not reveal a significant increase in transpiration 
losses (despite the large leaf area), which indicates a decrease in stomatal con-
ductance. Since the ability of ABA to close stomata is well known, it is possible 
to explain the limitation of transpiration losses by an increase in the ABA content 
in plants under the influence of SH. We have previously shown that the activation 
of leaf growth by bacterial plant stimulants was accompanied by the accumulation 
of ABA which also limited evapotranspiration [18]. Thus, the change in the ABA 
accumulation under the influence of humate can be an adaptive response aimed 
at optimizing water relations when the humate acts on plants.  

Thus, our findings show that sodium humate (SH) in the formulation of 
organic fertilizer (OMF) granules activates plant growth, which is most likely due 
to the ability of SH to influence the plant hormonal status. The accumulation of 
hormones possessing stimulating effects ensures the activation of plant growth, 
while the ABA accumulation normalizes water exchange. Our tests in which gran-
ulated fertilizers were placed at a distance of several centimeters from the seeds, 
simulating the strip till technology application, indicate the prospects of using SH-
containing OMF in this technology.  
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A b s t r a c t  

A biochemical approach was used to assess the genetic variability of the seed radish (Raphanus 
sativus L.) accessions which are distinguished by a wide variety of morphological characters. It is known 
that the esterase complex in plants has intraspecific specificity; in addition, these enzymes are charac-
terized by tissue specificity. Earlier, the accessions of the collections of the genetic resources of the 
radish were never evaluated for the presence of isozyme forms of esterases in mature seeds of this crop. 
The establishment of the general variability of isoenzyme systems and the identification of their genetic 
control make it possible to reveal the subtle mechanisms of the organism's relationship with the envi-
ronment and homeostasis, which is especially important for long-term storage of accessions in genetic 
seed collections. The development of effective biochemical markers for the rapid assessment of collec-
tion, as well as genetically and breeding significant material is also essential. This work allows us to fill 
the gap that exists in relation to the accessions of genetic resources of the radish. From the collection 
of the Federal Research Center Vavilov All-Russian Institute of Plant Genetic Resources (VIR), 49 
radish accessions were selected, belonging to three subspecies, divided according to geographic princi-
ple as Chinese, Japanese and European radish. All esterase isozymes of seeds were separated using 
native vertical electrophoresis in polyacrylamide gel followed by processing for nonspecific esterase. 
According to their esterase composition, all accessions were subdivided into 7 zymotypes, differing 
from each other by the presence or absence of certain zones. In total, in the esterase complex of radish 
seeds, 5 main isozymes with different molecular weights varying from 45.3 kDa to 35.0 kDa were 
found. All five zones were characterized by a high level of polymorphism among the accessions. Based 
on the composition of isozymes, all genotypes formed 7 zymotypes. Zymotype No. 1, represented by 
the maximum number of esterases (5 zones), comprised of 43 % of the total number of genotypes. 
Zymotype No. 2 constituted 33 % of all accessions. The rarest zymotypes No. 5 and No. 7 (4 %) 
differed in the minimum amount of esterase enzymes (2 zones each). Zymotypes No. 2 and No. 4 
were characterized by 4 zones. Representatives of two groups, No. 3 and No. 6 had 3 zones in their 
esterase complex. The quantitative ratio of all esterase zones varied greatly in the studied accessions. 
The minimum content (4.78 %) was found for the B5 zone, the maximum amount (67.44 %) was 
found for the B1 zone. The prevalence of each zone among all studied accessions ranged from 13 
to 23 %. Zones B3 (Mr = 39.7 kDa) and B4 (Mr = 37.1 kDa) were the most common among all 
esterase isozymes; these zones were observed in 23 % of genotypes. For 22 % of representatives, the 
B2 zone was characteristic (Mr = 42.9 kD). Zones B1 (Mr = 45.3 kD) and B5 (Mr = 35 kD) were 
less common, 19 % and 13 %, respectively. The average heterozygosity of isozygous forms of 
esterases of the studied radish accessions was Htotal = 0.212, with variance for the same accessions 
Var(Htotal) = 0.0007. Cluster analysis of esterase enzymes divided the studied set of radish accessions 
into European and Asian subspecies and varieties, and together with phenotypic traits, it allowed 
constructing a dendrogram corresponding to the botanical, agrobiological and geographical location 
of the accessions. It should be noted that the accessions of the European subspecies radish are 
located in two clusters, and the accessions of Russian origin form a separate group in the first 
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cluster, and the accessions of European origin are grouped in the third cluster which also includes 
Japanese radishes of European origin. Perhaps this division is associated with the peculiarities of the 
selection process in creating these accessions. Based on the data obtained, esterase enzymes are 
recommended as biochemical markers in genetic selection experiments. 

 

Keywords: Raphanus sativus L., morphological characters, phenological characters, seeds, 
esterases, isoforms, zymotypes, polymorphism, biochemical markers, clustering 

 

Radish Raphanus sativus L. possesses a wide morphological variety of 
leaf rosette and root-crops. The existing intraspecific classifications used in 
Russia [1-4] divide the species geographically depending on the region of origin 
(Europe, China, and Japan). These classifications are based mainly on the 
highly variable and conditions-dependent morphological traits of the root-crop 
(color, shape) of heterogeneous and heterozygous cross-pollinated specimens. 
Therefore, it is important to find additional characters to more clearly deter-
mine the course of evolution and phylogenetic relationships within the species. 

Over the past two decades, DNA markers [5, 6] and genetic maps [7-
9] have been developed, and the entire genome of Japanese and Chinese radish 
has been sequenced [10-12]. A number of works note the effectiveness and 
prospects of using RAPD (random amplified polymorphic DNA) and ISSR 
(inter simple sequence repeats) molecular markers and some biochemical 
markers for assessing the genetic variability of radish varieties [13, 14]. Non-
specific esterases (NE, a complex of enzymes that hydrolyze ether bonds (EC 
3.1.1.) can be such biochemical genetic markers [15-17]. It is known that the 
esterases complex in plants has intraspecific specificity, and, in addition, these 
enzymes are characterized by tissue specificity [18-20]. 

Due to the ability to hydrolyze cross-bounds of polysaccharides, NEs are 
important in the cell wall constructing and restructuring. The activity and isoen-
zyme composition of NEs play a significant role in certain mechanisms of inter-
action between the host plant and the pathogen [21-23], in the metabolism of fatty 
acids [24] and choline esters [25]. Nonspecific esterases are also involved in plant 
resistance to herbicides [26]. 

It has been shown that NE activity closely related to the physiological and 
metabolic states of the cell serves as an indicator of the toxic effect of pollutants 
[27, 28]. Environmental factors, in particular the temperature [29] and water stress 
[30], also affect the activity of NE, that is, esterases can be considered as potential 
stress markers. 

In the collection of the Vavilov All-Russian Institute of Plant Genetic 
Resources (VIR), there are 1200 R. sativus radish accessions from 75 countries of 
all continents (including 573 accessions in the permanent catalog), representing 
all subspecies, varieties and types of the crop. 

This paper is the first report on isozyme forms of esterases in mature seeds 
of the radish accessions from the VIR World Collection. Based on the obtained 
isozyme spectra, dendrograms of the phylogenetic relationships between the ac-
cessions were constructed which correspond to their botanical and agrobiological 
descriptions and geographic origin. The average heterozygosity of isozyme forms 
of esterases in the studied accessions and their variance were established, indicating 
the reliability of the results obtained. 

The work aims to evaluate the polymorphism of esterases in mature radish 
seeds, its dependence on the origin and agrobiological traits of the accessions, and 
the suitability of esterases as biochemical markers of the R. sativus diversity. 

Materials and methods. Mature seeds of eight Raphanus sativus varieties of 
various origins (49 genotypes in total, VIR World Collection) were ground in a 
porcelain mortar to flour. The100-mg flour specimens were placed into Eppendorf 
tubes, added with 2 ml of pre-cooled hexane, shaken periodically, and left 
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overnight in a refrigerator at 4-8 С. The next day, the tubes were centrifuged 
(Eppendorf centrifuge 5410, Eppendorf AG, Germany) at 15000 rpm for 10 min, 
the supernatant was removed, and the fat-free flour precipitate was left under the 
fume hood to air-dry. Esterase enzymes from defatted and dried plant material 
were extracted with 0.05 M Tris-HCl buffer, pH 8.3 (flour: buffer ratio 1:4) at 4-
8 С for 14-18 hours. After centrifugation at 15000 rpm for 10 min, the enzyme 
extracts were poured off the sediment and frozen at 20 С. Specimens were 
thawed before electrophoresis and loaded in the pockets of stacking gel. 

Esterase isozymes were separated by native polyacrylamide gel electropho-
resis [31] (the concentrations of resolving and stacking gel 11 and 5%, respectively, 
a Mini-PROTEAN Tetra Cell, Bio-Rad Laboratories, Inc., USA). A Prestained 
Protein Ladder marker (Thermo Scientific, USA) was pipetted into the last pocket 
of the gel. Protein concentration in enzyme extracts was measured as per Bradford 
[32]. Depending on the protein concentration, 15-20 μl aliquots were loaded into 
the gel pockets. Electrophoresis was conducted at 6-10 С and 10 V/cm for 2.5 h. 
To visualize isoenzymes, the gel was exposed to a reagent detecting nonspecific 
esterase [33] for 10-15 min until the zones appeared. The gel was floated in a fresh 
solution of the dye and substrates, consisting of 100 mg -naphthyl acetate and 
120 mg -naphthyl acetate (Sigma-Aldrich Chemie GmbH, Switzerland) dissolved 
in 10 ml of 70% ethanol, 500 mg of Fast Blue RR (Sigma-Aldrich Co., USA), 
4 ml of propanol and 60 ml of 0.1 M phosphate buffer (pH 6.0). The excess dye 
was removed with 7% acetic acid. 

The obtained zymograms were scanned (Epson Expression 10000XL, GE 
Healthcare, USA). The proportion of zones found in the track and the determi-
nation of molecular weights according to the corresponding standards based on 
the Rf value were calculated using the Phoretix 1D Advansed software (Total Lab, 
Ltd., UK). 

Heterozygosity Hl of the population for each locus and the average (total) 
heterozygosity of Htot. were calculated as per by the formulas [34, 35]: 

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

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

The variance of heterozygosity Var (Hl) for each locus and the variance of 
the average heterozygosity within the population Var (Htot.) were calculated as 
follows [36]: 

푉푎푟(퐻 ) = 퐻 (1 − 퐻 ) 푛⁄  , 
푉푎푟(퐻 .) = ∑ 퐻 (1 − 퐻 ) + ∑ ∑ (퐻 − 퐻 퐻 ). 

The morphological and agrobiological descriptions of the accessions were 
performed according to Sazonova et al. [37] (Pushkin and Pavlovsk laboratories 
of VIR, St. Petersburg). 

The main morphological and phenological markers for the R. sativus in-
traspecific attributing to varieties and types were the shape and color of the root-
crop and the length of the growing season [1, 37]. When constructing a matrix for 
cluster analysis, the following quantitative and qualitative characteristics were used: 
the root-crop length and diameter, the root-crop index (the length to diameter 
ratio), the color of the root-crop bark (1 — white, 3 — green, 5 — pink, 7 — red, 
9 — black), the root-crop shape (2 — conical, 3 — cylindrical, 4 — elliptic, 5 — 
round, 6 — flat round, 7 - cylindrical with a run up), leaf type (1 — solid, 3 — 
lyre-like), the leaf pubescence (0 — no pubescence, 1 — pubescent), the length of 
the growing season. Qualitative characteristics were assessed in points according 
to the descriptor [38]. 
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Cluster analysis based on the profiles of seed esterases only and on a com-
plex of traits (morphological and phenological features and esterase profiles in 
seeds) was performed by the UPGMA method using the PAST program 
(http://sonraid.ru/past/), including bootstrap analysis. 

 Results. Table 1 lists the radish accessions studied in the work. 

1. Raphanus sativus L. accessions (VIR World Collection, the Vavilov All-Russian 
Institute of Plant Genetic Resources) involved in the study 

VIR-
number Name  Origin Convariety (convar.) Variety (var.) 

Number 
on zymo-
gram  

R. sativussubsp.sativus(L.) Sazon. 
k-1675 Belaya Adzharskaya Georgia  sativus Sazon. sativusSazon. 3 
k-1833 Odesskaya 5 Belarus sativus Sazon. sativusSazon. 7 
k-2163 Maiskaya belaya  Russia sativus Sazon. sativus Sazon. 44 
k-1778 Zimnyaya krukglaya 

chernaya Germany hybernus (Alef.) Sazon. niger (L.) Sinsk. 4 
k-1892 Dazwish ali Egypt  hybernus (Alef.) Sazon. niger (L.) Sinsk. 9 
k-1971 Round Black Spanish USA hybernus (Alef.) Sazon. niger (L.) Sinsk. 15 
k-1764 Local Russia hybernus (Alef.) Sazon. niger (L.) Sinsk. 26 
k-2115 Chernaya Russia hybernus (Alef.) Sazon. niger (L.) Sinsk. 35 
k-2124  Turkey  hybernus (Alef.) Sazon. niger (L.) Sinsk. 36 
k-1914 Zimnyaya krukglaya 

belaya Russia hybernus (Alef.) Sazon. hybernus  (Alef.) Sazon. 28 
k-2025 Skvirovskaya belaya  Ukraine  hybernus (Alef.) Sazon. hybernus(Alef.) Sazon. 32 

R. sativus subsp. sinensis Sazon. et Stankev. 
k-698  Asia Minor lobo Sazon. et Stankev. loboSazon. et Stankev. 1 
k-1805  Middle Asia lobo Sazon. et Stankev. loboSazon. et Stankev. 5 
k-1902 Belaya zelenigolovaya  China  lobo Sazon. et Stankev. loboSazon. et Stankev. 11 
k-1978 Local Kyrgyzstan lobo Sazon. et Stankev. loboSazon. et Stankev. 16 
k-2101 Chinese White Winter Chile  lobo Sazon. et Stankev. loboSazon. et Stankev. 21 
k-2074 Local Egypt lobo Sazon. et Stankev. loboSazon. et Stankev. 33 
k-2151 Altari mu South Korea  lobo Sazon. et Stankev. loboSazon. et Stankev. 39 
k-1815 Margilanskaya  Uzbekistan   lobo Sazon. et Stankev. virens Sazon. 6 
k-1865 Wei-syan China lobo Sazon. et Stankev. virens Sazon. 8 
k-2000 Local Uzbekistan   lobo Sazon. et Stankev. virens Sazon. 17 
k-2148 Local Kazakhstan  lobo Sazon. et Stankev. virens Sazon. 38 
k-725  Asia Minor lobo Sazon. et Stankev. rubidus Sazon. 2 
k-1895 Hun-dyn-lun China  lobo Sazon. et Stankev. rubidus Sazon. 10 
k-1903 Krasnaya China  lobo Sazon. et Stankev. rubidus Sazon. 12 
k-1935 Nerima Pointed rooted Japan  lobo Sazon. et Stankev. rubidus Sazon. 13 
k-1857 Chan-shun-lobo China lobo Sazon. et Stankev. rubidus Sazon. 27 
k-1967 Local Afghanistan  lobo Sazon. et Stankev. rubidus Sazon. 30 
k-1983 Nexhnaya Russia lobo Sazon. et Stankev. rubidus Sazon. 31 

R. sativus subsp. acanthiformis (Blanch) Stankev. 
k-1958 Hakata haruwaka Japan  minowase (Kitam.) Sazon. minowase Kitam. 14 
k-2033 Turnip Japan  minowase (Kitam.) Sazon. minowase Kitam. 18 
k-2063 Unzen shigatsu Japan  minowase (Kitam.) Sazon. minowase Kitam. 20 
k-2111 Minotoki No. 2 Japan  minowase (Kitam.) Sazon. minowase Kitam. 22 
k-1946 Unsen-4-gatsu Japan  minowase (Kitam.) Sazon. minowase Kitam. 29 
k-2134 Eifuku 2 Japan  minowase (Kitam.) Sazon. minowase 37 
k-2154 Mikura gross F1 The Netherland  minowase (Kitam.) Sazon. minowase Kitam. 40 
k-2155 Local Japan  minowase (Kitam.) Sazon. minowase Kitam. 41 
k-2159 Yasato riso F1 Japan  minowase (Kitam.) Sazon. minowase Kitam. 42 
k-2161 Horiyou  Japan  minowase (Kitam.) Sazon. minowase Kitam. 43 
k-2184 Cheng sugeng zung South Korea minowase (Kitam.) Sazon. minowase Kitam. 47 
k-2335 April cross France  minowase (Kitam.) Sazon. minowase Kitam. 48 
k-2336 Spring Feller Japan  minowase(Kitam.) Sazon. minowase Kitam. 49 
k-2034 Miyasige  Oonaga  Japan  acanthiformis (Blanch) Stankev. – 19 
k-2133 Eifuku Japan  acanthiformis (Blanch) Stankev. – 23 
k-2136 Shinuchi Sobutori F1 Japan  acanthiformis (Blanch) Stankev. – 24 
k-2177 Back-ok South Korea acanthiformis (Blanch) Stankev. – 25 
k-2093 Mijshige long pointed 

rooted Japan acanthiformis (Blanch) Stankev. – 34 
k-2175 Sodam South Korea  acanthiformis (Blanch) Stankev. – 45 
k-2178 Shinmyeong South Korea  acanthiformis (Blanch) Stankev. – 46 
N o t е. Dashes mean that varieties are not classified. 

 

Native electrophoresis detected five main esterase isozymes, the B1 
(45.3 kDa), B2 (42.9 kDa), B3 (39.7 kDa), B4 (37.1 kDa), and B5 (35.0 kDa) 
(Fig. 1) in seeds of the 49 studied radish genotypes. All five bands were 
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characterized by polymorphism among the accessions (Table 2). We did not find 
monomorphic zones present in all accessions. 

 

 
Fig. 1. Zymograms of esterases from mature seeds of Raphanus sativus L. (accessions of the VIR World 
Collection, the Vavilov All-Russian Institute of Plant Genetic Resources). Esterase zones are indicated 
along the tracks on the right, accessions numbers are above the lanes For line numbers, see Table 1. 
M — molecular weight markers (15-70 kDa; Prestained Protein Ladder, Thermo Scientific, USA). 

 

2. Esterase zymotypes in mature seeds of Raphanus sativus L. (the VIR World Col-
lection, the Vavilov All-Russian Institute of Plant Genetic Resources) 

Zymotype 
B1 

(45,3kDA) 
B2 

(42,9kDA) 
B3 

(39,7kDA) 
B4 

(37,1kDA) 
B5 

(35,0kDA) 
Total num-
ber of zones

No.1 + + + + + 5 
No. 2 + + + + – 4 
No. 3 – + + + – 3 
No. 4 – + + + + 4 
No. 5 – – + + – 2 
No.6 – – + + + 3 
No. 7 + + – – – 2 

Total  38 45 48 48 26 205 
Frequency of zone 
occurrence, % 19 22 23 23 13 100 

 

By the esterase profiles, all accessions were attributed to seven winter types 
differing from each other by the presence or absence of certain zones (Tables 2, 3).  

3. Attribution of mature seeds of Raphanus sativus L. (accessions of the VIR World Collection, 
the Vavilov All-Russian Institute of Plant Genetic Resources) to esterase zymotypes 

Zymotype  
Number  
of zones in  
zymotype  

Number on zymogram 
Number of genotypes 

total of total number, % 

No. 1(B1-B5) 5 3, 5, 6, 8, 10-14, 16, 17, 23, 24, 27,30-
32,34,38,40,48 21 43 

No. 2(B1-B4) 4 18-22,25,33,36,37,39,41, 42, 44-46,49 16 33 
No.3(B2-B4) 3 28,35,43,47 4 8 
No.4(B2-B5) 4 7,9,15 3 6 
No.5(B3-B4) 2 1,26 2 4 
No. No.6(B3-B5) 3 2,4 2 4 
¹ 7(B1-B2) 2 29 1 2 
N o t е. For description of the accessions, see Table 1, for esterase profiles of zymotypes, see Table 2. 

 

4. Esterase is enzyme contents in mature seeds of Raphanus sativus L. (accessions of the VIR 
World Collection, the Vavilov All-Russian Institute of Plant Genetic Resources) 

Indicator В1 В2 В3 В4 В5 
Mr, kDa 45.3 42.9 39.7 37.1 35.0 
Мin, % 7.06 7.78 16.77 8.74 4.78 
Мах, % 67.44 39.91 54.22 52.10 25.96 
Mean, % 20.11 25.16 29.28 26.60 11.48 
N o t е. Mr— molecular weight, Мin — minimum amount, Мах — maximum amount. 

 

The amount of esterase within each zone varied greatly (Table 4). The 
prevalence ranged between zones from 13 to 23%, the minimum was characteristic 
of B5 zone (4.78%), the maximum of B1 zone (67.44%). The average statistical 
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value of the content of esterase isozymes varied from 11.48 for zone B5 to 29.28% 
for zone B3. 

Zymotype No. 1 (5 zones) accounted for 43% of the total number of 
genotypes. The main part of this group was represented by specimens of the Chi-
nese subspecies green (var. virens Sazon.), pink-red (var. rubidus Sazon.), and 
white (var. lobo) varieties from China and Central Asia. In addition, this group 
included six accessions of Japanese radish of European and Japanese origin and 
an accession of summer European radish. Zymotype No. 2 (4 zones) was typical 
for 33% of the studied accessions. This group consisted mainly of accessions of 
Japanese subspecies from Japan and South Korea, several genotypes of the white 
variety from Egypt and Chile, and two accessions of European summer and winter 
radish. Zymotype No. 3 (3 zones) was characteristic of two accessions of winter 
European radish from Russia and two accessions of daikon of autumn type and 
made up 8% of all genotypes. Three accessions (6%) of European radish demon-
strated zymotype No. 4 (4 zones), each of the two zymotypes, No. 5 (2 zones) 
and No. 6 (3 zones) was represented by two accessions (4%) of local lobo radish 
from Asia Minor and winter black radish. One accession of the daikon Unzen-4-
gatsu (k-1946, Japan) of zymotype No. 7 (2 zones) was the least common, that 
is, having the rarest esterase profile with 2%frequency of occurrence. 

The frequency of heterozygotes is one of the most important characteris-
tics of a population, since each heterozygote carries different alleles and provides 
variability. It should be noted that the smaller the difference between the values 
of the allele frequencies per locus, the higher the obtained value of heterozygosity 
for this locus. Our calculation showed the highest heterozygosity (Hl= 0.503) for 
the isoform B5 (Table 5). For B3 and B4, only one polymorphic allele was iden-
tified and, therefore, the heterozygosity was the lowest (Hl= 0.039). Variance is a 
quantity dependent on heterozygosity, and therefore the patterns identified for 
heterozygosity are similar to those for variance. The application of the formula for 
calculating the variance of average heterozygosity [36] is due to covariations be-
tween heterozygosities at loci l and 푙 determined by the frequencies of double 
heterozygotes 퐻 of these loci. 

5. Population heterozygosity and its variance among Raphanus sativus L. accessions 
(the VIR World Collection, the Vavilov All-Russian Institute of Plant Genetic 
Resources) as calculated based on isozyme analysis data  

Statistical parameter
Isozyme loci (esterase zones) 

B1 B2 B3 B4 B5 
Heterozygosity Hl 0.328 0.152 0.039 0.039 0.503 
Variance Var(Hl) 0.004 0.002 0.001 0.001 0.005 
N o t е.Average heterozygosity Htot. is 0.212, the variance of the average heterozygosity with in a population Var 
(Htot.) is 0.0007. 

 

The formulas we used in our work allow any polynomial in a set of variables 
distributed multinomially to be solved, and the calculated heterozygosity is regarded 
as a measure of polymorphism information which is actively used in genetic research 
and selection programs.  

The isozyme analysis revealed a total of 205 electrophoretic bands of es-
terase isoforms which were used to construct a dendrogram (Fig. 2). The radish 
accessions were found to form one large and two small clusters. An accession of 
the daikon Unzen-4-gatsu (k-1946, Japan) was an out-group. The first small clus-
ter grouped accessions of European winter radishes from Russia (var. niger (L.) 
Sinsk.; var. hybernus) and a local white lobo from Asia Minor (k-698). The second 
large cluster was mainly Chinese and Japanese radish accessions divided into four 
subclusters. The lobos from Russia, Afghanistan, China (var. rubidus Sazon.), Uz-
bekistan and Kazakhstan (var. virens Sazon.), and of spring and autumn daikons 
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were in the first subcluster. The Japanese and European radishes (var. sativus; var. 
niger (L.) Sinsk.), lobos from Egypt and Chile (var. lobo) were in the second 
subcluster. An accession of daikon k-2033 was located outside the first two sub-
clusters. The third subcluster grouped lobo accessions from South Korea, Kyrgyz-
stan, China (var. lobo; var. virens Sazon.) and daikons from South Korea and 
Japan. Note, the genotypes from South Korea and Japan formed two separate 
groups within the subcluster. Two daikons from South Korea and Japan were the 
fourth subcluster. 

 

 
Fir. 2. UPGMA-dendrogram of genetic similarity among Raphanus sativus L. accessions (the VIR World 
Collection, the Vavilov All-Russian Institute of Plant Genetic Resources) based on esterase profiles 
of mature seeds. The bootstrap values on the branches indicate the linkage distances. For description 
of genotypes (numbers on the right), see Table 1. 

 

In the third cluster, mainly accessions of the European subspecies radish, 
and the Japanese subspecies but of European origin were located. The cluster was 
divided into two subclusters, the first was the European winter radishes from Can-
ada and Egypt (var. niger (L.) Sinsk.) and summer radishes from Belarus (var. 
sativus), the second was daikons from France and the Netherlands, white Euro-
pean radishes from Ukraine and Georgia (var. hybernus; var. sativus), and Chinese 
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radishes from China and Japan (var. rubidus Sazon.; var. lobo). Two accessions 
remained outside the subclusters, i.e., the winter black radish from Germany and 
lobo from Asia Minor. 

By phenotypic traits, the studied radish accessions were grouped into five 
clusters (the dendrogram we obtained is not shown, since it corresponded to their 
botanical and agrobiological attribution). European winter and summer radishes 
grouped into separate clusters. Asian radishes were represented by two clusters 
(accessions of the Japanese and Chinese subspecies), and there were no significant 
differences between the accessions of different ecological and geographical origin. 
The last cluster was several accessions of lobo from Central Asia and Asia Minor 
and Chile and a daikon of a local variety population from Japan. That is, the 
phylogenetic pattern obtained using only phenotypic characters did not fully reflect 
the peculiarities of origin and evolution of the studied radishes. 

 

 
Fig. 3. UPGMA-dendrogram of genetic similarity among Raphanus sativus L. accessions (the VIR World 
Collection, the Vavilov All-Russian Institute of Plant Genetic Resources) based on morpho-pheno-
logical traits and esterase profiles of mature seeds. The bootstrap values on the branches indicate the 
linkage distances. For description of genotypes (numbers on the right), see Table 1. 

 

The dendrogram based on morpho-phenological trait sand esterase profiles 
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of seeds (Fig. 3) consists of a large and two small clusters. Outside, as in Figure 
2, there was a Japanese accession of the Unzen-4-gatsu daikon (k-1946). Euro-
pean radish subspecies were in the first cluster divided into two subclusters. The 
first subcluster was winter radish of black (var. niger (L.) Sinsk.) and white (var. 
hybernus) varieties, the second subcluster was Chinese radish genotypes from Asia 
Minor (k-725, k-698) which were local variety populations. 

The second large cluster comprised the Chinese and Japanese subspecies 
and the European summer radish. The cluster was divided into four subclusters. 
Two European summer radishes (var. sativus) from Belarus and Georgia were in 
the first subcluster. The second subcluster consisted of a separate group of lobos 
from Central Asian, a group of lobos of a pink-red variety (var. rubidus Sazon.) 
from China, Russia, and Afghanistan, and daikons from Japan, France, and the 
Netherlands. In the third subcluster, there were two large groups of accessions, 
the first group of the lobo and daikon genotypes from South Korea with a daikon 
from Japan (k-2336) close to them and the second group of daikons from Japan 
and two accessions of the white lobos from Egypt (k- 2074) and Chile (k-2101). 
The fourth subcluster comprised only two accessions, the white lobo from Kyr-
gyzstan (Local, k-1978) and the summer European radish from Russia (Maiskaya, 
k-2163). The third small cluster contained two daikon accessions from Japan and 
South Korea. 

A comparative isozyme profiling of the accessions revealed an intraspecific 
polymorphism and divided the accessions into seven zymotypes different in quan-
titative ratios of the isozyme zones of esterases. The appearance of all five esterase 
zones (zymotype No. 1) was more characteristic of the Chinese subspecies, which 
indicates large intervarietal differences within the subspecies. Four esterase zones 
(zymotypes Nos. 2 and 4) were found mainly in the Japanese and European sub-
species. Three (zymotypes Nos. 3 and 6) and two (zymotypes Nos. 5 and 7) es-
terase zones were found in European winter radish from Russia, daikons from 
Japan and South Korea, and lobo from Asia Minor. The zymotypes Nos. 3 and 6 
were cultivars presumably resulted from individual selection from populations or 
through hybridization followed by selection. The accessions of local origin which 
expressed zymotypes Nos. 5 and 7 are highly homogenous within the cultivar, 
possibly, their selection was localized in a certain area. 

Consequently, the rare esterase zones in these accessions are due to their 
selection or agrobiological affiliation, which is consistent with other reports [15-
17, 39]. We for the first time have shown [15-17] that the assessment of esterase 
isozyme polymorphism is reliable to evaluate genetic polymorphism not only in 
radish (R. sativus) and lines of Brassica rapa L. doubled haploids, but also in 
hexaploid spring wheat (Triticum aestivum L.). Similar results were obtained in 
studying the polymorphism of various wheat varieties (Triticum L.) [39]. In all 
these studies, polymorphism of the isozyme profile of esterases isolated from ma-
ture seeds was revealed in accessions of varietal, linear and collection breeding 
material. A wide variety of electrophoretic profiles of esterase isozymes of mature 
seeds has been shown and the possibility of determining the polymorphism of 
esterases in hybrid generations has been established. Along with the results we 
obtained in this study, this allows us not only to select promising starting material 
for breeding, but also to recommend this type of biochemical markers for solving 
practical problems as a means that can accelerate and simplify selection of breed-
ing material. The fact that similar work on radish, small radish, B. rapa, wheat has 
not been carried out before, once again emphasizes the prospects of using the 
approach we have proposed. 

Cluster analysis of the esterase profiles of seeds showed that the 
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accessions were grouped mainly by origin and partly due to their botanical affil-
iation. Accessions of the European subspecies radish were located in two clusters, 
and the accessions of Russian origin formed a separate group in the first cluster, 
and the accessions of European origin were in the third cluster which also in-
cludes Japanese radishes of European origin. Perhaps this division is due to the 
peculiarities of the selection of these accessions. 

The second large cluster of Asian radishes grouped not only accessions of 
the Chinese and Japanese subspecies, but also several accessions of the European 
subspecies of summer and winter varieties, which could be associated with the 
peculiarities of their origin or with an error in reproduction. Interestingly, South 
Korean accessions, regardless of their botanical affiliation, formed a separate group 
within the third subcluster, which made an important addition to intraspecific 
differentiation. 

Thus, European and Asian accessions were distributed in separate clusters, 
which confirm the origin of the radish diversity from two primary geographic cen-
ters, the Mediterranean and Asian [2, 4]. 

Clustering of accessions by a set of characters (morphological, phenolog-
ical traits, and seed esterases) showed the results most consistent with botanical 
and agrobiological division. The first cluster included all accessions of European 
winter radishes and two variety populations of the lobo. The second large cluster 
grouped accessions of the Chinese and Japanese subspecies, as well as European 
summer radish. Summer European radishes are considered the intermediate forms 
between European winter radishes and small radishes, and lobos are the original 
forms of Japanese radishes and Chinese small radishes. Perhaps this clusters these 
two groups of varieties together. The third cluster contained a group of lobo and 
daikon accessions from South Korea, as in the first dendrogram. This refinement 
was revealed due to the analysis of esterase enzymes and, probably, indicates a 
multiple origin of Japanese radishes [3]. 

The daikon Unzen-4-gatsu (k-1946, Japan) was distinguished by the rare 
esterase zones (zymotype No. 7) and occupied the out-group position. It belongs 
to a morphologically sharply different cultivar Ninengo, a characteristic feature of 
which is a long thin root-crop (50-55 cm in length, 5-6 cm in diameter) and a 
large rosette of leaves (25-30 cm in height, 35-40 cm in diameter). The cultivars 
of this group are the most resistant to frost and stemming [40]. 

So, the performed biochemical analysis of esterases of mature seeds of 
radish accessions of different origin revealed the isozyme polymorphism. Calcula-
tion of heterozygosity Hl for each locus and total heterozygosity of the population 
Htot. revealed the most (B5) and least (B3 and B4) heterozygous esterase isoforms. 
The formulas used in this paper make it possible to solve any polynomial in a set 
of variables distributed multinomially. The calculated heterozygosity Htot. = 0.212 
and the variance for the same accessions Var (Htot.) = 0.0007 can be regarded as 
an effective measure of informational polymorphism to be used in breeding pro-
grams. In addition, the cluster analysis based on the seed esterase profiles coupled 
with phenotypic traits are consistent with botanical and agrobiological classifica-
tion by origin from two primary geographic centers. Consequently, esterase profiles 
of mature seeds are convenient biochemical markers in physiological, biochemical, 
genetic and breeding studies of the crop. 
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A b s t r a c t  
 

Stress tolerance is an important trait, that determines the productivity of plants under 
drought, hypothermia, mineral deficiency, and salinity. Numerous studies of various agricultural crops 
(J.K. Zhu, 2016; E. Fleta-Soriano, S. Munné-Bosch, 2016), including tea crop (Camellia sinensis L.), 
were aimed at solving this problem due to the global aridization of the climate. (T.K. Maritim et al., 
2015; L.S. Samarina et al., 2019). Along with the sufficiently detailed physiological, biochemical and 
molecular studies of tea drought tolerance, the exogenous regulation of tolerance by using of chemical 
and biological substances is still not investigated. In addition, the important role of calcium ions (Ca2+) 
in the cell recognition of an external stressor by the triggering signal transduction has been shown in 
many crops (M.C. Kim, 2009; E.G. Rikhvanov et al., 2014). In these studies, tissue culture media 
supplemented with the osmotically active substances (R.M. Pérez-Clemente et al., 2012; M.K. Rai et 
al., 2011) and artificial biosystems (microshoots and tissues in vitro), are often used as “drought mod-
els” to reveal cellular adaptation mechanisms. However, just a few studies were conducted aimed at 
deciphering the biochemical and molecular responses of tea plant to stress using tissue culture tool 
(L.S. Samarina et al., 2018; M.V. Gvasaliya et al., 2019). In this article, for the first time, we investi-
gated the role of calcium in plant adaptation to long-term osmotic stress based on earlier published 
protocols of tea tissue culture (M.V. Gvasaliya, 2013) and osmotic stress induction protocols.  We also 
demonstrated the prospect of studying the role of exogenous inducers in increasing plant tolerance 
using “drought models”. This work aimed to identify the effect of different concentrations of calcium 
(Ca2+) in the culture medium on the functional state of tea microshoots grown under mannitol-induced 
osmotic stress in vitro comparing with control. The changes in morphophysiological state of the leaves, 
leaves water content, cells membrane permeability, malondialdehyde, proline, and photosynthetic pig-
ments were analyzed. It was found that increased Ca2+ content in the nutrient medium (from 440 to 
880 mg/l) resulted the slower leaves development and significant decrease of malondialdehyde and cell 
membranes permeability of tea microshoots (by 50 %, р  0.05) during the long-term cultivation of 
tea microshoots in vitro (4 months), indicating inhibition of lipid peroxidation processes. The addition 
of mannitol (40 g/l) to the culture medium reduced the water content of the shoots (on average by 
2 %, р  0.05), thereby forming light osmotic stress, which led to the accumulation of proline (an 
increase of 30-40 %, р  0.05), as well as to the structural and functional rearrangement of the pho-
tosynthetic apparatus (a decrease in the concentration of photosynthetic pigments by an average of 35-
40 %). In addition, a significant decrease of malondialdehyde (by 50-70 %, p  0.05) and the intensity 
of electrolyte leakage from leaf tissues (on average by 50 %, p  0.05) were observed, indicating a less 
pronounced oxidative stress in comparison with control (without mannitol). An increase in the Ca2+ 
concentration in the nutrient medium (from 440 to 880 mg/l) (in the presence of mannitol) did not 
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significantly affect the water content in the leaves and the photosynthetic apparatus (content and ratio 
of chlorophylls/carotenoids). An insignificant effect of calcium (in the presence of mannitol) mani-
fested itself in a significant decrease in malondialdehyde by 20 μmol/g dry weight. Consequently, the 
increased concentration of calcium (660-880 mg/l) in the nutrient medium provides an improvement 
in the functional state of long-term cultivated tea microshoots in vitro (4 months) by reducing the 
activity of lipid peroxidation in membranes and increasing their stability. The revealed patterns confirm 
the positive role of calcium ions in the reduction of combined oxidative stress caused by long-term 
cultivation of plants in vitro in combination with osmotic stress. 

 

Keywords: tea plants, Camellia sinensis L., in vitro microshoots, calcium, mannitol, osmotic 
stress, pigments, proline, malondialdehyde 

 

Stress resistance is essential to determine plant productivity [1, 2]. Osmotic 
stress caused by drought, hypothermia, and salinity leads to tissue dehydration and 
even plant death [3, 4]. The effect of stressors is traced by a complex of physiolog-
ical, biochemical and molecular processes, including growth, water content and wa-
ter potential of leaves, enzymatic activity, metabolomic profile, and gene expression 
[1, 5, 6]. 

Calcium (Са2+) plays a special role in maintaining plant resistance to ad-
verse environmental factors [7, 8]. A change in its concentration in the cytosol is 
the first stage in the cell recognition of an external stimulus and the triggering of the 
signal transduction system for a response [7, 9, 10]. An important group of sensors 
involved in the cascade of calcium ion signals in higher plant cells are Ca-dependent 
protein kinases [11, 12]. Under the action of calcium, changes are noted in the 
growth, photosynthesis and water-air regime of plants, the functions of stomata, and 
accumulation of stress proteins [7, 13]. The induction of the antioxidant system 
reduces the oxidative damage [14, 15].  

Tea plants (Camellia sinensis L.) are cultivated in drought-prone regions 
of the world [16-18]. According to a number of researches [9, 16, 18], including 
our own [17], hydrothermal stress leads to the loss of more than 50% of the tea 
yield under dryland conditions. Progressive climate aridization imposes urgency 
on the problem of plant drought resistance. Much attention is paid to the mech-
anisms of tea plant resistance to drought, the search for the most informative 
markers of drought resistance, and creation of new resistant varieties [4, 9, 15]. 
However, in-depth understanding of the young tea shoot metabolism under the 
exogenous effects of biogenic elements and other substances are practically not 
covered, though being widely studied in other crops where agar nutrient media 
with the addition of osmotically active substances are used as “drought models” 
[19-21]. The “drought models” are suitable to control water potential, which is 
essential to ensure high accuracy, reproducibility and comparative assessment of 
various experiments [22].  

In vitro plant tissues and microshoots are informative model systems for 
studying metabolic processes and cellular responses to stresses, including physio-
logical and biochemical changes. This technique was used to select resistant gen-
otypes of potato [23], lathyrus culture [24], cucumber [25], and beans [26] under 
osmotic stress (drought). However, little research has focused on tea plants [27, 
28], and these studies have mainly elucidated biochemical and molecular responses 
to drought for better understanding the changes it causes in plant proteome and 
metabolome. 

In this paper, we have established for the first time the role of calcium in 
the adaptation of tea microshoots to stress caused by prolonged in vitro growing 
combined with osmotic stress, and confirmed the prospect of agar culture media 
added with mannitol as a “drought models” for studying effects of exogenous 
inducers on plant resistance. 

The aim of the work was to assess the reaction functional performance of 
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in vitro grown tea microshoots under optimal conditions and upon the mannitol-
simulated weak osmotic stress as influenced by different concentrations of calcium 
(Ca2+) in the nutrient medium. 

 Materials and methods. Microshoots of tea (Camellia sinensis L.) local 
population were grown in vitro on the Murashige-Skoog nutrient medium supplied 
with 6-benzylaminopurine (BAP, 6 mg/l), 1-naphthaleneacetic acid (NAA, 1 mg/l), 
gibberellic acid (HA, 2 mg/l) [29). The treatments were 1 — basial nutrient me-
dium with CaCl2 (440 mg/l, control); 2 — basal nutrient medium with CaCl2 
(880 mg/l); 3-5 — basal nutrient medium with 40 g/l mannitol and 440, 660, and 
880 mg/l CaCl2, respectively. For each treatment, 10-15 microshoots were grown 
for 4 months in a factorostatic chamber (16/8 h photoperiod, 25±1.0 С, humidity 
70%, illumination 3000 lx, lamps L 36 W/765, OSRAM GmbH, Germany). 
Leaves of microshoots were collected for analysis. 

The water content in leaves was measured by drying samples in a thermo-
stat (BD-115, Binder GmbH, Germany) at 70 С to constant weight [30]. 

To assess cell membrane stability, a portion of leaves (50 mg) was placed 
in deionized water (50 ml). Electrical conductivity was measured in 0, 60, 120 
minutes, and 60 minutes after boiling the plant sample (a portable ST300C con-
ductometer, STCON3 sensor with verification, OHAUS Corporation, USA). The 
relative electrical conductivity of the solution was calculated as L1/L2 ½ 100 %, 
where L1 is the electrical conductivity in 0 min, L2 is the electrical conductivity in 
the cooled solution after boiling in a water bath for 1 h at 100 С [31].  

Lipid peroxidation (LPO) was assessed the malondialdehyde (MDA) con-
centration [32]. Leaves of tea microshoots were homogenized in 0.1 M Tris-HCl 
buffer (pH 7.5) with 0.35 M NaCl followed by adding a 0.5% solution of thiobar-
bituric acid in a 20% aqueous solution of tri-chloroacetic acid. The reaction mixture 
was incubated for 30 min in a boiling water bath (WB-4MS, BioSan, Latvia), 
cooled, and the optical density of the supernatant liquid was measured (SF-46 spec-
trophotometer, LOMO, Russia) at  = 532 nm.  

 Pigments were extracted from leaves using 96% ethanol [32]. After 
centrifugation of the homogenate (13000 rpm, 5 min), the chlorophyll a (Chlа) 
( = 665 nm), chlorophyll b (Chlb) ( = 649 nm), and carotenoids (Car) 
( = 440 nm) concentrations were measured in the supernatant. The concentra-
tions of pigments were calculated by the standard method [33]. 

Proline was extracted from leaves by a standard method and measured 
with a ninhydrin reagent [27] at  = 520 nm (a USF-01 device, VNIIOFI, Russia).  

All measurements were conducted in three biological and three analytical 
replicates. Statistical processing was performed using Microsoft Excel 2010 and 
SigmaPlot 12.2 (http://www.sigmaplot.co.uk) programs. The table and figures show 
the arithmetic mean values (M) and their standard errors (±SEM). The significance 
of the differences between the means was assessed by the Student’s t-test; values 
marked with different Latin letters differ at p  0.05.  

 Results. Mannitol is known to cause in vitro osmotic stress [27, 34]. 
In our tests, tea microshoots grown for 4 months in vitro were low, which was 
also noted earlier [27], and had bright green leaves (Fig. 1). High Ca2+ con-
centration in the basal nutrient medium (880 vs. 440 mg/l CaCl2, that is, 2 
times higher than the normal Ca2+ level) caused a pronounced decrease in the 
microshoot height (see Fig. 1, A). Therefore, an increase in Ca2+ concentration 
slowed down the formation and development of leaves in tea microshoots. This 
tendency continued under osmotic stress, i.e., the higher the Ca2+ concentra-
tion in the medium, the smaller the leaf size (see Fig. 1, B). Nevertheless, the 
leaves were well developed, that is, we did not observe apparent stress effects, 
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which may evidence the Ca2+ protectiveness found in other studies, for exam-
ple, in potatoes [23]. Note that in the available literature, we did not find any 
reports on the drought modeling in tea plants in vitro, except for our work. 

 

A 

 
B 

Fig. 1. Microshoots of tea plants (Camellia sinensis L.) grown in vitro on the nutrient media with (A) 
and without (B) osmotic agent mannitol (40 g/l) and different concentrations of CaCl2 (top row — 400 
and 800 mg/l, bottom row from left to right 400, 600, and 800 mg/l). 

 

The water content in the cells is an important parameter to characterize 
physiological state of a plant, especially under drought conditions [19]. Our study 
showed that the water content in leaves of tea microshoots grown on the basal 
nutrient medium did not depend on the effective concentration of Ca2+ and was 
practically equal for both treatments (Table 1). 

Mannitol slightly but reliably decreased water content in leaves (by 2 %, 
p  0.05), and this effect did not depend on the CaCl2 concentration in the 
medium. Based on this, we assumed that Ca2+ contributed to the maintenance 
of water homeostasis of leaves in vitro in tea microshoots under osmotic stress, 
and this effect was practically the same at all studied concentrations (from 440 to 
880 mg/l). There are reports that Ca2+ is involved in the regulation of plant re-
sponses to the adverse effects of drought [35]. In seedlings of Vernicia fordii Hemsley 
and Hordeum vulgare L. treated with this macronutrient, the leaf water content 
increased, and this effect depended on the time of exposure, Ca2+ concentration, 
and plant genotype [36, 37].  

1. Water content in leaves of tea (Camellia sinensis L.) microshoots grown in vitro, 
as influenced by CaCl2 concentration in the osmotic nutrient media  

Mannitol  Treatment СаCl2 concentration, mg/l Water content, % 
Basal medium (no 
mannitol) 

1 400 66.22±1.92а 
2 800 66.73±2.28а 

Basal medium added 
with mannitol (40 g/l) 

3 400 64.79±0.11b 
4 600 64.59±0.76b 
5 800 64.40±1.45b 

a, b Differences between values marked with different Latin letters are statistically significant at p  0.05. 
 

Stressful conditions, including drought, often promote generation of reac-
tive oxygen species in plant cells and intensify oxidative processes [1, 4, 19, 35]. 
Thence, LPO parameters in cells are determined, e.g., by the measuring MDA 
concentration [19, 38]. We noted a higher MDA level in the leaves of microshoots 
grown on the basal medium with low Ca2+ concentration (440 mg/l CaCl2), on 
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average, approximately 2 times as much as for other treatments (Fig. 2). Perhaps 
this effect is due to the lack of this compound in the nutrient medium during 
long-term cultivation of tea microshoots in vitro. With an increase in Ca2+ con-
centration in the medium (up to 880 mg/l CaCl2), the MDA concentration sig-
nificantly decreased and the values detected under osmotic stress in combination 
with different Ca2+ concentrations. So, in the presence of mannitol in the nutrient 
medium, the MDA concertation for treatment 3 (440 mg/l CaCl2) was 51.8% 
lower than for treatment 1 (control), 60.7% lower than for treatment 4 (660 mg/l 
CaCl2), and almost 70% lower than for treatment 5 (880 mg/l CaCl2) (p  0.05). 
These results draw us to the conclusion that not only mannitol, but also Ca2+ 
(especially in high concentrations) has a regulatory effect on the antioxidant sys-
tem of tea microshoots, which is confirmed by the data on a decrease in lipid 
peroxidation level upon treatment 2-5 compared to control treatment 1. As noted, 
drought conditions contribute to the development of oxidative stress, disrupting 
the balance between production and detoxification of reactive oxygen species [39]. 
In this case, Ca2+ ions are important secondary messengers in the transduction of 
intracellular signals in plants and in the regulation of oxidative reactions [7, 8]. 
The exogenous application of Ca2+ was shown to reduce negative impact of 
drought on Helianthus annuus L. seedlings [40]. Our results also indicate a signif-
icant decrease in the intensity of oxidative processes in the cells of tea microshoots 
due to Ca2+ application under osmotic stress. 

 

 

Fig. 2. Malonic dialdehyde (MDA) concentration in 
leaves of tea (Camellia sinensis L.) microshoots grown 
in vitro, as influenced by CaCl2 concentration in the 
nutrient media without (1, 2) or with (3-5) mannitol 
(40 g/l): 1 — basial nutrient medium with CaCl2 
(440 mg/l, control); 2 — basal nutrient medium with 
CaCl2 (880 mg/l); 3-5 — basal nutrient medium with 
40 g/l mannitol and 440, 660, and 880 mg/l CaCl2, 
respectively. Statistically significant differences be-
tween mean values (p   0.05) are marked by dif-
ferent Latin letters.  

 

 

Fig. 3. Relative electrical conductivity which reflects 
the electrolytes leakage form leaves of tea (Camellia 
sinensis L.) microshoots grown in vitro, as influenced 
by CaCl2 concentration in the nutrient media without 
(1, 2) or with (3-5) mannitol (40 g/l): 1 — basial nu-
trient medium with CaCl2 (440 mg/l, control); 2 — 
basal nutrient medium with CaCl2 (880 mg/l); 3-5 — 
basal nutrient medium with 40 g/l mannitol and 440, 
660, and 880 mg/l CaCl2, respectively. Statistically sig-
nificant differences between mean values (p  0.05) 
are marked by different Latin letters. 

 

An altered state of plant cell membranes resulted in a change in relative 
electrical conductivity is one of the initial stages of plant response to stressors [7, 
10]. Cell membrane regulation, being a part of the entire regulation systems in the 
plant, is the most important adaptation mechanism that determines the preserva-
tion of viability, and the permeability of plant cell membranes (the rate of release 
of electrolytes from tissues) is an indicator of plant resistance to stresses, including 
the osmotic stress [41]. By analogy with the MDA level, the highest electrolyte 
efflux from leaf tissues occurred in tea microshoots grown on the basal medium 
with Ca2+ (Fig. 3). With an increase in the Ca2+ concentration (880 mg/l CaCl2) 
in the presence of mannitol, the leakage of electrolytes decreased 1.5-2.0 times on 
average (p  0.05), which indicates an increase in the stability of cell membranes. 
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Under osmotic stress, the effect was more apparent at higher concentrations of 
Ca2+ (660 and 880 mg/l CaCl2) when we noted a decrease in relative electrical 
conductibility (see Fig. 3). Such a decrease indicated a less pronounced lipid pe-
roxidation in cell membranes of these in vitro grown microshoots upon application 
of higher concentrations of Ca2+, which is in line with literature data [14, 15]. 
The changes in the analyzed parameter directly correlate with the MDA levels in 
leaves, demonstrating a more pronounced development of lipid peroxidation pro-
cesses in cells when Ca2+ concentrations in the medium during long-term culture 
is insufficient (up to 440 mg/l CaCl2). 

It is known that stress enhances hydrolytic processes, which leads to the 
accumulation of so-called stress metabolites, for example, proline, a low-molecu-
lar-weight osmotically active compound capable of forming hydrophilic colloids 
which protects proteins from denaturation under various stresses [9]. Our studies 
have shown an increase in the free proline in tea microshoots under osmotic stress 
(Fig. 4). An increase in the Ca2+ concentration to 880 mg/l significantly decreased 
proline concentration in the leaves of tea microshoots. The ratio of the absolute 
content of proline in microshoots for +mannitol/mannitol treatments (after 
stress/before stress) which characterizes the rate of proline production was the 
highest for 400 mg/l CaCl2 and amounted to 1.45 vs. 1.36 for 880 mg/l CaCl2.  

 

 

Fig. 4. Proline concentration in leaves of tea (Ca-
mellia sinensis L.) microshoots grown in vitro, as 
influenced by CaCl2 concentration in the nutrient 
media without (1, 2) or with (3-5) mannitol (40 
g/l): 1 — basial nutrient medium with CaCl2 (440 
mg/l, control); 2 — basal nutrient medium with 
CaCl2 (880 mg/l); 3-5 — basal nutrient medium 
with 40 g/l mannitol and 440, 660, and 880 mg/l 
CaCl2, respectively. Statistically significant dif-
ferences between mean values (p  0.05) are 
marked by different Latin letters. 

 

2. Concentration (mg/g dry weigh) of chlorophyl а (Chla), chlorophyl b (Chlb), and 
carotenoids (Car) in leaves of tea (Camellia sinensis L.) microshoots grown in 
vitro, as influenced by CaCl2 concentration in the osmotic nutrient media 

Treatment  Chla Chlb Car  Chla + Chlb (Chla + Chlb)/Car 
Basal medium without mannitol:  

440 mg/l CaCl2 3.68±0.84a 0.90 ±0.30a 1.74±0.34a 4.58 2.63 
880 mg/l CaCl2 3.91±0.46a 0.95 ±0.17a 1.82±0.20a 4.86 2.67 

Basal medium with mannitol (40 g/l): 
440 mg/l CaCl2 2.39±0.32b 0.73±0.05a 1.26±0.12a 3.12 2.48 
660 mg/l CaCl2 1.95±0.11b 0.54±0.04b 0.98±0.04b 2.49 2.54 
880 mg/l CaCl2 2.07±0.16b 0.55±0.04b 1.07±0.05b 2.62 2.45 

a, b Differences between values marked with different Latin letters are statistically significant at p  0.05. 
 

Osmotic compounds can cause a stress response in plants, including that 
leading to structural and functional rearrangement of the photosynthetic apparatus 
and inhibition of photosynthesis [42, 43]. The leaves of photosynthetic pigments 
in tea microshoots grown on the basal nutrient medium with Ca2+ were the highest 
and almost equal at both Ca2+ concentrations (Table 2). This may be a conse-
quence of the structural and functional rearrangement of the photosynthetic ap-
paratus, as well as a change in the concertation of reactive oxygen species, which 
explains the high level of LPO and the release of electrolytes (see Fig. 2 and 3) in 
long-term culture of microshoots on a nutrient medium with low concentrations 
of Ca2+ (440 mg/l CaCl2). This aspect seems to us interesting and will be further 
studied. 

When microshoots were grown on the basal medium with various Ca2+ 
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concentrations, the Chla levels in their leaves were the highest, while when man-
nitol was added, the Chla decreased upon all treatments by 35-40% (p  0.05), 
that is, almost equally (see Table 2). A similar trend is characteristic of the Chlb 
levels. The level of chlorophyll b was high in the control (440 mg/l CaCl2), man-
nitol added to this medium, decreased Chlb concentration by 20% (p  0.05). For 
combination of mannitol and higher concentrations of Ca2+ (660 and 880 mg/l 
CaCl2), the decrease was 40% compared to the control (p  0.05). A decrease in 
the concentrations of chlorophylls in plant tissues is considered a manifestation of 
oxidative stress and can be the result of both degradation of pigments and struc-
tural reorganization of chloroplasts [43, 44].  

The pigment system of plants is not only chlorophylls but also carotenoids 
that absorb the blue spectrum light, protect photosynthetic apparatus from photo-
degradation, and perform other protective functions [45]. As follows from our 
data, the trends in Car concentration changes were largely similar to those for 
chlorophylls, especially for Chlb (see Table 2). A higher content of carotenoids 
was characteristic of the leaves of tea microshoots grown on the basal medium 
with Са2+; the mannitol added to the medium, decreased carotenoids, but only 
for 660 and 880 mg/l CaCl2 (treatments 4 and 5).  

The revealed changes in the levels of pigments reflect the structural and 
functional reorganization of the photosynthetic apparatus of tea microshoots under 
low osmotic stress caused by mannitol. It is also possible that the observed changes 
occur under in vitro conditions and are largely due to in vitro differentiation of 
plant tissue structures, which was repeatedly reported [21, 23, 29].  

Thus, a Murashige-Skoog nutrient medium added with mannitol (40 g/l) 
and 440-880 mg/l CaCl2 causes changes in physiological and biochemical proper-
ties of tea microshoots in in vitro culture. This is manifested in a decrease in leaf 
water content (by 2%, p  0.05), which is indicative of weak osmotic stress, in the 
accumulation of free proline in leaves, and in a decrease in the levels of photo-
synthetic pigments (chlorophyll a, chlorophyll b, and carotenoids). When manni-
tol is added and the concentration of Ca2+ increases, the relative electrical con-
ductivity and the concentration of malondialdehyde decrease, which indicates a 
decrease in cell membrane lipid peroxidation. Our study discloses some cellular 
mechanisms of action and the role of exogenous Ca2+ in tea microshoots during 
long-term culture and under osmotic stress. These data are of great importance 
with regard to depositing tea plants in biotechnological collections. In addition, 
they testify to the significant role of osmolytes in the preservation and maintenance 
of plant viability, especially in vitro.  
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A b s t r a c t  
 

The success of breeding research is in many ways determined by the successful selection of 
parental forms for hybridization. In recent years, along with traditional approaches, the results of 
marker-assisted selection (MAS) are actively used for the selection of parental lines, in order to com-
bine valuable alleles of parental genotypes. Such programs are widely used for different crops in many 
countries, including Russia. The use of MAS is promising both at the initial stage in the selection of 
parental samples for crosses and at the stages of analysis of segregating hybrid populations. In this 
work, the selection of parental potato varieties for crosses was carried out based on the results of MAS 
of initial varieties with markers of R-genes conferring resistance to various harmful organisms as well 
as based on their economically valuable characters. To increase the efficiency of the selection of prom-
ising hybrid genotypes obtained in intervarietal crosses, we used an integrated approach that combines 
MAS with markers of R-genes for resistance to various diseases and pests with traditional methods for 
assessing economically valuable traits of hybrid populations. The resulting hybrids of three combina-
tions (Gusar ½ Charoit), (Gusar ½ Aliy Parus), (Gusar ½ Sireneviy tuman) also participated in MAS 
with 8 markers of 6 R-genes conferring resistance to potato virus Y (Rysto) and potato virus X (Rx1), 
to golden (H1) and pale (Gpa2) potato cyst nematodes, and race-specific resistance to late blight (R1, 
R3A). Almost all the hybrids had different combinations of R-gene markers. To identify the allelic 
composition of the R-genes in the parental varieties, the segregation of DNA markers in each combi-
nation was analyzed, which allowed us to determine the level of heterozygosity of the marked loci in 
the parental varieties. Main economically valuable characters of the hybrids were also evaluated in the 
field trials. As a result, out of 144 hybrids, 31 genotypes were identified that have one or the other 
economically valuable traits (yield, marketability, shape of tubers, starch content, field resistance to 
late blight), and 113 hybrids were rejected. In 23 of the 31 selected hybrids, productivity varied from 
600 to 1525 grams per plant. Twelve of these 23 hybrid genotypes combined relatively high productivity 
and marketability of tubers with various combinations of Rysto, Rx1, H1, Gpa2, R1, and R3A gene 
markers. Thus, the use of an integrated approach that combines traditional breeding methods and MAS 
increases the efficiency of the selection of promising genotypes with a given set of traits. The selected 
hybrid genotypes are of interest for further breeding aimed at creating competitive varieties with com-
plex resistance to various pathogens and pests, including viral and nematode resistance, that will need 
fewer chemical treatments to protect the crop. 

 

Keywords: potato, varieties, hybrids, valuable traits, disease resistance, R-genes, DNA 
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markers, MAS, PVY, PVX, potato viruses, Globodera rostochiensis, the golden potato cyst nematode, 
Globodera pallida, the pale potato cyst nematode, late blight, Phytophthora infestans 
 

Plant breeders use various approaches and methods to choose pairs for 
hybridization which are based on ecological and geographical features, differences 
in productivity parameters, duration of growing phases or unequal resistance to 
diseases and pests, and the combining ability of parents [1, 2]. However, despite 
the long history of investigations aimed to improve these methods, successful hy-
brid combinations remain largely unpredictable [3]. In recent years, along with 
conventional approaches, marker assisted selection (MAS) are used to combine 
valuable alleles of parental genotypes. In potato breeding, their complementarity 
is mostly used in combination with MAS for DNA markers of different genes of 
plant resistance to diseases and pests [4, 5]. The combination of MAS with markers 
of resistance R-genes with common selection of hybrid genotypes by yield and 
other agronomical traits increases the breeding efficiency, which was shown by pro-
grams of creating nematode-resistant [6] and virus-resistant [7, 8] breeding material 
and selection of new promising potato clones with complex resistance to various 
pathogens [9-13]. Similar programs are being implemented in Russia [14-16]. 

Since potato cultivars are highly heterozygous tetraploid genotypes, inter-
varietal hybrids segregate, including by the presence/absence of DNA markers of 
a certain locus. Data on the inheritance of DNA markers of the dominant alleles 
of the resistance R-genes facilitate selection of promising intervarietal hybrid gen-
otypes in the offspring. In addition, characterization of the allelic composition and 
heterozygosity of the marked loci in parental varieties makes it possible to predict 
appearance of the offspring resistant to a specific pathogen and the siaze of ana-
lyzed segregating populations [17-21]. In hybrid populations, depending on the 
degree of heterozygosity of the marked R-locus in the initial cultivar, the frequency 
of resistant genotypes carrying at least one dominant allele will be 100% for quad-
riplex (RRRR) or triplex (RRRr), 83.4% for duplex (RRrr), and 50% for simplex 
(Rrrr) [17].  

Potato varieties with economically valuable traits registered for use in the 
North-West region of Russia have derived from the original multispecies hybrids 
[22-24]. Our earlier MAS results for these varieties [25, 26] detected different 
DNA markers associated with genes for resistance to the causative agent of potato 
wart, the most common and harmful Y and X potato viruses (PVY and PVX), 
markers of genes for race-specific resistance to the late blight (Phytophthora in-
festans Mont. de Bary), and markers of genes for resistance to various types of cyst 
nematodes, i.e., the golden potato nematode (GPN) Globodera rostochiensis (Wol-
lenweber) Behrens and pale potato nematode (PPN) G. pallida (Stone) Behrens. 
The selection of genotypes resistant to these nematodes using methods of plant 
pathology is very difficult because of internal and external quarantine for GPN 
and PPN, respectively. Markers of genes for resistance to G. pallida revealed in 
breeding material is of particular value, since this nematode species has not yet 
been found in the Russian Federation, although there is a great danger of its 
introduction from the outside [27].  

In this work, based on the MAS data [26], we selected parental pairs and 
performed a series of intervrietal crosses in order to combine SCAR markers of R-
genes conferring resistance to various diseases and pests in one genotype. The maternal 
form was the cv. Gusar possessing markers of genes for PVY and GPN resistance. 
This variety is unsuitable as a pollinator due to the inherent cytoplasmic male sterility 
[26, 28]. The paternal forms in three combinations were cv. Charoit, Alyi Parus, and 
Sirenevyi tuman in which DNA markers of genes for resistance to PVX and to PPN 
were identified. In this study, segregating hybrid populations derived from these 
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combinations were involved in MAS to revealed promising genotypes with various 
combinations of markers of dominant alleles of R-genes conferring resistance to var-
ious diseases and pests and to search among them for clones with a complex agro-
nomically valuable traits (productivity, marketability, flattened surface of tubers, and 
starchiness).  

The aim of the work was to increase the efficiency of breeding with the 
use of an integrated approach that combines MAS and common breeding meth-
odology to select promising intervarietal hybrids.  

 Materials and methods. Experiments were performed in 2017-2019 
(Belogorka Leningrad Research Institute of Agriculture, Gatchinsky District, Len-
ingrad Province). 

Parental pairs used in intervarietal crosses possessed economically valu-
able traits (productivity, quality of tubers, and resistance to the most common 
diseases). The varieties were created in different years and adapted to the con-
ditions of the North-West region of Russia (the originators are Belogorka Len-
ingrad Research Institute of Agriculture and LLC Breeding firm LiGa, Lenin-
grad Province) [29-31]. Data on molecular screening of potato varieties [26] 
performed by us earlier with DNA markers associated with R-genes for resistance 
to PVY, PVX, GPN, BKN and genes for race-specific resistance to late blight 
were also used to involve varieties with markers of different R genes in hybridi-
zation. Crossings were performed in 2017 in three combinations: Gusar ½ Char-
oit, Gusar ½ Alyi Parus, and Gusar ½ Sirenevyi tuman.  

In 2018, seeds of hybrid offsprings were sown in a greenhouse followed by 
open-field planting of the seedlings. In July 2018, leaves of each hybrid genotype 
plants were collected to extract DNA, and in September 2018, tubers were col-
lected individually from each hybrid. In the spring of 2019, based on the results 
of storing tubers, 144 hybrids from three combinations were selected and planted 
(a 2.3 m2 8-tuber plot for each hybrid genotype). The best hybrid genotypes were 
selected in 2019 (an experimental field, Belogorka Leningrad Research Institute 
of Agriculture, Leningrad Provinceregion) by late blight resistance and resistance 
to viral diseases during the growing season and by a complex of economically 
valuable traits (productivity, presentation of tubers, uniformity of nests and tubers 
in the nest, content of dry matter and starch in tubers) in lab test and after har-
vesting. 

MAS was performed for 112 out of 144 hybrid genotypes, including 27 
hybrids for Gusar ½ Charoite combination, 30 hybrids for Gusar ½ Alyi Parus, 
and 55 hybrids for Gusar ½ Sirenevyi tuman hybrids.   

The leaves collected from individual hybrid plants in the summer of 2018 
(an experimental field, Belogorka Leningrad Research Institute of Agriculture, Len-
ingrad Province), were fixed in liquid nitrogen and delivered to the laboratory in 
dry ice. Total DNA was CTAB-extracted in our proposed modification [32].  

MAS of intervarietal hybrids was performed with 8 SCAR (sequence char-
acterized amplyfied region) markers associated with six R-genes for resistance to 
viruses PVY (Rysto), PVX (Rx1), to cyst potato nematodes G. rostochiensis of 
pathotype Ro1 (gene H1), G. pallida of pathotypes Pa2/Pa3 (gene Gpa2), and 
with genes for race-specific resistance to late blight (R1, R3a).  

PCR was run in a 20 μl reaction mixture containing 40 ng of total 
DNA, 1½ reaction buffer (Dialat Ltd, Moscow), 2.5 mM MgCl2, 0.6 mM each 
dNTPs, 0.25 μM forward and reverse primers and 1 unit of BioTaq-DNA pol-
ymerase (Dialat Ltd, Moscow) (a Mastercycler® nexus gradient DNA ampli-
fier, Eppendorf, Germany). The PCR protocols and annealing temperatures 
generally corresponded to those given in the literature for each of the markers 
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used [10, 33-38]; the TouchDown function was added to the protocols as in-
dicated below to increase the specificity.  

The PCR protocols for the markers were as follows. For YES3-3A: 3 min 
30 s at 94 С; 45 s at 94 С, 1 min at 60 С with a decrease in the annealing 
temperature by 1 С per cycle, 1 min at 72 С (5 cycles); 40 s at 94 С, 40 s at 55 
С, 1 min at 72 С (35 cycles); 10 min at 72 С (TouchDown) [34]. For YES3-
3B: 3 min 30 s at 94 С; 45 s at 94 С, 45 s at 58 С with a decrease in the 
annealing temperature by 1 С per cycle, 1 min at 72 С (5 cycles); 40 s at 94 С, 
40 s at 53 С, 1 min at 72 С (35 cycles); 10 min at 72 С (TouchDown) [34]. 
For 5Rx1: 3 min 30 s at 94 С; 45 s at 94 С, 45 s at 55 С, 1 min at 72 С (35 
cycles); 10 min at 72 С (with an increased time for denaturation and annealing) 
[33]. For 57R: 3 min 30 s at 94 С; 45 s at 94 С, 1 min at 65 С with a decrease 
in the annealing temperature by 1 С per cycle, 1 min at 72 С (5 cycles); 45 s at 
94 С, 45 s at 60 С, 45 s at 72 С (35 cycles); 10 min at 72 С (TouchDown) 
[35]. For N195: 3 min 30 s at 94 С; 45 s at 94 С, 45 s at 66 С with a decrease 
in the annealing temperature by 1 С per cycle, 1 min 30 s at 72 С (8 cycles); 
30 s at 94 С, 30 s at 58 С, 1 min 30 s at 72 С (35 cycles); and then 10 min at 
72 С (TouchDown) [10]. For Gpa2-2: 4 min 30 s at 94 С; 30 s at 94 С, 30 s 
at 60 С, 1 min at 72 С (35 cycles); 10 min at 72 С [36]. For R1: 3 min 30 s at 
94 С; 45 s at С, 1 min at 65 С with a decrease in the annealing temperature by 
1 С per cycle, 1 min 30 s at 72 С (10 cycles); 45 s at 94 С, 45 s at 55 С, 1 min 
30 s at 72 С (30 cycles); 10 min at 72 С (TouchDown) [37]. For R3a: 3 min 
30 s at 94 С; 45 s 94 С, 45 s at 68 С with a decrease in the annealing temperature 
by 1 С per cycle, 1 min 30 s at 72 С (10 cycles); 45 s at 94 С, 45 s at 58 С, 1 
min 30 s at 72 С (35 cycles); 10 min at 72 С (TouchDown) [38]. DNA of parental 
cultivars were positive controls and distilled water was a negative control. 

Amplified DNA fragments were separated in 2% agarose gels in TBE 
buffer. The gels were stained with ethidium bromide, followed by visualization in 
transmitted UV light.  

Assessed economically valuable traits of intervarietal hybrids were their 
productivity, marketable type of tubers, and content of dry substances and starch 
in tubers. The study involved 144 hybrid genotypes, for each of them the indicators 
for 8 plants were determined. Productivity was assessed gravimetrically, the aver-
age tuber weight, the number of tubers per plant, and the average tuber weight per 
nest were calculated. The number of commercial and non-commercial tubers, 
their weight per plant, the evenness of the nests and the number of tubers per nest 
were recorded. The marketability was assessed by Banadisev wet al. [39]. The 
contents of dry matter and starch were determined by the specific weight of tubers 
converted into the percentage of dry matter and starch using a special table [40]. 
The taste of tubers was scored according to a 9-point scale where 9 points are 
excellent, 1 point is bad (bitter, unpleasant) [41]. The culinary type was assigned 
to A (table potatoes, not boiled soft), B (poorly boiled soft), C (boiled soft), and 
D (highly boiled soft) as per the international classification of potato tuber table 
qualities [41]. The plant resistance to late blight was assessed under strong natural 
infection in 2019 (an experimental field, Belogorka Leningrad Research Institute of 
Agriculture, Leningrad Province) using a scale from 1 (whole plant affected) to 9 
points (no disease symptoms). 

Statistical processing of agronomic trait characteristics was performed by 
conventional methods [42]. Chi-squared (2) test was used to estimate deviations 
from the theoretically expected segregation in hybrid populations (1:1 or 5:1) at 
different levels of heterozygosity of marked R-loci in the carriers of dominant 
alleles. 
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1. Characterization of parental potato varieties involved in intervarietal hybridization in 2017 (the originators are Belogorka Leningrad Research 
Institute of Agriculture and LLC Breeding firm LiGa, Leningrad Province) 

Trait Gusar Alyi Parus Sirenevyi tuman Charoit 
Markers of R-genes [26] for resistance:     

to viruses     
YES3-3A/YES3-3B (PVY, Rysto)  +/+ / / / 
5Rx1 (PVX, Rx1)   + + + 

to late blight     
R1 (R1) + -   
RT-R3a (R3a)  + + + 

to potato cyst nematodes     
57R/N195 (golden, H1) +/+ +/+ / / 
Gpa2-2 (pale, Gpa2)  + + + 

Commercially valuable traits and diseases 
resistance ([lant disease estimates) [29-31] 

Mid-season, the yield up to 60 t/ha, 15-19% 
starch, long period of tuber dormancy; re-
sistant to golden potato nematode, potato wart, 
late blight, common scab, and rhizoctonia 

Mid-season, the yield up to 50 t/ha, 
18-23% starch, resistant to golden 
potato nematode, viruses, and potato 
wart  

Mid-season, the yield up to 60 t/ha, 
14-17% starch, resistant to potato wart, 
late blight, and viruses 

Super-early potato, the yield up 
to 55 t/ha, resistant to potato 
wart, rhizoctonia, and common 
scab 

N o t е. Marker RT-R3a was detected in cv. Alyi Parus in biomaterial received directly from the originators (N.M. Gadzhiev, V.A. Lebedeva). In a plant of cv. Alyi Parus cultivar that we obtained 
from other sources, this marker was not previously detected [26].  
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Results. Table 1 shows varieties with SCAR markers of different R-genes 
involved in hybridization. 

Mo le cu l a r  s c r e en ing  o f  in t e r va r i e t a l  h yb r id s  f o r  ma rke r s  
o f  R - g ene s  con fe r r in g  p l an t  r e s i s t ance  t o  d i s e a s e s  and  p e s t s. 
Three combinations of crosses produced 144 intervarietal hybrids of which 
112were screened 8 SCAR markers associated with six R-genes, the Rysto and Rx1 
(PVY and PVX resistance), H1 and Gpa2 (resistance to golden and pale potato 
nematodes), and R1 and R3a (race-specific resistance to late blight). 

One or another R-resistance gene marker combination was characteristic 
of almost all 112 studied hybrid genotypes (Fig.). The only exception was 7.18-7 
(Hussar ½ Sirenevyi tuman) in which we did not find any of the 8 markers used 
in MAS. Of the 112 hybrid genotypes, there were 58 hybrids with markers of two 
genes, the H1 and Gpa2, and 42 hybrids with markers of Rysto и Rx1. In four of 
the 112 studied hybrid seedlings (5.18-9 and 5.18-17 from Gusar ½ Charoite and 
6.18-12 and 6.18-37 from Gusar ½ Alyi Parus), we detected all eight markers of 
six resistance genes used in MAS. 

Intervarietal hybrids derived from all three combinations segregated by the 
presence or absence of DNA markers of the six R-loci (Table 2), therefore, no 
quadriplexes or triplexes for the marked R-genes were identified among the initial 
varieties. Segregation could be attributed to two variants of crosses with different 
levels of heterozygosity of dominant alleles, the first one is a simplex Rrrr ½ null-
liplex rrrr with theoretical segregation of 1 R:1 rrrr, the second one is a duplex 
RRrr ½ a nulliplex with theoretical segregation of 5 R:1 rrrr. 
 

Screening of the intervarietal potato hybrid Gusar ½ Syrenevyi tuman for ДНК markers of R-genes: 
N195 (A) and 57R (B) for resistance to golden cyst potato nematode, Gpa2-2 (C) to pale potato 
nematode, and YES3-3a (D) to PVY; 1 — Gusar, 2 — Sirenevyi tumanман, 3 — hybryd 7.18-1, 4 — 
hybryd 7.18-8, 5 — hybryd 7.18-2, 6 — hybryd 7.18-9, 7 — hybryd 7.18-3, 8 — hybryd 7.18-10, 9 — 
hybryd 7.18-4, 10 — hybryd 7.18-11, 11 — hybryd 7.18-5, 12 — hybryd 7.18-12, 13 — hybryd 
7.18-6, 14 — hybryd 7.18-13, 15 — hybryd 7.18-7, 16 — hybryd 7.18-14; M — molecular weight 
marker 100 bp + 1500 + 3000 (NPO SibEnzyme, Russia). 
 

Analysis of the inheritance pattern of DNA markers in each combination 
(see Table 2) revealed the allelic composition of R-genes and heterozygosity of the 
marked loci in parental forms. For example, Gusar has one dominant allele (sim-
plex) of Rysto and R1 genes and two dominant alleles (duplex) of H1 gene, Char-
oite was a simplex for R3a gene and duplexes for Rx1 and Gpa2-2 genes, Alyi 
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Parus had R3a and H1 simplexes and duplexes for of Gpa2 and Rx1 genes, and 
Syrenevyi tuman had one dominant allele (simplixes) of R3a, Rx1 and Gpa2-2. 

2. Segregation of potato inrervarietal hybrid offspring derived from three combination 
of cv. Gusar crossing by DNA marker of R-genes conferring resistance to diseases 
and pests (ratio of hybrids with and without marker of a corresponding gene) 
(Belogorka Leningrad Research Institute of Agriculture, Leningrad Province, 
2018) 

Crossing 
YES3-3A/YES3-3В 

(gene Rysto) 
5Rx1  

(gene Rx1) 
57R/N195 
(gene H1) 

Gpa2-2 
(gene Gpa2) 

R1 
(gene R1) 

RT-R3a 
(gene R3a) 

Gusar ½ Charoit 16:11a 22:5b 23:4b 22:5b 11:16а 10:17а 
Gusar ½ Alyi Parus 15:15а 22:8b 27:3с 21:9b 15:15а 14:16а 
Gusar ½ Syrenevyi 
tuman 33:22а 28:27а 46:9b 26:29а 18:37 22:33а 
N o t е. DNA markers YES3-3A/YES3-3В (Rysto, PVY resistance), 5Rx1 (Rx1, PVX resistance), 57R (H1, resistance to 
pathotype Ro1 of golden potato nematode), N195 (H1, resistance to pathotype Ro1 of golden potato nematode), 
R1 (R1, resistance to Phytophthora infestans), and RT-R3a (R3a, resistance to Ph. infestans). Superscripts: a — 
segregation for the specified R-locus in the combination at р05 corresponds to the theoretical 1:1 for simplex ½ nulliplex 
(Rrrr ½ rrrr); b — segregation at р05 corresponds to the theoretical 5:1 for duplex ½ nulliplex (RRrr ½ rrrr); 
c — segregation at р05 corresponds to the theoretical 11:1 for duplex ½ simplex (RRrr ½ Rrrr).  

 

Agronimica l t ra i t s o f the  in tervar ie ta l hybrid s. The best hybrid 
genotypes were selected in 2019 by tuber productivity, shape and marketability, 
field resistance to late blight and viruses, and MAS. Economically valuable traits 
were measured for 8 plants for each of 144 hybrid genotypes. As a result, 31 
promising hybrids were detected which possess certain economically valuable traits 
and various combinations of R-gene markers. Of these, 23 hybrid genotypes 
showed relatively high productivity (Table 3), in the remaining 8 hybrids, produc-
tivity was low but they had high field resistance to late blight and should be in-
volved in further crosses. The reason for the rejection of the remaining 113 hybrids 
was excessively long stolons or damage to plants by late blight and viruses. 

In 23 selected hybrids, total tuber weigh per plant varied from 600 to 
1525 g which corresponds to a yield of 24.5-62.2 t/ha; some of these hybrids were 
distinguished by other economically valuable traits (high marketability of tubers, 
good taste, starchiness) (see Table 3). For example, we note the hybrid 7.18-3 
(Gusar ½ Syrenevyi tuman) with gene markers for resistance to PVY, PVX, and 
both nematodes, with high marketability of tubers and a productivity of 1350 g 
per plant which corresponds to a 55.1 t/ha yield (see Table 3).  

The highest productivity (1525 g per plant or 62.2 t/ha) was characteristic 
of the hybrid 5.18-7 which also carried markers YES3-3A/3B, 5Rx1, N195, 57R, 
and Gpa2-2. That is, the 5.18-7 potentially has complex resistance to PVY and 
PVX viruses and to two types of nematodes, GPN and PPN (see Table 3).  

Approximately half of hybrid genotypes with high productivity, 12 of 23, 
show evenness of nests and tubers in the nest, even and regular shape of tubers 
(Table 4).  

DNA markers facilitate selection of target genotypes with dominant alleles 
of various R-genes in breeding, which is especially important when identifying 
clones with markers of resistance genes to quarantine objects, since assessments of 
plant resistance to such agents using methods of plant pathology is very compli-
cated and laborious [27, 43]. In this work, we identified more than 40% of hybrids 
with markers of two genes (H1 and Gpa2-2) for resistance to Ro1 pathotype of 
golden potato nematode and Pa2/Pa3 pathotypes of pale potato nematode. The 
high frequency of such hybrids is explained by the presence of duplexes of these 
genes in the parental varieties, the H1 gene in the cv. Gusar and the Gpa2-2 gene 
in the Alyi Parus and Charoit cultivars. Note that Ermishin et al. [20], when ana-
lyzed segregation for DNA markers in 11 intervarietal potato populations, came  
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3. Selection of 23 potato hybrid genotypes derived from three intervarietal for DNA markers of R-genes for resistance to diseases, pests and by rconomically 
valuable traits устойчивости к болезням и вредителям и по хозяйственно ценным признакам (an experimental field of Belogorka Leningrad 
Research Institute of Agriculture, Leningrad Province, 2019, 8 plants of each genotype tested) 

Variety,  
hybrid 

Productivity, 
g/plant (min-max) 

Marketability, 
% 

Content in tubers, % 
Taste, points Cooking type  

DNA markers of genes for resistance to PVY, PVX,  
late blight, golden and pale potato nematodes starch dry matter  

Невский (st) 700 (560-810) 92 14.2 20.0 5.5 А RT-R3a 
T e n  h y b r i d s  f r o m  c r o s s i n g  Gusar ½ Charoit  

5.18-3 787 (690-855) 97 15.4 21.1 7.5 B 5Rx1, N195, 57R, Gpa2-2, RT-R3a  
5.18-7hp 1525 (1300-1740) 97 10.0 15.0 7.0 А YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2 
5.18-15 643 (590-735) 98 12.9 18.6 8.0 AB YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2, R1 
5.18-17 600 (430-810) 95 14.2 20.0 7.0 A YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2, R1, RT-R3a 
5.18-19hp 925 (780-1060) 97 11.7 17.4 5.0 A YES3-3А/3B, 5Rx1, Gpa2-2, R1 
5.18-24hp 1253 (1010-1470) 94 14.7 20.4 6.0 A YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2, RT-R3a 
5.18-25 860 (620-910) 99 11.7 17.4 5.5 A YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2, R1 
5.18-27 800 (680-865) 91 13.4 19.1 6.7 A Нет данных 
5.18-32 630 (520-700) 86 14.4 20.1 6.0 A YES3-3А/3B, 5Rx1, Gpa2-2, R1 
5.18-34hp 1340 (1100-1480) 94 15.7 21.5 5.5 A YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2,  

E i g h t  h y b r i d s  f r o m  c r o s s i n g  Gusar ½ Alyi Parus 
6.18-2 685 (583-770) 99 14.2 20.0 7.5 A 5Rx1, N195, 57R, Gpa2-2, R1, RT-R3a 
6.18-9 735 (615-842) 95 15.2 21.0 6.5 A YES3-3А/3B, N195, 57R 
6.18-13hp 1340 (1200-1420) 94 12.9 18.6 5.5 A 5Rx1, Gpa2-2 
6.18-17 770 (630-865) 97 11.0 16.7 6.5 A 5Rx1, N195, 57R, Gpa2-2 
6.18-24hp 1015 (810-1360) 94 11.0 16.7 6.0 A YES3-3А/3B, N195, 57R, RT-R3a 
6.18-26hp 1155 (900-1320) 88 14.2 20.0 6.0 A YES3-3А/3B, N195, 57R, R1 
6.18-36hp 870 (820-945) 93 13.4 19.1 7.5 AB YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2,  
6.18-42 765 (630-880) 96 14.7 20.5 6.0 A YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2, RT-R3a 

F i v e  h y b r i d s  f r o m  c r o s s i n g  Gusar ½ Sirenevyi tuman 
7.18-3hp 1350 (1210-1545) 96 11.0 16.8 5.5 A YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2, RT-R3a 
7.18-4 780 (660-863) 97 12.9 18.6 6.5 AB YES3-3А/3B, R1, RT-R3a 
7.18-42hp 1010 (820-1220) 92 12.2 18.0 6.0 A 5Rx1, N195, 57R 
7.18-55hp 1255 (960-1320) 96 13.4 19.1 8.0 B N195, 57R, R1, RT-R3a 
7.18-56hp 1280 (1000-1380) 91 12.2 18.0 7.0 AB YES3-3А/3B, 5Rx1, Gpa2-2, R1, RT-R3a 
N o t е. Cv. Nevskii (st) is a standard in assessing agronomic characteristics in the Belogorka Leningrad Research Institute of Agriculture. All markers of resistance genes were detected in hybrid 
5.18-17; hp — 12 high-productive hybrid genotypes (for their additional characteristics, see Table 4).  
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4. Economically valuable traits of 12 high-productive hybrid genotypes (n = 8, (an experimental field of Belogorka Leningrad Research Institute of 
Agriculture, Leningrad Province, 2019) 

Variety, hybrid DNA markers of R-genes  Tuber skin color  Tuber shape  
Tuber eye depth  
and color 

Evenness, points from 9 to 1) 
nests tubers in nest  

Невский (st) RT-R3a White  Ovate  Small, малиновые 8 8 
5.18-7 YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2 White  Ovate Small 7 8 
5.18-19 YES3-3А/3B, 5Rx1, Gpa2-2, R1 White  Elongated Small 7 7 
5.18-24 YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2, RT-R3a Yellow  Ovate  Small 8 8 
5.18-34 YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2, Yellow Ovate  Small 8 8 
6.18-13 5Rx1, Gpa2-2 Pink Elongated oval Small, crimson 8 8 
6.18-24 YES3-3А/3B, N195, 57R, RT-R3a White Elongated oval Small 8 8 
6.18-26 YES3-3А/3B, N195, 57R, R1 Pink Ovate  Small, crimson 8 8 
6.18-36 YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2, White  Ovate  Small 7 8 
7.18-3 YES3-3А/3B, 5Rx1, N195, 57R, Gpa2-2, RT-R3a White  Rounded oval Small 8 8 
7.18-42 5Rx1, N195, 57R Pink Ovate  Small, crimson 8 8 
7.18-55 N195, 57R, R1, RT-R3a Pink Ovate  Small 8 8 
7.18-56 YES3-3А/3B, 5Rx1, Gpa2-2, R1, RT-R3a Yellow Elongated Small 8 7 
N o t е. Cv. Nevskii (st) is a standard in assessing agronomic characteristics in the Belogorka Leningrad Research Institute of Agriculture. 
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to the conclusion that duplexes of genes for resistance to quarantine objects are 
most often detected. In addition, in the cultivars Alyi Parus and Charoit, duplexes 
were found for the Rx1 gene which is closely linked to the Gpa2-2 gene [44]. 
Therefore, in the hybrid combinations with the participation of these parental 
cultivars, there was a joint inheritance of the DNA markers of genes for resistance 
to PPN and to PVX. 

Thus, traditional methods of breeding hybrids for economically valuable 
traits coupled with DNA marking allow us to reveal 12 high-productive hybrid 
genotypes with tubers even and regular in shape and markers of genes for resistance 
to cyst forming nematodes. Seven of these hybrids additionally have SCAR mark-
ers of genes for resistance to potato viruses Y and X (Rysto and Rx1). These hybrids 
are of interest for creating competitive varieties resistant to different groups of 
pests and pathogens, including group resistance to cyst nematodes and group re-
sistance to potato viruses. 

 
R E F E R E N C E S  

 
1. Zykin V.A. Sistemnyi analiz problemy podbora par dlya gibridizatsii. In: Selektsiya i semenovodstvo 

sel'skokhozyaistvennykh kul'tur v Zapadnoi Sibiri [Selection and seed production of agricultural 
crops in Western Siberia]. Novosibirsk, 1984: 3-12 (in Russ.). 

2. Syukov V.V. Metody podbora roditel'skikh par dlya gibridizatsii u samoopylyayushchikhsya rastenii 
[Methods for the selection of parental pairs for hybridization in self-pollinating plants]. Samara, 
2014 (in Russ.).  

3. Lepekhov S.B. Trudy po prikladnoi botanike, genetike i selektsii, 2017, 178(4): 76-89 (doi: 
10.30901/2227-8834-2017-4-76-89) (in Russ.). 

4. Simko I., Jansky S., Stephenson S., Spooner D. Genetics of resistance to pests and disease. In: 
Potato biology and biotechnology: advances and perspectives. D. Vreugdenhil, J. Bradshaw, C. Gebhardt, 
F. Govers, M. Taylor, D. MacKerron, H. Ross (eds.). Elsevier, St. Louis, MO, 2007: 117-155. 

5. Gebhardt C. Bridging the gap between genome analysis and precision breeding in potato. Trends 
Genet., 2013, 29(4): 248-256 (doi: 10.1016/j.tig.2012.11.006). 

6. Milczarek D., Przetakiewicz A., Kamiński P., Flis B. Early selection of potato clones with the 
H1 resistance gene — the relation of nematode resistance to quality characteristics. Czech J. Genet. 
Plant Breed., 2014, 50(4): 278-284 (doi: 10.17221/114/2014-CJGPB). 

7. Ottoman R.J., Hane D.C., Brown C.R., Yilma S., James S.R., Mosley A.R., James M.C., 
Vales M.I. Validation and implementation of marker-assisted selection (MAS) for PVY resistance 
(Ryadg gene) in a tetraploid potato breeding program. American Journal of Potato Research, 2009, 
86: 304-314 (doi: 10.1007/s12230-009-9084-0). 

8. Nie X., Chen H., Zhang J., Zhang Y., Yang J., Pan H., Song W.X., Murad F., He Y.Q. Bian K. 
Rutaecarpine ameliorates hyperlipidemia and hyperglycemia in fat-fed, streptozotocin-treated rats 
via regulating the IRS-1/PI3K/Akt and AMPK/ACC2 signaling pathways. Acta Pharmacologica 
Sinica, 2016, 37(4): 483-496 (doi: 10.1038/aps.2015.167). 

9. Gebhardt C., Bellin D., Henselewski H., Lehmann W., Schwarzfischer J., Valkonen J.P.T. 
Marker-assisted combination of major genes for pathogen resistance in potato. Theoretical and 
Applied Genetics, 2006, 112: 1458-1464 (doi: 10.1007/s00122-006-0248-8). 

10. Mori K., Sakamoto Y., Mukojima N., Tamiya S., Nakao T., Ishii T., Hosaka K. Development 
of a multiplex PCR method for simultaneous detection of diagnostic DNA markers of five disease 
and pest resistance genes in potato. Euphytica, 2011, 180: 347-355 (doi: 10.1007/s10681-011-
0381-6). 

11. Mori K., Asano K., Tamiya S., Nakao T., Mori M. Challenges of breeding potato cultivars to 
grow in various environments and to meet different demands. Breeding Science, 2015, 65: 3-16 
(doi: 10.1270/jsbbs.65.3). 

12. Asano K., Tamiya S. Breeding of pest and disease resistant potato cultivars in Japan by using 
classical and molecular approaches. The Japan Agricultural Research Quarterly, 2016, 50(1): 1-6 
(doi: 10.6090/jarq.50.1). 

13. Milczarek D., Plich J., Tatarowska B., Flis B. Early selection of potato clones with resistance 
genes: the relationship between combined resistance and agronomical characteristics. Breeding 
Science, 2017, 67: 416-420 (doi: 10.1270/jsbbs.17035). 

14. Zoteeva N.M., Antonova O.Yu., Klimenko N.S., Apalikova O.V., Carlson-Nilsson U., Karabit-
sina Yu.I., Ukhatova Yu.V., Gavrilenko T.A. Facilitation of introgressive hybridization of wild 
polyploid mexican potato species using DNA markers of r genes and of different cytoplasmic 



 

991 

types. Sel'skokhozyaistvennaya biologiya [Agricultural Biology], 2017, 52(5): 964-975 (doi: 
10.15389/agrobiology.2017.5.964eng). 

15. Sainakova A.B., Romanova M.S., Krasnikov S.N., Litvinchuk O.V., Alekseev Ya.I., Nikulin A.V., 
Terent'eva E.V. Vavilovskii zhurnal genetiki i selektsii, 2018, 22(1): 18-24 (doi: 10.18699/VJ18.326) 
(in Russ.). 

16. Rogozina E.V., Terent'eva E.V., Potokina E.K., Yurkina E.N., Nikulin A.V., Alekseev Ya.I. Mul-
tiplex PCR-based identification of potato genotypes as donors in breeding for resistance to diseases 
and pests. Sel'skokhozyaistvennaya biologiya [Agricultural Biology], 2019, 54(1): 19-30 (doi: 
10.15389/agrobiology.2019.1.19eng). 

17. Bradshaw J.E., Mackay G.R. Breeding strategies for clonally propagated potatoes. In: Potato ge-
netics. J.E. Bradshaw, G.R. Mackay (eds.). CABI, Wallingford (UK), 1994: 467-497. 

18. Wu R., Gallo-Meagher M., Littell R.C., Zeng Z.-B. A general polyploid model for analyzing 
gene segregation in outcrossing tetraploid species. Genetics, 2001, 159(2): 869-882. 

19. Skupinova S., Vejl P., Sedlak P., Domkarova J. Segregation of DNA markers of potato (Solanum 
tuberosum ssp. tuberosum L.) resistance against Ro1 pathotype Globodera rostochiensis in selected 
F1 progeny. Rostlinna vyroba, 2002, 48(11): 480-485.  

20. Ermishin A.P., Svitoch O.V., Voronkova E.V., Gukasyan O.N., Luksha V.I. Opredelenie sostava 
i allel'nogo sostoyaniya genov ustoichivosti k boleznyam i vreditelyam u roditel'skikh linii 
kartofelya s pomoshch'yu DNK markerov. Genetika, 2016, 52(5): 569-578 (doi: 
10.7868/S0016675816050052). 

21. Kneib R., Kneib R., da Silva Pereira A., Castro C.M. Allele dosage of PVY resistance genes in 
potato clones using molecular markers. Crop Breeding and Applied Biotechnology, 2017, 17: 306-
312 (doi: 10.1590/1984-70332017v17n4a47). 

22. Lebedeva N.A. Trudy MOIP, otd. biol., 1962, 5: 215-221 (in Russ.). 
23. Lebedeva N.A. Tezisy dokladov 2-go soveshchaniya po poliploidii [Theses of reports of the 2nd 

Meeting on polyploidy]. Leningrad, 1963: 28-29 (in Russ.). 
24. Lebedeva N.A. Kartofel' i ovoshchi, 1965, 4: 20-24 (in Russ.). 
25. Antonova O.Yu., Shvachko N.A., Novikova L.Yu., Shuvalov O.Yu., Kostina L.I., Klimenko N.S., 

Shuvalova A.R., Gavrilenko T.A. Vavilovskii zhurnal genetiki i selektsii, 2016, 20(5): 596-606 (doi: 
10.18699/VJ16.181) (in Russ.). 

26. Gavrilenko T.A., Klimenko N.S., Antonova O.Yu., Lebedeva V.A., Evdokimova Z.Z., Ga-
dzhiev N.M., Apalikova O.V., Alpat'eva N.V., Kostina L.I., Zoteeva N.M., Mamadbokirova F.T., 
Egorova K.V. Vavilovskii zhurnal genetiki i selektsii, 2018, 22(1): 35-45 (doi: 10.18699/VJ18.329) 
(in Russ.). 

27. Khyutti A.V., Antonova O.Yu., Mironenko N.V., Gavrilenko T.A., Afanasenko O.S. Vavilovskii 
zhurnal genetiki i selektsii, 2017, 21(1): 51-61 (doi: 10.18699/VJ17.223) (in Russ.). 

28. Gavrilenko T.A., Klimenko N.S., Alpat'eva N.V., Kostina L.I., Lebedeva V.A., Evdokimova Z.Z., 
Apalikova O.V., Novikova L.Yu., Antonova O.Yu. Vavilovskii zhurnal genetiki i selektsii, 2019, 
23(6): 753-764 (doi: 10.18699/VJ19.534) (in Russ.). 

29. Lebedeva V.A. Selektsiya kartofelya na osnove mezhvidovoi gibridizatsii [Potato breeding based on 
interspecific hybridization]. St. Petersburg, 2010 (in Russ.). 

30. Lebedeva V.A., Gadzhiev N.M.  Materialy Mezhdunarodnogo kongressa «Agrorus» [Proc. Int. Con-
gress «Agrorus»]. St. Petersburg, 2014: 19-20 (in Russ.). 

31. Gadzhiev N.M., Lebedeva V.A.  Zashchita kartofelya, 2015, 2: 16 (in Russ.). 
32. Gavrilenko T., Antonova O., Shuvalova A., Krylova E., Alpatyeva N., Spooner D.M., 

Novikova L. Genetic diversity and origin of cultivated potatoes based on plastid microsatellite pol-
ymorphism. Genetic Resources and Crop Evolution, 2013, 60(7): 1997-2015 (doi: 10.1007/s10722-
013-9968-1). 

33. Ahmadvand R., Wolf I., Gorji A.M., Polgár Z., Taller J. Development of molecular tools for 
distinguishing between the highly similar Rx1 and Rx2 PVX extreme resistance genes in tetraploid 
potato. Potato Research, 2013, 56(4): 277-291 (doi: 10.1007/s11540-013-9244-y). 

34. Song Y.-S., Schwarzfischer A. Development of STS markers for selection of extreme resistance 
(Rysto) to PVY and maternal pedigree analysis of extremely resistant cultivars. American Journal 
of Potato Research, 2008, 85(2): 159-170 (doi: 10.1007/s12230-008-9012-8). 

35. Schultz L., Cogan N.O.I., Mclean K., Dale M.F.B., Bryan G.J., Forster J.N.W., Slater A.T. 
Evaluation and implementation of a potential diagnostic molecular marker for H1-conferred potato 
cyst nematode resistance in potato. Plant Breeding, 2012, 131: 315-321 (doi: 10.1111/j.1439-
0523.2012.01949.x). 

36. Asano K., Kobayashi A., Tsuda S., Nishinaka M., Tamiya S. DNA marker-assisted evaluation of 
potato genotypes for potential resistance to potato cyst nematode pathotypes not yet invading into 
Japan. Breeding Science, 2012, 62(2): 142-150 (doi: 10.1270/jsbbs.62.142). 

37. Ballvora A., Ercolano M.R., Weiss J., Meksem K., Bormann C.A., Oberhagemann P., Sala-
mini F., Gebhardt C. The R1 gene for potato resistance to late blight (Phytophthora infestans) 
belongs to the leucine zipper/NBS/LRR class of plant resistance genes. The Plant Journal, 2002, 
30(3): 361-371 (doi: 10.1046/j.1365-313X.2001.01292.x). 



992 

38. Huang S., van der Vossen E.A.G., Kuang H., Vleeshouwers V.G., Zhang N., Borm T.J.A., van 
Eck H.J., Baker B., Jacobsen E., Visser R.G.F. Comparative genomics enabled the isolation of 
the R3a late blight resistance gene in potato. The Plant Journal, 2005, 42(2): 251-261 (doi: 
10.1111/j.1365-313X.2005.02365.x). 

39. Banadysev S.A., Starovoitov A.M., Kolyadko I.I., Makhan'ko V.L., Fando V.V., Kozlova L.I., 
Kolyadko O.M., Nezakonova L.V., Goncharova N.N., Vologdina L.N., Stadnikov I.A., 
Gribko A.P. Metodicheskie rekomendatsii po spetsializirovannoi otsenke sortov kartofelya [Method-
ical recommendations for specialized assessment of potato varieties]. Minsk, 2003 (in Russ.). 

40. Simakov E.A., Sklyarova N.P., Yashina I.M. Metodicheskie ukazaniya po tekhnologii selektsionnogo 
protsessa kartofelya [Methodical instructions on the technology of the potato breeding]. Moscow, 
2006 (in Russ.).  

41. Simakov E.A. Anisimov B.V., Shabanov A.E., Zebrin S.N., Yurlova S.M., Oves E.V., 
Zeiruk V.N., Uskov A.I., Fedotova L.S., Filippova G.I. Metodicheskie polozheniya po provedeniyu 
otsenki sortov kartofelya na ispytatel'nykh (testovykh) uchastkakh [Methodological provisions for 
the assessment of potato varieties at test sites]. Moscow, 2013 (in Russ.). 

42. Rokitskii P.F. Biologicheskaya statistika [Biostatistics]. Moscow, 1973 (in Russ.). 
43. Dalamu V.B., Umamaheshwari R., Sharma R., Kaushik S., Joseph T., Singh B., Gebhardt C. 

Potato cyst nematode (PCN) resistance: genes, genotypes and markers. SABRAO Journal of Breed-
ing and Genetics, 2012, 44(2): 202-228. 

44. Van der Vossen E.A.G., van der Voort J.R., Kanyuka K., Bendahmane A., Sandbrink H., Baul-
combe D.C., Bakker J., Stiekema W.J., Klein-Lankhorst R.M. Homologues of a single resistance-
gene cluster in potato confer resistance to distinct pathogens: a virus and a nematode. The Plant 
Juornal, 2000, 23(5): 567-576 (doi: 10.1046/j.1365-313x.2000.00814.x). 



 

 

995 

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

2020, V. 55, ¹ 5, pp. 995-1003 
(SEL’SKOKHOZYAISTVENNAYA BIOLOGIYA) ISSN 0131-6397 (Russian ed. Print) 

ISSN 2313-4836 (Russian ed. Online) 
 
 
UDC 633.491:547.973(571.6) doi: 10.15389/agrobiology.2020.5.995eng 

doi: 10.15389/agrobiology.2020.5.995rus 
 

COMPOSITION AND QUANTIFICATION OF ANTHOCYANINS 
IN HEALTHY-DIET POTATO (Solanum tuberosum L.) VARIETIES  
FOR BREEDING AND GROWING IN THE RUSSIAN FAR EAST 
 

I.V. KIM1 , D.I. VOLKOV1, V.M. ZAKHARENKO2, A.M. ZAKHARENKO2,  
K.S. GOLOHVAST2, A.G. KLYKOV1 

 
1Chaika Federal Research Center of Agricultural Biotechnology of the Far East, 30, ul. Volozhenina, pos. Tim-
ityazevskii, Ussuryisk, Primorskii Krai, 692539 Russia, e-mail kimira-80@mail.ru ( corresponding author), 
volkov_dima@inbox.ru, alex.klykov@mail.ru; 
2Far Eastern Federal University, 8, ul. Sukhanova, Vladivostok, 690091 Russia, e-mail rarf@ya.ru, rarf247@gmail.com, 
golokhvast.ks@dvfu.ru 
ORCID: 
Kim I.V. orcid.org/0000-0002-0656-0645 Zakharenko A.M. orcid.org/0000-0002-9520-8271 
Volkov D.I. orcid.org/0000-0002-9364-9225 Golohvast K.S. orcid.org/0000-0002-4873-2281 
Zakharenko V.M. orcid.org/0000-0001-5809-6250 Klykov A.G. orcid.org/0000-0002-2390-3486 
The authors declare no conflict of interests 
Acknowledgements:  
Supported financially by the Federal Research Program for 2017-2025, Sub-Program “Potato breeding and seed 
production” 
Received February 4, 2020  

 

A b s t r a c t  
 

Potato (Solanum tuberosum L.) has been the focus of dietary research in recent decades due 
to its ability to accumulate phenolic substances (anthocyanins) in tubers. In Russia, such varieties have 
been created for a number of regions, but in the Far East, the program to increase the content of 
anthocyanins in potato tubers has recently begun. In the presented study using liquid chromatography 
and second-order mass spectrometry methods, we profiled anthocyanins and quantified their accumu-
lation for potato varieties of different origin (Russia, Ukraine, Belarus, Kazakhstan, Germany, the 
Netherlands), which had not previously been characterized by this feature. For the first time, four 
dietary Russian varieties with an increased content of anthocyanins have been identified. This work 
aimed to determine the profiles of anthocyanins and their content in tubers in the conditions of the 
Russian Far East. We used 22 varieties selected for early maturity, productivity, low starch content and 
different colors of tubers and flowers. The anthocyanin profile was double-identified, by the retention 
time on a C18 reverse phase column with detection of absorbance at wavelength range 400-700 nm 
and ESI-MS/MS in positive ionization mode. Anthocyanins were quantified spectrophotometrically. 
The anthocyanins identified in the tubers were delphinidin, petunidin, malvidin, cyanidin, and pelar-
gonidin. Delphinidin and cyanidin were found in mono- and diglycosylated forms. It was revealed that 
petunidin-3-glucoside is the most common anthocyanin which is present in almost all of the studied 
varieties. Depending on varietal specificity, there were from 1 to 5 anthocyanins of those found. Vari-
eties with yellow skin and pink spots on the yellow tuber skin were characterized by a low content 
of anthocyanins. The pink and dark pink color of the skin positively correlates with the content of 
pelargonidin-3-glucoside, while petunidin-3-glucoside and cyanidin-3-glucoside give purple and 
blue-violet color to the skin of the tuber. The anthocyanin level was the highest in Phioletovii variety 
(310 mg/kg cyanidin-3-glucoside, 50 mg/kg malvidin, 30 mg/kg delphinidin), Vasilyok variety 
(150 mg/kg petunidin), and in Mayak (95 mg/kg pelargonidin) and Kuznechanka (78 mg/kg pelargo-
nidin) varieties. In the Phioletovi variety, the cyanidin-3-glucoside prevailed. We recommend to in-
volve varieties with pink, dark pink, purple and blue-purple tuber skin in selection for an increased 
content of anthocyanins. 

 

Keywords: Solanum tuberosum L., potatoes, dietary varieties, anthocyanins, delphinidin, pe-
tunidin, malvidin, cyanidin, pelargonidin, mass spectrometry, HPLC 
 

Potato (Solanum tuberosum L., Solanaceae) is the fourth most important 
food crop after wheat, rice, and corn, and the first among tuber and root crops in 
terms of grown areas [1]. The nutritional value of potatoes is largely due to the 
high content of carbohydrates, a significant amount of ascorbic acid and antho-
cyanins, highly digestible proteins, as well as potassium, calcium, and magnesium 
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salts [2]. 
Anthocyanin pigments are synthesized in the skin and flesh of potato tu-

bers. In addition, flowers, leaves, stems, and eyes can be colored. In the potato as 
a food crop, the content of anthocyanins in the edible parts, i.e., in the flesh of 
tubers, should be increased [3]. 

Anthocyanin pigments are used in the food and pharmaceutical industries. 
These antioxidants are water-soluble natural dyes that color food in different 
shades of red. They are approved by Russian sanitary rules and regulations for 
coloring cheeses, wines, soft drinks, canned vegetables, breakfast cereals (up to 
200 mg/kg), jams, jellies, and marmalades, and serve as an alternative to carcino-
genic azo dye carmoisine [4, 5]. 

The anthocyanins which possess capillary-strengthening, anti-oxidant, anti-
bacterial and anticarcinogenic properties are used for treating and preventing various 
diseases, for example, type II diabetes and some types of tumors [6-9]. 

Development and application of DNA markers for target genes involved 
in anthocyanin biosynthesis facilitate breeding for red and purple potato varieties. 
It is known that the chalcone synthase (CHS), chalconflavanone isomerase (CHI), 
dihydroflavonol-4-reductase (DFR), flavonone-3-hydroxylase (F3H), flavonoid-
3 -́hydroxylase (F3´H), flavonoid-3 ,́5´-hydroxylase (F3´5´H), and anthocyanidin 
synthase (ANS) genes are involved in biosynthesis of anthocyanins [10, 11]. S. tu-
berosum also has gene loci with regulatory properties. Locus D (developer, desig-
nated in the diploid potato S. rybinii Juz. & Bukasov as I, the inhibitor), located 
on chromosome 10, encodes the R2R3 MYB transcription factor (TF), which is 
highly similar to the product of the previously detected petunias (Petunia hybrid) 
gene PhAN2 [12]. In plants, the R2R3 MYB gene family is the largest group of TF 
genes which play an important role in the biosynthesis of anthocyanins [13-15]. 

Data on the genes controlling anthocyanin pigmentation in S. tuberosum 
tubers and flowers facilitate combination of crossing pairs to select hybrids with 
colored flowers, stems, leaves, and tubers [16-18]. 

Pigmented S. tuberosum cultivars are rich in anthocyanins, in particular, 
their acylated derivatives [19]. Potato genotypes differ greatly in the content of 
bioactive substances, including anthocyanins. Pigmented varieties have 1.5-2.5 
times higher phenolic activity, 2-3 times higher antioxidant capacity and accumu-
late higher levels of anthocyanins than non-pigmented genotypes. Anthocyanins 
were not found in unpigmented potatoes [20]. 

In the USA, dietary potato breeding has been carried out since the early 
2000s. As a result, red and purple potato varieties with a high level of carotenoids 
and anthocyanins have been produced [4]. In Russia, breeding potato varieties for 
dietary nutrition is also being in focus. The varieties that have the highest pigmen-
tation index and a 5-fold content of antioxidants compared to white potatoes have 
been identified. 

The program of potato breeding for high anthocyanin content has been 
performed in the Far East since 2018. Varieties of various origins from Russia, the 
Netherlands, Germany, Kazakhstan, Ukraine, and Belarus have been assessed to 
reveal donors of commercial and dietary traits (high yield, red and purple tuber 
skin, red-violet color of the corolla), which were further crossed [22]. To proceed, 
it is necessary to study the dietary antioxidant properties of the varieties, the com-
position and content of anthocyanins in tubers and the relationship between these 
traits and anthocyanin coloration of other organs, the skin and corolla.  

Here, we applied high-performance liquid chromatography (HPLC) and 
second-order mass spectrometry to identify and quantify anthocyanins in 22 potato 
varieties of various origins that had not previously been characterized by this trait. 
Four varieties of Russian origin rich in anthocyanins have been revealed and 
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recommended for dietary use.  
This work aimed to profile and quantify anthocyanins in tubers of dietary 

potato varieties promising for growing and breeding in the Russian Far East.  
Materials and methods. The study included varieties of various origins from 

the VIR World Collection (the Vavilov All-Russian Institute of Plant Genetic 
Resources, St. Petersburg), a collection of the Lorkh All-Russian Research Insti-
tute of Potato Farming (Moscow Province), and those bred at the Chaika Federal 
Research Center of Agricultural Biotechnology of the Far East (FSC ABFE). A 
total of 22 varieties selected for early maturity (440-650 g tubers per plant on days 
60 and 70 after planting) and the tuber color, the Bashkirsky, Vasilek, Dachny, 
Kazachok, Krepysh, Kuznechanka, Matushka, Mayak, Meteor, Ognivo, Olsky, 
Pamyati Kulakova, Sarma, Sirenevyi tuman, Fioletovii, Yantar (Russia), Sante 
(the Netherlands), Vitesse (Germany), Tamyr (Kazakhstan), Povin, Shchedrik 
(Ukraine), and Manifest (Belarus) were tested at a collection nursery (FSC ABFE, 
2016-2018). 

The composition and accumulation of anthocyanins were analyzed follow-
ing a method described by Lewis et al. [20]. Anthocyanins was measured in the 
tuber flesh together with the skin. The potatoes were collected and stored until the 
analysis (no more than 2 weeks) in a cool place without direct sunlight. The tubers 
were rinsed in cold water, weighed, crushed, and placed in a 40% ethanol + 1% 
formic acid (5 g of the biomass + 25 ml of the resulting solution) mixture, frozen, 
thawed, disintegrated ultrasonically to destroy the walls and membranes of cells 
and organelles. Anthocyanins were extracted for 90 min at 40 С in closed vessels 
to prevent the access of atmospheric oxygen. The extract was centrifuged (CM-6M, 
Elmi, Latvia) at 3500 g for 30 min, the supernatant was filtered through syringe 
filters (pore size 0.45 μm). The extract was stored in a freezer at 20 С. 

Anthocyanins in the extracts were separated and quantified using HPLC 
analysis (a 5 μl aliquot of each extract, a liquid chromatograph LC-20AD equipped 
with a high-pressure gradient pump and a CTO-20A column thermostat, Shi-
madzu, Japan; a Shodex C18-4E reverse phase column 250½4.6 mm I.D., 5 μm 
sorbent particles, Shodex, Japan; column temperature 50 С; the rate of mobile 
phase A:B 0.58 ml/min). Eluent A was acetonitrile (AppliChem GmbH, Ger-
many), eluent B was 1% formic acid solution (Sigma-Aldrich, USA). During gra-
dient elution, B concentration decreased from 100% to 92% (0.00-5.00 min), from 
92% to 80% (5.00-45.00 min), and from 80% to 10% (45.00-45.01 min). Peaks 
were detected at 300-600 nm UV/VIS (a spectrophotometric detector SPD-20A, 
Shimadzu, Japan). The analysis was performed in 66 biological and 3 analytical 
replicates. For cultivars Phioletovii and Vasilek, the absorption coefficient of mal-
vidin-3-glucoside (3.02½104 at 300-600 nm, a molecular weight of 493.3 g/mol) 
was used to recalculate the content of anthocyanins, for other varieties, the molar 
extinction coefficient of pelargonidin-3-glucoside was applied (2.73½104 at 300-
600 nm, molecular weight of 433.3 g/mol). 

Anthocyanins purified by HPLC were identified by direct-injection sec-
ond-order mass spectrometry method using an amaZon SL trap (Bruker, Ger-
many) equipped with an electrospray ionization source. Detection was carried out 
in the modes of positive and negative ions, with a mass scanning range from 150 
to 2200 u, maximum scanning speed 32000 Da/s, the nebulizing capillary voltage 
4500 V, nebulizer pressure 29 psi, dry gas flow 10 l/s, and capillary temperature 
180 С. Ions were fragmented using a 1.5 eV electron beam. The analysis was 
arranged in 66 biological and 3 analytical replicates. 

 MS Excel 2007 and Statistica 8 (StatSoft, Inc., USA) were used for data 
processing, the mean (M) and t0,05½SEM were calculated. 

Results. The tested varieties were low-starchy (8.0-12.0%) and had pink or 
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purple tuber skin. The low-starchy varieties are considered dietary [23]. 
 Anthocyanin coloration of different parts of plants is an important trait 

that can be effectively used in breeding for a higher level of phenolic pigments [5]. 
The studied varieties differed in morphological traits (Table 1). 

1. Morphological traits of potato (Solanum tuberosum L.) varieties involved in the 
study (a collection nursery, Chaika Federal Research Center of Agricultural 
Biotechnology of the Far East, 2016-2017) 

Varieties  
Color    

tuber flesh  corolla tuber skin 
Sante, Kazachok, Vitesse, 
Sarma, Meteor 

Yellow  White Yellow 

Krepysh White Pale red-violet with white brush-stroke mark-
ings  

Dachnyi, Shchedrik White White 
Yantar Bright yellow White 
Tamyr Light yellow White 
Olskii Cream White Yellow pink-spotted 
Pamyati Kulalova  White White 
Kuznechanka, Bashkirsky White Pale red-violet Pink  
Sirenevyi tuman Light yellow Pale red-violet with white brush-stroke mark-

ings 
Povin Yellow Pale red-violet 
Matushka Cream White 
Ognivo Cream Red-violet with white brush-stroke markings 
Mayak Cream Pale red-violet  Dark pink 
Manifest Cream Red-violet with white brush-stroke markings 
Vasilek Cream Blue-violet with white brush-stroke markings Violet 
Fioletovii Violet  Blue-violet with white brush-stroke markings Blue-violet 

 

Five varieties (Kazachok, Meteor, Sarma, Sante, and Vitesse) have white-
colored corolla, but yellow skin and flesh. In other varieties, the pigmentation 
(yellow, shades of red-violet, violet, pink, etc.) of plant parts varied. The morpho-
logical features in our studies (the color of the generative organs and the skin of 
the tubers during the flowering period) correspond to the descriptions [24].  

The HPLC-MS/MS detected five different anthocyanins in tubers of the 
examined potato varieties (Table 2) identified as delphinidin, petunidin, malvidin, 
cyanidin, and pelargonidin. The biochemical nature of anthocyanins in S. tu-
berosum is the same as in cultured diploid species [25] which anthocyanins include 
pelargonidin, peonidin, petunidin, and malvidin. 

2. HPLC-MS/MS tuber anthocyanin profiles of potato (Solanum tuberosum L.) va-
rieties involved in the study (a collection nursery, Chaika Federal Research 
Center of Agricultural Biotechnology of the Far East, 2018)  

Anthocyanin  Molecular ion  
[M+H]+ 

HPLC retention 
time, min 

Variety 

Delphinidin-3-glucoside 465.3; 303.2 25 Mayak, Povin, Kuznechanka, Manifest, 
Fioletovii 

Delphinidin-3-rhamnosyl-5-
glucoside 

627.3; 465.3; 303.2 17.5 Mayak, Povin, Kuznechanka, Vasilek, 
Manifest 

Malvidin-3-glucoside 493.3; 331.3 44 Fioletovii 
Pelargonidin-3-glucoside 433.3; 271.1 37.5 Mayak, Povin, Kuznechanka, Fioletovii, 

Vasilek 
Petunidin-3-glucoside 479.3; 317.2 35 Vasilek, Manifest, Matushka, Povin, 

Mayak, Sirenevyi tuman, Pamyati Ku-
lalova, Olskii 

Cyanidin-3-glucoside 449.2; 287.2 27.5 Fioletovii 
Cyanidin-3-rhamnosyl-5-glu-
coside 

611.3; 499.3; 287.2 19 Matushka, Vasilek, Fioletovii, Povin 

 

The anthocyanins dolphinin and cyanidin were found in both monogly-
cosylated and diglycosylated forms. The most common anthocyanins were pe-
tunidin-3-glucoside and pelargonidin-3-glucoside. They were identified in al-
most all the samples (Table 3). 
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Research publications recognize petunidin and pelargonidin as the main 
anthocyanins in potatoes. Petunidin causes purple color, and pelargonidin causes 
red-orange color [20, 26]. Pelargonidin-3-glucoside prevailed in the varieties with 
pink and dark pink tubers, and petunidin-3-glucoside prevailed in violet and blue-
violet varieties. In the yellow-skinned varieties anthocyanin compounds were ei-
ther not detected or detected in an insignificant amount. 

3. Concentration of anthocyanins (mg/kg) in tubers of potato (Solanum tu-
berosum L.) varieties involved in the study (n = 3, M±t0,05½SEM, a collection 
nursery, Chaika Federal Research Center of Agricultural Biotechnology of the 
Far East, 2018) 

Variety 1 2 3 4 5 6 7 
Y e l l o w - s k i n n e d  t u b e r s  

Sante < 0.5 < 0,5 1,0±0,1 < 0,5 < 0,5 < 0,5 < 0,5 
Kazachok < 0.5 < 0,5 < 0,5 < 0,5 2,1±0,1 < 0,5 < 0,5 
Vitessa < 0.5 < 0,5 < 0,5 0,9±0,1 < 0,5 < 0,5 < 0,5 
Sarma < 0.5 < 0,5 < 0,5 2,2±0,1 < 0,5 < 0,5 < 0,5 
Meteor < 0.5 < 0,5 1,1±0,1 1,8±0,1 < 0,5 < 0,5 < 0,5 
Dachnyi < 0.5 < 0,5 1,0±0,1 < 0,5 < 0,5 < 0,5 < 0,5 
Shchedrik < 0.5 < 0,5 < 0,5 < 0,5 < 0,5 < 0,5 < 0,5 
Yantar < 0.5 < 0,5 < 0,5 < 0,5 1,8±0,1 < 0,5 < 0,5 
Tamyr < 0.5 < 0,5 < 0,5 < 0,5 2,0±0,1 < 0,5 < 0,5 
Krepysh < 0.5 < 0,5 < 0,5 1,2±0,1 < 0,5 < 0,5 < 0,5 

Y e l l o w  p i n k - s p o t t e d  t u b e r  s k i n   
Olskii < 0.5 < 0.5 < 0.5 5.3±0.1 < 0.5 < 0.5 < 0.5 
Pamyati Kulalova < 0.5 < 0.5 < 0.5 3.2±0.1 < 0.5 < 0.5 < 0.5 

P i n k - s k i n n e d  t u b e r s  
Kuznechanka 4.1±0.1 9.7±0.1 < 0.5 78.4±0.3  < 0.5 < 0.5 < 0.5 
Bashkirsky 0.9±0.1 3.1±0.1 < 0.5 24.8±0.2 2.3±0.1 < 0.5 < 0.5 
Sirenevyi tuman 2.7±0.1 < 0.5 12.1±0.1 5.0±0.1 < 0.5 < 0.5 < 0.5 
Povin 3.0±0.1 7.3±0.1 <0.5 24.8±0.2 5.0±0.1 < 0.5 10.2±0.1 
Matushka < 0.5 1.1±0.1 <0.5 22.2±0.2 0.7±0.1 < 0.5 < 0.5 
Ognivo 1.3±0.1 < 0.5 <0.5 1.9±0.1 < 0.5 < 0.5 < 0.5 

D a r k  p i n k - s k i n n e d  t u b e r s  
Mayak 2.1±0.1 2.1±0.1 <0.5 94.6±0.3 9.9±0.1 < 0.5 < 0.5 
Manifest 1.0±0.1 1.2±0.1 <0.5 20.1±0.2 1.1±0.1 < 0.5 < 0.5 

V i o l e t - s k i n n e d  t u b e r s  
Vasilek < 0.5 5.0±0.1 <0.5 38.2±0.2 149.8±0.4 < 0.5 2.0±0.1 

B l u e - v i o l e t - s k i n n e d  t u b e r s  
Fioletovyi 30.4±0.2 < 0.5 50.1±0.2 < 0.5 5.1±0.1 310.0±0.4 8.4±0.1 
n o t е. 1 — delphinidin-3-glucoside, 2 — delphinidin-3-rhamnosyl-5-glucoside, 3 — malvidin-3-glucoside, 4 — 
pelargonidin-3-glucoside, 5 — petunidin-3-glucoside, 6 — cyanidin-3-glucoside, 7 — cyanidin-3-rhamnosyl-5-glu-
coside. 

 

The highest anthocyanin levels were characteristic of the varieties Fio-
letovyi, Vasilek, Mayak, and Kuznechanka. The variety Fioletovyi with blue-violet 
potato skin and flesh was distinguished by a significant content of four anthocya-
nins, the cyanidin-3-glucoside (310 mg/kg), malvidin-3-glucoside (50 mg/kg), 
delphinidin-3-glucoside (30 mg/kg), and cyanidin-3-rhamnosyl-5-glucoside 
(8 mg/kg). The varieties Mayak and Kuznechanka have pink and dark pink tubers 
with the highest pelargonidin concentration, 95 and 78 mg/kg, respectively. The 
variety Vasilek with purple-skinned tubers outstands due to the highest petunidin-
3-glucoside content (150 mg/kg). These varieties can be used as a functional food 
product with high antioxidant properties. 

Cyanidin-3-glucoside was found to be the main in the tuber anthocyanin 
profile of the Fioletovyi variety (Fig.). The most intense signal at 371 nm (reten-
tion time 27.5 min) corresponds to the main anthocyanin of this variety, the cy-
anidine-3-glucoside; in addition, there are significant amounts of malvidin-3-glu-
coside (peak at 44 min) and dolphinin-3-glucoside (small peak at 25 min). The 
elution profiles revealed a relationship between the content of specific anthocya-
nins and the color of tubers, as well as their varietal specificity. Available 
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publications confirm that the composition of anthocyanins, as a rule, is specific 
for a particular plant species and is quite stable. However, it depends on the vari-
etal characteristics and growing conditions, which determine the activity of the 
enzymes involved in synthesis of certain components of the anthocyanin complex 
[19, 27]. 

 

Elution profile of the anthocyanins from tubers of potato (Solanum tuberosum L.) variety Fioloetovyi 
(n = 3, a collection nursery, Chaika Federal Research Center of Agricultural Biotechnology of 
the Far East, 2018). HPLC analysis, a Shodex C18-4E reverse phase column 250½4.6 mm I.D., 5 μm 
sorbent particles, Shodex, Japan. Eluent A is acetonitrile (AppliChem GmbH, Germany), eluent B is 
1% formic acid (Sigma-Aldrich, USA), 0.00-5.00 min gradient (see Materials and methods). Peaks at 
27.5 min, 44 min, and 25 min are cyanidin-3-glucoside, malvidin-3-glucoside, and delphinidin-3-
glucoside, respectively. 

 

Varieties with tuber skin of different shades of purple and pink were distin-
guished by the tuber anthocyanin concentration compared to varieties with yellow 
tubers. Therefore, the color of the tuber skin (pink, dark pink, blue-violet, purple) 
can serve as a visual trait in breeding dietary varieties rich in anthocyanins. 

So, a second-order mass spectrometry identified anthocyanins delphinidin, 
petunidin, malvidin, cyanidin, and pelargonidin in the studied potato varieties. 
The most common petunidin-3-glucoside was found in almost all the samples. 
The highest content of anthocyanins was characteristic of the varieties Fioletovyi, 
Vasilek, Mayak, and Kuznechanka. The Fioletovyi variety with blue-violet tuber 
skin and flesh outstands for a significant content of four anthocyanins, the del-
phinidin-3-glucoside (30 mg/kg), malvidin-3-glucoside (50 mg/kg), cyanidin-3-
glucoside (310 mg/kg), and cyanidin-3-rhamnosyl-5-glucoside (8 mg/kg). Cvs. 
Mayak and Kuznechanka have pink and dark pink tubers and an increased content 
of pelargonidin in flesh, 95 and 78 mg/kg, respectively. Variety Vasilek with pur-
ple-skinned tubers has the highest petunidin-3-glucoside content, 150 mg/kg. 
These findings show that the color of the tuber skin can be a trait for selection 
and breeding varieties with a high level of anthocyanins. Pink- and dark pink-
skinned tubers contain pelargonidine-3-glucoside. Petunidin-3-glucoside and cy-
anidin-3-glucoside give violet and blue-violet color to the skin. The selected 
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samples of dietary potatoes are now involved in breeding. To this end, we plan 
to further study the heritability of the desired anthocyanin pigmentation in the 
produced potato varieties and determine genes responsible for the anthocyanin 
composition and content of tubers. 
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A b s t r a c t  
 

Rotavirus А (genus Rotavirus, family Reoviridae) is still the main cause of viral gastroenteritis 
in children under 5 years. Existing attenuated vaccines have serious disadvantages, including the risk 
of potential reversion to pathogenic form, and side effects, the most dangerous of which is intussus-
ception. Moreover, they occurred to be less effective in developing countries, where the most rotavirus-
associated deaths are recorded. The development of an effective recombinant rotavirus A vaccine is an 
actual assignment; herewith the selection of effective and safe adjuvant is the key point for that. Plant 
viruses are very promising for innovative vaccine designing; they possess high immunostimulating prop-
erties, safe for humans and mammals and can serve as a carrier for pathogens’ epitopes. Here we 
suggest an approach for rotavirus A vaccine development that involves two plant viruses: Alternanthera 
mosaic virus (AltMV) and Tobacco mosaic virus (TMV) as simultaneously epitope carriers and adju-
vants. Spherical particles (SPs) generating by the heating of tobacco mosaic virus were used as an 
adjuvant and platform for presentation of obtained in our previous study chimeric recombinant protein 
ER6, which is an AltMV coat protein (CP) fused with the epitope RV14 (RLSFQLMRPPNMTP) of 
rotavirus A antigen VP6. Epitope RV14 are able to induce protective immune response and is con-
servative for the majority of rotavirus A strains therefore its usage gives hope to the successful over-
coming of one of the main difficulties in rotavirus A vaccine development: wide serological diversity. 
In present work, effective adsorption of ER6 on the SPs surface leading to the SPs-ER6 complexes 
formation without loss of ER6 antigenic specificity was demonstrated. Two immune antisera with 
specificity to RV14 epitope within ER6 were obtained. The first serum was obtained via anti-ER6 sera 
depletion with AltMV CP and recombinant AltMV CP (AltMV rCP), which was expressed in Esche-
richia coli but did not contain RV14 sequence. The second serum was obtained by a direct immuniza-
tion with synthetic peptide RLSFQLMRPPNMTP. These sera were utilized for studying RV14 within 
SPs-ER6 complexes. By means of immunofluorescent microscopy, SPs-ER6 complexes were demon-
strated to interact with both depleted serum and anti-RV14 serum. Therefore, rotavirus epitope was con-
firmed to keep its ability to interact with antibodies within obtained complexes. Considering unique ad-
juvant properties of spherical particles and characteristics of selected epitope obtained SPs-ER6 complexes 
can be thought as a promising component for recombinant rotavirus A vaccine. Moreover, it can be 
hoped that the suggested in present work approach, involving the usage of TMV SPs as a platform and 
adjuvant for chimeric AltMV CP, containing pathogen’s epitope, will be useful not only for rotavirus A 
vaccine development but for designing of vaccines against other pathogens of humans or farm animals. 
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Rotavirus infection is the main cause of viral gastroenteritis in infants and 
young children [1]. In 2016, on average, more than 40% of children under the age 
of five experienced rotavirus diarrhea, while the number of deaths was 128,500 
(95% uncertainty interval 104500-155600) [2]. Currently licensed live attenuated 
vaccines, the monovalent Rotarix® (GlaxoSmithKline Biologicals S.A., Belgium) 
and pentavalent RotaTeq (Merck & Co., Inc., USA) have proven to be quite 
effective in high-income countries. However, these oral vaccines can rarely cause 
serious side effects, the most dangerous of which is intussusception [3-5]. In ad-
dition, the majority of deaths associated with rotavirus are recorded in developing 
countries where the effectiveness of these vaccines is lower than in high-income 
countries [3, 6-9]. Thus, the designing of a non-replicating new-generation rota-
virus vaccine is highly desirable [10, 11]. 

Recombinant rotavirus antigens (genus Rotavirus, family Reoviridae) asso-
ciated with protein carriers or virus-like particles (VLP) are promising candidates 
for safe and effective rotavirus vaccine [3]. The rotavirus virion is a three-layered 
particle with icosahedral symmetry [12]. The main rotavirus antigens are the fol-
lowing structural proteins: VP6 forming the intermediate capsid [11, 13, 14], VP7 
composing the outer capsid [13, 15], VP4, which forms spikes [15, 16], and VP5* 
and VP8* derived from the VP4 by proteolysis [17]. VP6 is conserved for rotavirus 
strains of group A [11, 18] causing human diseases. Despite the fact that VP6 is 
not located on the surface of the virion it plays a key role in the formation of a 
protective immune response. The VP6 is able to induce almost 100% protection 
against rotavirus in mice after the first immunization [11]. CD4+ T cells have 
been shown to be the main immune cells providing protective immunity [19, 20]. 
In addition, some studies indicate that VP6-specific IgA, after entering the cell 
via transcytosis, are able to inhibit transcription. They are supposed to bind rota-
virus bilayer particles intracellularly that leads to steric blocking of messenger 
RNA-releasing channels [21]. The 14-amino acids length epitope of the protein 
VP6, RV14 (RLSFQLMRPPNMTP, positions 289-302), can induce an immune 
response comparable to that induced by the whole VP6 molecule, also providing 
almost 100% protection in mice [20, 22]. Therefore, the epitope RV14 is of par-
ticular interest as an antigenic determinant to design rotavirus vaccines. 

Plant viruses and their VLPs are a promising tool to design novel vaccine 
formulations [23-29]. Safety for humans [23] and high adjuvant properties [29-34] 
provide the attractiveness of virions and VLPs of plant viruses for applying in 
vaccines as carriers of pathogen recombinant antigens. For the virions and VLPs 
of the Alternanthera mosaic virus (AltMV) (genus Potexvirus, family Alphaflexiviri-
dae) adjuvant properties have been previously demonstrated, and the AltMV coat 
protein (CP) has the ability to form RNA-free filamentous VLPs, which are stable 
under physiological conditions [35]. In our previous studies, we used AltMV CP 
as a carrier for the RV14 epitope and obtained a 25-kDa chimeric recombinant 
protein ER6 (Epitope of Rotavirus protein VP6) [36]. However, it is known that 
individual proteins even with greater molecular weight often demonstrate low 
immunogenicity in themselves, and the use of an adjuvant is necessary to en-
hance immune response. In particular, for  88-kDa chimeric protein, which is 
a rotavirus protein VP6 fused with a maltose-binding protein, the crucial im-
portance of the presence an adjuvant to induce protective immunity was de-
scribed [18, 19, 37]. 

We have previously shown that heating the Tobacco mosaic virus (TMV) 
(genus Tobamovirus, family Virgaviridae) virions leads to the remodeling of this 
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rod-shaped virus with a helical structure into spherical particles (SPs) that do not 
contain RNA. The safety and high immunostimulating potency have been demon-
strated for SPs [34, 38, 39]. 

In this paper, we have proposed for the first time an approach to design a 
vaccine candidate against rotavirus based on two plant viruses with different struc-
tures. We used SPs as a platform for adsorption and an adjuvant for the chimeric 
antigen of rotavirus – ER6. It has been demonstrated that, despite the small size 
(14 amino acid residues), the antigenic determinant of rotavirus remains available 
for antibodies in the SPs-ER6 complexes. This gives reason to believe that the 
presented epitope will induce the production of antibodies, which are necessary to 
protect against rotavirus infection. The described approach, which includes the 
use of the plant virus coat protein to create a chimeric antigen containing the 
pathogen epitope, and the simultaneous TMV SPs application as a platform-ad-
juvant, can also be expected to allow integrating short epitopes into the composi-
tions of recombinant vaccine candidates against various infectious agents of hu-
mans and farm animals. 

Our goal was to construct antigenically active complexes based on the 
chimeric antigen of the rotavirus (ER6) and structurally modified viral particles 
derived from TMV after thermal remodeling.  

Materials and methods. Purified TMV from infected tobacco plants (Nico-
tiana tabaccum L.) and SPs were prepared according to the description [38]. 
AltMV from infected tobacco plants (Nicotiana benthamiana L.) was purified ac-
cording to Donchenko et al. [35]. For AltMV coat protein isolation, salt depro-
teinization with 2 M LiCl was applied. 

The recombinant rotavirus antigen ER6 was expressed in the Escherichia 
coli system as per the protocols [23]. To produce a recombinant AltMV coat pro-
tein (AltMV rCP), the DNA fragments encoding ER6 protein but not containing 
the RV14 epitope sequences was amplified from the pQE-60-ER6 plasmid carry-
ing an insert for ER6 protein. For amplification, we used a pair of primers 5´-
ATACGGATCCAGTACTCCATTTCCTCAAGTCACCCA-3´ and 3´-GTATA-
GCTTCTCCGGTGGTGGGAGGTATTG-5´ with BamHI and HindIII re-
striction endonuclease sites at the 5´- and 3´-ends respectively and Encyclo PCR 
kit (Evrogen, Russia); PCR program: 2 min at 96 °С; 30 s at 95 °С, 30 s at 64 °С, 
45 s at 72 °С (26 cycles); 1 min at 72 °С. The BamHI and HindIII (Thermo 
Scientific, USA) sites were used for cloning the recombinant DNA fragment into 
pQE-30 vector (Qiagen N.V., Germany). All genetic engineering manipulations 
were performed using conventional techniques [40]. Further procedures for ob-
taining AltMV rCP were the same as for the ER6 protein [36]. 

For electron microscopy, the preparations were loaded on copper mesh 
grids for electron microscopy covered with carbon-coated collodion support films 
and kept for 15-20 s. The excess of the preparation was removed by filter paper; 
in the case of SPs-ER6, the meshes were negatively contrasted with a 2% uranyl 
acetate solution for 15-20 s. The preparations were analyzed using a JEM-1011 
electron microscope (JEOL, Ltd, Japan) equipped with an Orius™ SC1000 W 
digital camera (Gatan, Inc., USA). The average size of the SPs was measured 
using the ImageJ software (National Institutes of Health, USA); the mean M and 
±SD was calculated for 100 particles. 

For immune sera, white outbred mice aged 6-8 weeks were immunized 
intraperitoneally three times with a 2-week interval. For the first immunization, 
10 μg of ER6 protein or 25 μg of synthetic peptide RLSFQLMRPPNMTP (Alma-
bion, Russia) in 0.2 ml sterile PBS (7 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4, 
137 mM NaCl, 2.7 mM KCl) was mixed with an equal volume of Freund’s com-
plete adjuvant (Sigma-Aldrich Chemie GmbH, Germany) to a homogeneous 
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suspension. In the second and third immunization, instead of Freund’s complete 
adjuvant, Freund’s incomplete adjuvant (Sigma-Aldrich Chemie GmbH, Ger-
many) was used. For obtaining control non-immune serum, the mouse was im-
munized three times with 0.2 ml PBS. Blood samples were collected 2 weeks after 
the third immunization. Blood serum was prepared by centrifugation at 10,000 g 
for 5 min. The antibody titer was determined by indirect enzyme-linked immuno-
sorbent assay (ELISA). Medium sorption plates (Greiner Bio-One GmbH, Aus-
tria) were coated with the corresponding antigen at a concentration of 10 μg/ml. 
Free binding sites were blocked with 1% milk powder (PanReac AppliChem ITW 
Reagents, Spain) in PBS. All sera were tested in 3-fold dilutions. The secondary 
antibodies were antibodies against mouse IgG conjugated with horseradish perox-
idase (Jackson ImmunoResearch Laboratories, Inc., USA) at a dilution of 
1:20,000; 3,3´,5,5´-tetramethylbenzidine was a substrate, the reaction was stopped 
with sulfuric acid added to a final concentration of 1 M. The absorbance in the 
wells was measured at 450 nm (a Multiskan FC microplate photometer, Thermo 
Scientific, USA). The titer was expressed as the serum dilution at which the ab-
sorbance value corresponds to the mean value of the block +3SD. 

For depletion of antiserum, 200 μg AltMV CP was added to 100 μl of anti-
ER6 serum, incubated for 30 min at 37 С, and the precipitate was removed by 
centrifugation at 10000 g. To 50 μl of the supernatant, 270 μg of AltMV rCP was 
added, incubated at 4 С overnight, and centrifuged at 10000 g in the cold, the 
supernatant was used as depleted serum. 

For immunoblotting, proteins were separated by electrophoresis in an 
8-20% gradient polyacrylamide gel with sodium dodecyl sulfate (SDS-PAAG) 
and transferred from the gel to an Amersham™ Hybond® P polyvinylidene fluo-
ride (PVDF) membrane (GE Healthcare — Life Sciences, USA) using a Pierce™ 
Power Blotter transfer system (Thermo Fisher Scientiific, USA). The membrane 
was exposed to depleted mouse anti-ER6 serum (1:2000) and secondary antibodies 
to mouse IgG conjugated to horseradish peroxidase (Jackson ImmunoResearch 
Laboratories, Inc., USA) (1:20,000). After the treatment with Amersham™ ECL™ 
substrate (GE Healthcare — Life Sciences, USA), a chemiluminescent signal was 
detected by the ChemiDoc XRS+ gel documentation system (Bio-Rad Laborato-
ries, Inc., USA). Gels were stained with Coomassie® Brilliant Blue G 250 
(SERVA Electrophoresis, Germany). PageRuштler Plus Prestained Protein Lad-
der (Thermo Scientific, USA) was used. 

For immunofluorescence microscopy, the SPs-ER6 sample was loaded on 
formvar-coated coverslips. After 10 min exposure, the excess of the sample was 
removed, the coverslips were incubated for 1 h with blocking solution (PBS with 
1% bovine serum albumin — BSA and 0.05% Tween 20), then for 1 h with 1:50 
dilution of the corresponding serum in the blocking solution. The coverslips were 
washed thrice with a washing solution (PBS with 0.25% BSA and 0.05% Tween 
20) and incubated for 45 min with secondary antibodies to mouse IgG conjugated 
to Alexa 546 fluorophore (Invitrogen, USA; 1:100 dilution in the blocking solu-
tion). After secondary antibodies bound, the preparations were washed thrice with 
the washing solution and once with PBS, then rinsed with water and dried in air. 
Immediately before the study, the preparations were treated with a photo-protector 
1,4-diazabicyclo[2.2.2]octane and examined under an Axiovert 200M fluorescence 
microscope (Carl Zeiss, Germany) equipped with an ORCAII-ERG2 integrated 
camera (Hamamatsu Photonics, Japan). 

Results. SPs-ER6 comp lexe s ob t a in ing. At the first stage, the pre-
viously designed rotavirus recombinant antigen ER6 [36] was adsorbed on the 
surface of spherical particles.  
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ER6 is a chimeric AltMV CP fused at the C-terminus with the RV14 
epitope (RLSFQLMRPPNMTP) of the VP6 protein of rotavirus A (Fig. 1, A). 
Figure 1 schematically shows the structure of the ER6 (see Fig. 1, A) and the 
location of its structural and functional components within the rotavirus (see Fig. 
1, B) and AltMV (see Fig. 1, C) virions. The antigenic determinant (RV14) is a 
fragment of the rotavirus intermediate capsid protein VP6 (see Fig. 1, B), and 
AltMV CP is the epitope carrier [36]. 

 

 

Fig. 1. The scheme of the recombinant antigen ER6 [36] containing RV14 epitope 
(RLSFQLMRPPNMTP) of the rotavirus А intermediate capsid protein VP6. 

А. ER6:  AltMV CP — Alternanthera mosaic virus coat protein, epitope RV14, His6 — His-tag. 
B. RV14 (RLSFQLMRPPNMTP) epitope position in rotavirus: virion (PDB: 4V7Q) [41-

43]; rotavirus capsid proteins structure (PDB: 4V7Q) [41, 43, 44]; VP6 trimer (PDB: 1QHD) [43-
45]; RV14 scheme (RV14 within VP6 is marked in green).  

C. An AltMV virion (ViralZone) [46] and the AltMV CP schematic image.  
Image is not to scale.  

 

SPs prepared from TMV to form complexes with the protein ER6, have a 
regular spherical shape, are electron-dense and detectable without contrasting 
(Fig. 2). The average size of the obtained particles measured by electron micros-
copy was 986±109 nm. 

 

 

Fig. 2. Spherical particles obtained by thermal treatment of TMV 
virions. Transmission electron microscopy (JEM-1011, JEOL, 
Ltd, Japan; digital camera Orius™ SC1000 W, Gatan, Inc., USA). 

 
To obtain SPs-ER6 complexes, the SPs were 

incubated with the ER6 in MilliQ water overnight at 
room temperature. Based on previous studies [39], the 
10:1 mass ratio of SPs and ER6 was selected. 

SPs-ER6 complexes were detected by im-
munofluorescence microscopy with serum to ER6 
(the titer of antibodies to ER6 determined by 
ELISA was 1:11,284,633). This serum was obtained 
by immunization of white mice with ER6 in pres-
ence of the Freund’s adjuvant.  

Immunofluorescence analysis clearly revealed the SPs-ER6 complexes 
(Fig. 3). The image in the fluorescence mode (see Fig. 3, A) fully corresponds to 
the position of the SPs observed in the phase contrast mode (see Fig. 3, B). Com-
parison of these images allows us to conclude that all SPs in the field of view are 
ER6-coated. Despite the large number of SPs are detected in the field of view in 

AltMV CP 

AltMV CP 
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the phase contrast mode in the control sample, which were not treated with serum 
to ER6 (see Fig. 3, C), nothing detects in fluorescent mode (see Fig. 3, D) that 
confirms the specificity of the interaction. This indicates that the antigenic speci-
ficity of the ER6 protein does not change during adsorption on SPs. 
 

A B 

 
C D 

 

Fig. 3. Recombinant antigen ER6, which is the Alternanthera mosaic virus coat protein fused with RV14 
epitope of the rotavirus A protein VP6, can be effectively adsorbed on spherical particles (SPs), derived 
from the Tobacco mosaic virus coat protein, forming SPs-ER6 complexes. The complexes were treated 
with immune serum to ER6 and secondary anti-species antibodies conjugated to Alexa 546 fluorophore 
(A, B) and only secondary antibodies (control) (C, D). Scale bar 10 microns. Immunofluorescence 
microscopy, the fluorescence (A, C) and phase contrast (B, D) modes (Axiovert 200M microscope, Carl 
Zeiss, Germany, ORCAII-ERG2 integrated camera, Hamamatsu Photonics, Japan).  

 

 

Fig. 4. SPs-ER6 complexes of spherical particles (SPs), derived 
from the Tobacco mosaic virus coat protein, and the recombinant 
antigen ER6, which is the Alternanthera mosaic virus coat protein 
fused with RV14 epitope of the rotavirus A protein VP6 . Transmis-
sion electron microscopy, contrasting with 2% uranyl acetate 
(JEM-1011, JEOL, Ltd, Japan; digital camera Orius™ SC1000 W, 
Gatan, Inc., USA). 
 

Electron microscopy showed that the for-
mation of complexes with the recombinant protein 
ER6 does not lead to a change in the morphology of 
SPs (Fig. 4). The shape and size of the SPs-ER6 com-
plexes turned out to be identical to those of ER6-free 
SPs (see Fig. 2). 

Ro ta v i r us  A ep i tope  keep s i t s  an t igen ic spe c i f i c i ty w ith in 
t he  SPs-ER6 comp le xe s.  We used two antisera specific for the RV14 region 
of ER6 to assess the availability of the RV14 epitope for antibodies in the SPs-
ER6 complexes. 
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One  of  the  sera is twice depleted serum to ER6. The first stage of 
depletion was performed with native AltMV CP, and the second one with recom-
binant AltMV CP expressed in E. coli and purified by the same method as for 
ER6. After removing the precipitate, we assessed the specificity of the interaction 
of the depleted serum with the antigens ER6, AltMV CP, and AltMV rCP by 
indirect ELISA. The titer of depleted serum to AltMV CP and to AltMV rCP was 
low, 1:79424 and 1:85046, respectively, while  the titer to ER6 remained relatively 
high, the 1:1,021,968. 

In addition the depleted serum ability to interact with ER6, AltMV CP 
and AltMV rCP was examined by immunoblot analysis. A clear interaction with 
the ER6 protein (Fig. 5, lane 2) was demonstrated, while the reaction with AltMV 
CP (see Fig. 5, lane 1 on the right) and AltMV rCP (see Fig. 5, line 3 on the 
right) was extremely weak. We did not observe interactions with control samples: 
TMV, PVX and molecular weight markers (Fig. 5, lanes 4 and M on the right, 
respectively). 

 

 

Fig. 5. Immunoblot analysis of interaction specificity between depleted antiserum and recombinant an-
tigen ER6, which is the Alternanthera mosaic virus coat protein fused with epitope RV14 of the rotavirus 
A protein VP6 (left — electrophoretic separation,  right — immunoblotting): 1 — Alternanthera mosaic 
virus coat protein (AltMV CP), 2 — ER6, 3 —AltMV rCP (the sequence of epitope RV14 is absent 
in the recombinant protein), 4 — TMV and PVX (controls), M — molecular weight markers (Pag-
eRuler Plus Prestained Protein Ladder, Thermo Scientific, USA); molecular weights are indicated in 
kDa). Serum to ER6 was depleted with AltMVP CP and AltMV rCP; SDS-PAAG electrophoresis 
(8-20%), staining with Coomassie® Brilliant Blue G 250.  

 

Therefore, the depleted serum remains specific to ER6, while it almost 
completely lacks specificity to AltMV CP and to AltMV rCP.  

The second serum we used to assess antigenic specificity of the SPs-ER6 
complexes was the serum against the individual peptide RV14. Short peptides 
are known to be extremely low immunogenic. Nevertheless, in this work, we 
attempted to obtain antiserum against synthetic peptide RV14 and for this pur-
pose four mice were immunized. Despite quite a large amount of the peptide 
(25 μg per mouse) added together with Freund’s complete adjuvant, three ani-
mals did not develop an immune response. Only one collected serum contained 
antibodies to the RV14 peptide. The titer determined by indirect ELISA with 
RV14 as antigen was 1:226143, which is considerably higher compared to 1:3088 
in control (non-immune serum). 

In order to examine anti-RV14 serum specificity to ER6 antigen, we also 
used non-immune serum and nonspecific antigen AltMV rCP as controls. The 
titer of anti-RV14 serum to specific antigen ER6 was 1:183971 while the titer to 
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nonspecific antigen AltMV rCP was 1:7101. Non-immune serum titer to antigen 
ER6 was 1:8682, therefore, the efficacy of the interaction of anti-RV14 serum 
with ER6 was more than 20 times higher compared to controls. 

Considering the immune serum against RV14 peptide was proven to react 
with ER6 specifically, it was also applied in analysis of the SPs-ER6 complexes.  

 

A B 

 
C D 

 
E F 

 

Fig. 6. RV14 epitope of rotavirus A protein VP6 is available for interaction with antibodies within the 
SPs-ER6 complexes. SPs are spherical particles derived from TMV coat protein. Recombinant antigen 
ER6 is the Alternanthera mosaic virus coat protein fused with RV14 epitope of the rotavirus A protein 
VP6. SPs-ER6 complexed were treated with a depleted anti-ER6 serum (A, B), with anti-RV14 serum 
(C, D), and with secondary antibodies only (E, F) (control). Secondary antibodies are conjugated to 
Alexa 546 fluorophore. Scale bar 10 μm. Immunofluorescence microscopy in fluorescence (A, C, E) 
and phase contrast (B, D, E) modes (an Axiovert 200M microscope, Carl Zeiss, Germany, ORCAII-
ERG2 integrated camera, Hamamatsu Photonics, Japan). 

 

By means of immunofluorescence microscopy the SPs-ER6 complexes 
were demonstrated to be recognized by both depleted serum against ER6 (Fig. 6, 
A) and anti-RV14 serum (see Fig. 6, B). The positions of the detected SPs 
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corresponded in fluorescence and phase contrast modes (see Fig. 6, B, D). The 
complete absence of fluorescence in the not-treated with primary antibodies con-
trol sample (see Fig. 6, E, F) excludes unspecific binding of secondary antibodies. 

These results indicate that the rotavirus epitope RV14 is available for in-
teraction with antibodies and retains its antigenic specificity within the SPs-ER6 
complexes.  

Various researchers have demonstrated that the designing of plant viruses 
chimeric proteins fused with pathogens epitopes can lead to the formation of 
VLPs, which are able to induce immune response to the corresponding epitopes 
[31, 32, 47, 48]. In particular, based on Papaya mosaic virus (genus Potexvirus, 
family Alphaflexiviridae), which is close relative to the AltMV, chimeric VLPs 
carrying influenza virus [31, 48] or hepatitis C virus [47] epitopes on their surface 
were obtained. The authors believe that multivalent structure of VLP provides the 
immunogenicity in this case [30, 31, 47]. In our previous studies, we for the first 
time used AltMV for designing chimeric recombinant antigen carrying epitope of 
rotavirus protein VP6. The protein ER6, which is AltMV CP fused to the epitope 
of rotavirus protein VP6, was obtained. ER6 was recognized by commercial poly-
clonal antisera to rotavirus A, thus it was proved to be a promising antigen for the 
development of recombinant rotavirus A vaccines. However, ER6 was unable to 
form VLPs in the absence of viral RNA [36]. Recombinant proteins themselves 
possess low immunogenicity and their use requires adding an adjuvant [49, 50]. In 
this work, we propose SPs derived of TMV virions by thermal remodeling as a 
platform-adjuvant for a ER6-based vaccine. SPs are stable under physiological 
conditions, safe for humans and mammals, biodegradable and can adsorb various 
proteins on their surface that lead to the SPs-antigen complexes formation. More-
over, SPs were previously demonstrated to be able to increase in several times the 
titer of antibodies to the antigen administrated within complexes with SPs, there-
fore, SPs have high immunostimulating properties [38, 39]. In this work, rotavirus 
A recombinant antigen ER6 was efficiently adsorbed on the spherical particles 
with the SPs-ER6 complexes formation. These complexes were detected by indi-
rect immunofluorescence microscopy with anti-ER6 serum. All SPs were showed 
to be coated with the ER6. The interaction of primary antibodies with ER6 located 
on the SPs surface indicates that adsorption does not lead to a loss of the chimeric 
protein antigenic specificity. 

To assess the prospects for using the SPs-ER6 complexes as a component 
of a rotavirus vaccine, it was also important to make sure that the rotavirus epitope 
RV14 within such complexes is available for antibodies. To address the problem, 
two immune sera specific to RV14 were prepared: the depleted anti-ER6 serum 
and the anti-RV14 serum obtained by immunization with the synthetic peptide. 
As a result of depletion with AltMV CP and AltMV rCP, the serum retained 
mainly those antibodies for the production of which the RV14 was necessary. The 
titer of depleted anti-ER6 serum to the antigen ER6 was more than 10 times 
higher than to the antigens AltMV rCP and AltMV CP. This serum almost com-
pletely lost the ability to recognize both native and recombinant CP of AltMV in 
immunoblotting but at the same time effectively bounded ER6. The relatively large 
amounts of antibodies specific to the RV14 region of the protein ER6 allows sug-
gesting that AltMV CP, acting as a carrier of RV14, might also act as adjuvant, 
enhancing the immune response to the rotavirus epitope. Another serum to RV14 
was obtained by direct immunization with the synthetic peptide RV14. Both sera 
were applied to examine the antigenic specificity of the rotavirus epitope in SPs-
ER6 complexes by indirect immunofluorescence microscopy. The SPs-ER6 com-
plexes were proved to react with both depleted anti-ER6 serum and anti-RV14 
serum. This indicates that the ER6 keeps the rotavirus antigenic specificity within 
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the SPs-ER6 complexes, which confirms the correctness of AltMV CP selection 
as a carrier for the rotavirus epitope. Taking into account the previously shown 
adjuvant properties of SPs, it can be assumed that the immune response to the 
antigenic determinant of rotavirus will be greatly enhanced due to formation of 
complexes with SPs. 

Therefore, based on the coat protein of one plant virus, the Alternanthera 
mosaic virus (AltMV), we have constructed a recombinant antigen ER6 carrying 
the epitope RV14 of the rotavirus A protein VP6. As well as based on the coat 
protein of another plant virus, the Tobacco mosaic virus (TMV), we obtained 
spherical particles (SPs) that form complexes with ER6. Chimeric protein was 
demonstrated to retain its antigenic specificity during adsorption on SPs. In turn, 
SPs was previously shown to have high adjuvant activity. This suggests that the 
obtained SPs-ER6 complexes containing an epitope of the rotavirus protein VP6 
and modified coat proteins of simultaneously two plant viruses (AltMV and TMV) 
can serve as a component of a new safe recombinant vaccine against rotavirus 
infection. The proposed approach can be further applied to design recombinant 
vaccines against pathogens of humans and farm animals. 

 
R E F E R E N C E S  

 
1. Sicard M., Bryant K., Muller M.L., Quach C. Rotavirus vaccination in the neonatal intensive 

care units: where are we? A rapid review of recent evidence. Curr. Opin. Pediatr., 2020, 32(1): 
167-191 (doi: 10.1097/MOP.0000000000000869). 

2. Troeger C., Khalil I.A., Rao P.C., Cao S., Blacker B.F., Ahmed T., Armah G., Bines J.E., 
Brewer T.G., Colombara D. V., Kang G., Kirkpatrick B.D., Kirkwood C.D., Mwenda J.M., 
Parashar U.D., Petri W.A., Riddle M.S., Steele A.D., Thompson R.L., Walson J.L., Sanders J.W., 
Mokdad A.H., Murray C.J.L., Hay S.I., Reiner R.C. Rotavirus vaccination and the global burden 
of rotavirus diarrhea among children younger than 5 years. JAMA Pediatrics, 2018, 172(10): 958-
965 (doi: 10.1001/jamapediatrics.2018.1960). 

3. Kirkwood C.D., Ma L.F., Carey M.E., Steele A.D. The rotavirus vaccine development pipeline. 
Vaccine, 2019, 37(50): 7328-7335 (doi: 10.1016/j.vaccine.2017.03.076). 

4. Weintraub E.S., Baggs J., Duffy J., Vellozzi C., Belongia E.A., Irving S., Klein N.P., Glanz J.M., 
Jacobsen S.J., Naleway A., Jackson L.A., DeStefano F. Risk of intussusception after monovalent 
rotavirus vaccination. N. Engl. J. Med., 2014, 370(6): 513-519 (doi: 10.1056/NEJMoa1311738).  

5. Carlin J.B., Macartney K.K., Lee K.J., Quinn H.E., Buttery J., Lopert R., Bines J., McIn-
tyre P.B. Intussusception risk and disease prevention associated with rotavirus vaccines in Aus-
tralia’s national immunization program. Clinical Infections Disease, 2013, 57(10): 1427-1434 (doi: 
10.1093/cid/cit520). 

6. Burnett E., Parashar U., Tate J. Rotavirus vaccines: effectiveness, safety, and future directions. 
Pediatr. Drugs, 2018, 20(3): 223-233 (doi: 10.1007/s40272-018-0283-3).  

7. Desselberger U., Wolleswinkel-van den Bosch J., Mrukowicz J., Rodrigo C., Giaquinto C., Vesi-
kari T. Rotavirus types in Europe and their significance for vaccination. Pediatr. Infect. Dis., 2006, 
25(1): S30-S41 (doi: 10.1097/01.inf.0000197707.70835.f3). 

8. Sadiq A., Bostan N., Yinda K., Naseem S., Sattar S. Rotavirus: genetics, pathogenesis and vaccine 
advances. Rev. Med. Virol., 2018, 28(6): e2003 (doi: 10.1002/rmv.2003). 

9. Velasquez D., Parashar U., Jiang B. Decreased performance of live attenuated, oral rotavirus 
vaccines in low-income settings: causes and contributing factors. Expert Review of Vaccines, 2018, 
17(2): 145-161 (doi: 10.1080/14760584.2018.1418665). 

10. Agarwal S., Hickey J.M., McAdams D., White J.A., Sitrin R., Khandke L., Cryz S., Joshi S.B., 
Volkin D.B. Effect of aluminum adjuvant and preservatives on structural integrity and physico-
chemical stability profiles of three recombinant subunit rotavirus vaccine antigens. Journal of 
Pharmaceutical Sciences, 2020, 109(1): 476-487 (doi: 10.1016/j.xphs.2019.10.004). 

11. Afchangi A., Jalilvand S., Mohajel N., Marashi S., Shoja Z. Rotavirus VP6 as a potential vaccine 
candidate. Rev. Med. Virol., 2019, 29(2): e2027 (doi: 10.1002/rmv.2027). 

12. Estes M.K., Greenberg H.B. Rotaviruses. In: Fields virology. D.M. Knipe, P. Howley (eds.). 
Wolters Kluwer Health/Lippincott Williams & Wilkins, Philadelphia, 2013: 1347-1395. 

13. Estes M., Cohen J. Rotavirus gene structure and function. Microbiological Reviews, 1989, 53(4): 
410-449. 

14. Svensson L., Sheshberadaran H., Vene S., Norrby E., Grandien M., Wadell G. Serum antibody 
responses to individual viral polypeptides in human rotavirus infections. Journal of General Virol-
ogy, 1987, 68(3): 643-651 (doi: 10.1099/0022-1317-68-3-643). 



1014 

15. Desselberger U., Huppertz H.I. Immune responses to rotavirus infection and vaccination and 
associated correlates of protection. Journal of Infectious Diseases, 2011, 203(2): 188-195 (doi: 
10.1093/infdis/jiq031). 

16. Kovacs-Nolan J., Dongwan Y., Yoshinori M. Fine mapping of sequential neutralization epitopes 
on the subunit protein VP8 of human rotavirus. Biochemical Journal, 2003, 376(1): 269-275 (doi: 
10.1042/BJ20021969). 

17. Crawford S., Mukherjee S., Estes M., Lawton J., Shaw A., Ramig R., Prasad B. Trypsin 
cleavage stabilizes the rotavirus VP4 spike. Journal of Virology, 2001, 75(13): 6052-6061 (doi: 
10.1128/JVI.75.13.6052-6061.2001). 

18. Parbhoo N., Dewar J.B., Gildenhuys S. Sequence analysis and structural implications of rotavirus 
capsid proteins. Acta Virologica, 2016, 60(3): 260-270 (doi: 10.4149/av_2016_03_260). 

19. Ward R.L., McNeal M.M. VP6: a candidate rotavirus vaccine. The Journal of Infectious Diseases, 
2010, 202(Suppl. 1): S101-S107 (doi: 10.1086/653556). 

20. Choi A.H.C., Basu M., McNeal M.M., Flint J., VanCott J.L., Clements J.D., Ward R.L. Func-
tional mapping of protective domains and epitopes in the rotavirus VP6 protein. Journal of Virol-
ogy, 2000, 74(24): 11574-11580 (doi: 10.1128/jvi.74.24.11574-11580.2000). 

21. Aiyegbo M.S., Sapparapu G., Spiller B.W., Eli I.M., Williams D.R., Kim R., Lee D.E., Liu T., 
Li S., Woods V.L., Nannemann D.P., Meiler J., Stewart P.L., Crowe J.E. Human rotavirus VP6-
specific antibodies mediate intracellular neutralization by binding to a quaternary structure in the 
transcriptional pore. PLoS ONE, 2013, 8(5): e61101 (doi: 10.1371/journal.pone.0061101).  

22. Choi A., McNeal M., Basu M., Bean J., VanCott J., Clements J., Ward R. Functional mapping 
of protective epitopes within the rotavirus VP6 protein in mice belonging to different haplotypes. 
Vaccine, 2003, 21(7-8): 761-767 (doi: 10.1016/s0264-410x(02)00595-9). 

23. Balke I., Zeltins A. Use of plant viruses and virus-like particles for the creation of novel vaccines. 
Advanced Drug Delivery Reviews, 2019, 145: 119-129 (doi: 10.1016/j.addr.2018.08.007). 

24. Zhao Y., Hammond R. Development of a candidate vaccine for Newcastle disease virus by epitope 
display in the Cucumber mosaic virus capsid protein. Biotechnology Letters, 2005, 27(6): 375-382 
(doi: 10.1007/s10529-005-1773-2). 

25. Phelps J.P., Dao P., Jin H., Rasochova L. Expression and self-assembly of cowpea chlorotic 
mottle virus-like particles in Pseudomonas fluorescens. Journal of Biotechnology, 2007, 128(2): 290-
296 (doi: 10.1016/j.jbiotec.2006.10.005). 

26. Mathieu C., Rioux G., Dumas M.C., Leclerc D. Induction of innate immunity in lungs with 
virus-like nanoparticles leads to protection against influenza and Streptococcus pneumoniae chal-
lenge. Nanomedicine: Nanotechnology, Biology, and Medicine, 2013, 9(7): 839-848 (doi: 
10.1016/j.nano.2013.02.009). 

27. Lebel M.-E., Daudelin J.-F., Chartrand K., Tarrab E., Kalinke U., Savard P., Labrecque N., 
Leclerc D., Lamarre A. Nanoparticle adjuvant sensing by TLR7 enhances CD8+ T cell-mediated 
protection from Listeria monocytogenes infection. The Journal of Immunology, 2014, 192(3): 1071-
1078 (doi: 10.4049/jimmunol.1302030). 

28. Acosta-Ramírez E., Pérez-Flores R., Majeau N., Pastelin-Palacios R., Gil-Cruz C., Ramírez-
Saldaña M., Manjarrez-Orduño N., Cervantes-Barragán L., Santos-Argumedo L., Flores-Romo L., 
Becker I., Isibasi A., Leclerc D., López-Macías C. Translating innate response into long-lasting 
antibody response by the intrinsic antigen-adjuvant properties of papaya mosaic virus. Immunol-
ogy, 2008, 124(2): 186-197 (doi: 10.1111/j.1365-2567.2007.02753.x). 

29. Brennan F., Jones T., Hamilton W. Cowpea mosaic virus as a vaccine carrier of heterologous 
antigens. Molecular Biotechnology, 2001, 17(1): 15-26 (doi: 10.1385/MB:17:1:15). 

30. McCormick A.A., Palmer K.E. Genetically engineered tobacco mosaic virus as nanoparticle vac-
cines. Expert Review of Vaccines, 2008, 7(1): 33-41 (doi: 10.1586/14760584.7.1.33). 

31. Denis J., Acosta-Ramirez E., Zhao Y., Hamelin M.E., Koukavica I., Baz M., Abed Y., Sa-
vard C., Pare C., Lopez Macias C., Boivin G., Leclerc D. Development of a universal influenza 
A vaccine based on the M2e peptide fused to the papaya mosaic virus (PapMV) vaccine platform. 
Vaccine, 2008, 26(27-28): 3395-3403 (doi: 10.1016/j.vaccine.2008.04.052). 

32. Lico C., Mancini C., Italiani P., Betti C., Boraschi D., Benvenuto E., Baschieri S. Plant-produced 
potato virus X chimeric particles displaying an influenza virus-derived peptide activate specific CD8+ 
T cells in mice. Vaccine, 2009, 27(37): 5069-5076 (doi: 10.1016/j.vaccine.2009.06.045). 

33. Kalnciema I., Skrastina D., Ose V., Pumpens P., Zeltins A. Potato virus Y-like particles as a new 
carrier for the presentation of foreign protein stretches. Molecular Biotechnology, 2012, 52(2): 129-
139 (doi: 10.1007/s12033-011-9480-9). 

34. Evtushenko E., Ryabchevskaya E., Nikitin N., Atabekov J., Karpova O. Plant virus particles with 
various shapes as potential adjuvants. Scientific Reports, 2020, 10(1): 1-10 (doi: 10.1038/s41598-
020-67023-4).  

35. Donchenko E., Trifonova E., Nikitin N., Atabekov J., Karpova O. Alternanthera mosaic po-
texvirus: several features, properties, and application. Advances in Virology, 2018, 2018: Article ID 
197370 (doi: 10.1155/2018/1973705).  

36. Ryabchevskaya E.M., Evtushenko E.K., Arkhipenko M.V., Donchenko E.K., Nikitin N.A., Ata-
bekov J.G., Karpova O.V. Recombinant rotavirus antigen based on Althernanthera mosaic virus coat 



 

 

1015 

protein. Molecular Biology (Mosk.), 2020, 54(2): 278-284 (doi: 10.1134/S0026893320020132). 
37. Choi A.H.C., Basu M., Mcneal M.M., Clements J.D., Ward R.L. Antibody-independent protection 

against rotavirus infection of mice stimulated by intranasal immunization with Chimeric VP4 or VP6 
protein. Journal of Virology, 1999, 73(9): 7574-7581 (doi: 10.1128/JVI.73.9.7574-7581.1999).  

38. Trifonova E.A., Nikitin N.A., Kirpichnikov M.P., Karpova O.V., Atabekov J.G. Obtaining and 
characterization of spherical particles — new biogenic platforms. Moscow University Biological 
Sciences Bulletin, 2015, 70(4): 194-197 (doi: 10.3103/S0096392515040094).) 

39. Kondakova O., Trifonova E., Arkhipenko M., Nikitin N., Karpova O., Atabekov J. Development of 
avian influenza vaccine on the basis of structurally modified plant virus. Sel’skokhozyaistvennaya bi-
ologiya [Agricultural Biology], 2017, 52(4): 731-738 (doi: 10.15389/agrobiology.2017.4.731eng). 

40. Sambrook J., Fritsch E.F., Maniatis T. Molecular cloning: a laboratory manual. 2nd edition. Cold 
Spring Harbor, Cold Spring Harbor Lab. Press, New York, 1989.  

41. Settembre E.C., Chen J.Z., Dormitzer P.R., Grigorieff N., Harrison S.C. Atomic model of an 
infectious rotavirus particle. The EMBO Journal, 2011, 30(2): 408-416 (doi: 10.1038/em-
boj.2010.322).  

42. Sehnal D., Rose A.S., Koča J., Burley S.K., Velankar S. Mol*: Towards a common library and tools 
for web molecular graphics. Workshop on Molecular Graphics and Visual Analysis of Molecular Data. 
J. Byška, M. Krone, B. Sommer (eds.). The Eurographics Association, 2018: 29-33 (doi: 
10.2312/molva.20181103). 

43. Berman H.M., Westbrook J., Feng Z., Gilliland G., Bhat T.N., Weissig H., Shindyalov I.N., 
Bourne Ph.E. The Protein Data Bank. Nucleic Acids Research, 2000, 28(1): 235-242 (doi: 
10.1093/nar/28.1.235). 

44. Jmol: an open-source Java viewer for chemical structures in 3D. Available: http://www.jmol.org. No 
date. 

45. Mathieu M., Petitpas I., Navaza J., Lepault J., Kohli E., Pothier P., Prasad B.V.V., Cohen J., 
Rey F.A. Atomic structure of the major capsid protein of rotavirus: implications for the architec-
ture of the virion. The EMBO Journal, 2001, 20(7): 1485-1497 (doi: 10.1093/emboj/20.7.1485).  

46. Hulo C., de Castro E., Masson P., Bougueleret L., Bairoch A., Xenarious I., Le Mercier P. 
ViralZone: a knowledge resource to understand virus diversity. Nucleic Acids Research, 2011, 
39(Database issue): D576-D582 (doi: 10.1093/nar/gkq901). 

47. Denis J., Majeau N., Acosta-Ramirez E., Savard C., Bedard M., Simard S., Lecours K., 
Bolduc M., Pare C., Willems B., Shoukry N., Tessier P., Lacasse P., Lamarre A., Lapointe R., 
Macias C., Leclerc D. Immunogenicity of papaya mosaic virus-like particles fused to a hepatitis 
C virus epitope: evidence for the critical function of multimerization. Virology, 2007, 363: 59-68 
(doi: 10.1016/j.virol.2007.01.011). 

48. Rioux G., Babin C., Majeau N., Leclerc D. Engineering of papaya mosaic virus (PapMV) nano-
particles through fusion of the HA11 peptide to several putative surface-exposed sites. PLoS ONE, 
2012, 7(2): e31925 (doi: 10.1371/journal.pone.0031925). 

49. O’Hagan D.T., De Gregorio E. The path to a successful vaccine adjuvant — “The long and winding 
road”. Drug Discovery Today, 2009, 14(11-12): 541-551 (doi: 10.1016/j.drudis.2009.02.009).  

50. Del Giudice G., Rappuoli R., Didierlaurent A.M. Correlates of adjuvanticity: a review on adjuvants 
in licensed vaccines. Seminars in Immunology, 2018, 39: 14-21 (doi: 10.1016/j.smim.2018.05.001). 



1018 

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

2020, V. 55, ¹ 5, pp. 1018-1039 
(SEL’SKOKHOZYAISTVENNAYA BIOLOGIYA) ISSN 0131-6397 (Russian ed. Print) 

ISSN 2313-4836 (Russian ed. Online) 
 

Soil microorganisms 
 
 UDC 631.4:579:577.2 doi: 10.15389/agrobiology.2020.5.1018eng 

doi: 10.15389/agrobiology.2020.5.1018rus 
 

SOILS OF CHERNEVAYA TAIGA OF WESTERN SIBERIA —  
MORPHOLOGY, AGROCHEMICAL FEATURES, MICROBIOTA  

 

E.V. ABAKUMOV1 , S.V. LOYKO2, 3, G.I. ISTIGECHEV2, A.I. KULEMZINA4,  
N.N. LASHCHINSKIY5, E.E. ANDRONOV6, 7, A.L. LAPIDUS1, 8  

 
1Saint-Petersburg State University, 7-9, Universitetskaya nab., St. Petersburg, 199034 Russia, e mail e_abakumov@mail.ru 
( corresponding author); 
2National Research Tomsk State University, 36, pr. Lenina, Tomsk, 634050 Russia, e-mail s.loyko@yandex.ru; 
3Agrophysical Research Institute, 14, Grazhdanskiy pr., St. Petersburg, 195220 Russia; 
4Institute of Molecular and Cellular Biology, 8/2, pr. Academika Lavrentieva, Novosibirsk, 630090 Russia, e-mail 
zakal@mcb.nsc.ru; 
5Central Siberian Botanical Garden, Siberian Branch RAS, 101, ul. Zolotodolinskaya, Novosibirsk, 630090 Russia, 
e-mail nnl630090@gmail.com; 
6All-Russian Research Institute for Agricultural Microbiology, 3, sh. Podbel’skogo, St. Petersburg, 196608 Russia, 
e-mail eeandr@gmail.com; 
7Dokuchaev Soil Science Institute, 7/2, Pyzhyovskiy per., Moscow, 397463 Russia; 
8Saint-Petersburg State University, Center for Algorithmic Biotechnology, 7-9, Universitetskaya nab., St. Petersburg, 199034 
Russia, e-mail a.lapidus@spbu.ru ( corresponding author) 
ORCID:   
Abakumov E.V. orcid.org/0000-0002-5248-9018 Lashinskii N.N. orcid.org/0000-0003-1085-1987 
Loyko S.V. orcid.org/0000-0003-2020-4716 Andronov E.E. orcid.org/0000-0002-5204-262X  
Istigechev G.I. orcid.org/0000-0002-8387-5341 Lapidus A.L. orcid.org/0000-0003-0427-8731 
Kulemzina A.I. orcid.org/0000-0002-6791-5120  
The authors declare no conflict of interests 
Acknowledgements:  
The work was carried out using the equipment of the “Chemical Analysis and Materials Research Center” of the 
SPbSU Science Park. Supported financially from Russian Science Foundation (project No. 19-16-00049) 
Received May 17, 2020 

 

A b s t r a c t  
 

The soils of Chernevaya taiga are unique in terms of high fertility that was formed not as a 
result of agricultural practices, but due to the combination of a huge volume of biotic and abiotic 
resources. This area was able to preserve its “pre-agricultural” level of fertility overtime by avoiding 
the negative consequences of long-standing agricultural usage. Comprehensive analysis of all related 
properties within the framework of a metagenomic study and identification of microbial drivers of 
fertility can become the basis for innovative technologies aimed to increase the productivity of soils 
and crops. In this work, for the first time were obtained data on the taxonomic structure and features 
of the microbiota of soils in the Chernevaya taiga and identified taxa, the number of which significantly 
increases with the transition from the mature zonal soil to the soil of Chernevaya taiga. Analysis of soil 
samples collected during expeditionary surveys in 2019 showed that the soils in the Western Siberia 
(Novosibirsk, Tomsk, Kemerovo, and Altai regions) portion of the Chernevaya taiga are texture-dif-
ferentiated dark gray soils (clay loam and silt clay varieties confined to the deluvial cover of the Hol-
ocene and Late Pleistocene) that were formed as a result of a unique combination of geogenic and 
bioclimatic conditions. These soils are not affected by the permafrost in winter timers and are supplied 
with enough moisture to precipitate rapid mineralization of litter material and the fixation of mineral 
nutrients in the upper humus layer of the soil profile. The accumulation of nutrients is an essential 
property of the soils of the Chernevaya taiga associated with the phenomenon of gigantism and ex-
tremely high levels of plant productivity. The soils of Chernevaya taiga contain the maximum amount 
of carbon in organic compounds compared with soils of oligotrophic habitats (9.85% versus 2.74%). 
The levels of actual soil fertility in the soils of the Chernevaya taiga are several times higher than in 
the soils of adjacent biotopes (the maximum content of the exchange forms of phosphorus and potas-
sium is 702 and 470 mg/kg), which, when compared to oligotrophic forests, are poor in terms of 
agrochemical fertility (the maximum content of the exchange forms of phosphorus and potassium is 
113 and 18 mg/kg), do not have a pronounced humus profile and are either gray-humus (Umbrisol) 
or Podzol types according to substantive-profile classification of Russian soils. The diversity of micro-
organisms in the studied soils varies depending on the trophic regime of the ecosystem. The soils of 
the Chernevaya taiga are characterized by an increased diversity of the microbial community (estimated 
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by the Shannon index), as well as by presence of phyla Nitrospirae and Thaumarchaeota, that, however, 
are not dominant. Phyla Proteobacteria, Verrucomicrobia, Actinobacteria, Acidobacteria, Planctomycetes, 
Firmicutes appeared to be common for all studied soils. 

 

Keywords: soil ecological functions, Chernevaya taiga, microbial communities, NGS, fertility 
factors, Western Siberia 

 

The global dominance of humanity in the biosphere is determined primar-
ily by agriculture development, which covers more than half of the Earth's land 
area. It leads to fundamental changes in the environment and climate [1], food 
and energy shortages, loss of biodiversity and ecosystem stability, and natural water 
pollution [2-5]. More than 60% of all land changes in the period from 1982 to 
2016 are related to human activity, which indicates the controlling role of human-
ity in the development of the Earth [6]. The problems caused by the anthropogenic 
transformation of the soil cover and the ecological soil functions are among the 
most important in the current century [7]. Modern humanity is obliged to preserve 
and protect the soil since soil resources are the basis of food and environmental 
security of nations. Long-term use of soils in agricultural production has many 
negative consequences for soil properties, including organic matter degradation 
(including dehumidification), increased greenhouse gas emissions, and diversifica-
tion of its emission products, changes in the acid-base composition of the soil, 
soil depletion, etc. [8-10]. The use of agricultural technologies (plowing and loos-
ening, application of mineral and organic fertilizers, etc.) significantly changes the 
biogeochemical cycles, including those involving soil microorganisms. The general 
trend of these changes is manifested in a decrease in the soil ability to provide 
agricultural plants with the necessary amount of mineral nutrition elements and 
nitrogen. In this regard, the agroecosystem cannot function effectively without the 
introduction of additional doses of nutrients in the form of fertilizers [10]. 

The introduction of fertilizers into the agroecosystem is accompanied by 
the emergence of new problems, namely, the significant removal of elements from 
the agroecosystem with surface and subsurface water runoff [11-13]. Moreover, 
the return of agriculture from fertilizer application decreases over time [14], and 
with an increase in the doses of applied nitrogen, the efficiency of its retention by 
the agroecosystem decreases [13]. These unavoidable processes can be slowed 
down if a sufficient pool of microbial biomass is created in the soil, which can 
accumulate elements of mineral nutrition and nitrogen of organic origin in the 
periods between harvesting and planting of crops. Moreover, some biogeochemical 
mechanisms that make it possible to retain some of the nitrogen introduced with 
fertilizers in ecosystems for decades, even under the conditions of existing agri-
cultural practices, are known [15]. It means that the problem caused by a decrease 
in the effectiveness of fertilizers during their long-term use will be solved by tech-
nologies that help maintain and realize the soil fertility potential. 

In our opinion, the necessary pool of microbial biomass can be formed  
bionically, by using models of natural microbiota that can maintain the highest 
possible biological productivity of vegetation in humid autonomous landscapes as a 
basis due to the sufficient closure of the biological cycle of substances in the system. 
In the conditions of the percolative regime, it is ensured by maintaining the cycle 
volume of mineral nutrition elements. The composition of such a microbiota should 
develop evolutionarily with a gradual increase in the volume of the biological cycle 
due to the constant exogenous supply of fertilizers in the case of their weathering 
and nitrogen in the process of nitrogen fixation. The factors that disrupt these events, 
by “breaking” the evolutionary cycles, include global natural and anthropogenic 
cataclysms, catastrophic fires, and plowing. The use of microbiota could become 
one of the directions of biological soil reclamation, which is extremely important 
for the agricultural landscapes of Russia [16]. 
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The soils of Chernevaya taiga are a clear example of the key ecological 
functions of the edaphotope associated with fertility and forest-growing properties. 
Its study is important for understanding the phenomenon of high soil fertility. The 
unique combination of soil formation factors in Chernevaya taiga triggers the driv-
ers of intensive soil formation and the circulation of elements. It should be noted 
that at present, practically no such ecosystems are left in the moderate climate. 
As a rule, the forest ecosystems of Europe are either located on the place of former 
agricultural land or were located on their periphery and experienced a powerful 
influence of the pyrogenic factor [17]. Primary undisturbed ecosystems, which are 
extremely productive and maximally biogeochemically intensive bioinert for-
mations, should be sought within the barrier-rain landscapes of Siberia. 

The main areal of Chernevaya taiga is located in the altitude range of 
approximately from 200 to 700-800 m on the western, windward macroslopes of 
the mountains and foothills of the south of Western Siberia. Chernevaya taiga 
belongs to the type of barrier-rain landscapes and is characterized by a complex 
of features [26-31]: fir and aspen are dominants in the stand; the grass layer formed 
by Siberian tallgrass species is well-developed; large shrubs are present in the un-
derwood; the synusia of ground leafy mosses is poorly represented, the epiphytic 
bryoflora is quite rich; the flora is represented by a complex of relatively thermo-
philic nemoral species; the spring synusia of ephemeroids is strongly developed; 
in winter, a deep snow cover is formed (from 80 cm to 2 m or more), due to 
which the soils do not freeze, which is not typical for the continental climate of 
the taiga of Western Siberia; there is no stratified ground litter, the decomposition 
time of the litter is less than 2 years; the number of earthworms is one of the 
highest in Russia, in general, mesofauna activity is high, including the winter pe-
riod. Due to the above factors and the soil features of Chernevaya taiga, its bio-
productivity in comparison with other zonal types of ecosystems of the temperate 
zone is maximum. 

The tallgrass Chernevaya taiga in the foothills and mountains of southern 
Siberia is one of the largest preserved massifs of tallgrass forests in Russia. Tallgrass 
forests are also typical for the Far East. In general, within the taiga zone, tallgrass 
forests have been preserved in the form of isolated areas, for example, in the Cis-
Ural region and on the western slopes of the Urals, on the plains of Western 
Siberia, in places that have been least exposed to fires and the effects of traditional 
nature management [21, 22]. The least disturbed areas of tallgrass forests meet the 
definition of climax ecosystems according to both phytocenotic and soil criteria. 
The annual litter of tallgrass rapidly decomposes, which over time leads to the 
accumulation of mineral elements in the humus horizon [18] and supports an 
active biological cycle of substances, heterogeneity of the intra-cenotic environ-
ment, and high biodiversity. The water and climatic conditions and the specific 
hydrophysical characteristics of the respective soils probably contribute to the sta-
bilization of plant food elements in the soil profile. 

The choice of tallgrass forests as a bionic model is associated with the fact 
that they were the least exposed to exogenous disturbances in the past [19, 20]. In 
biogeographic studies, it is shown that exogenous disturbances lead to the struc-
ture simplification (spatial, species) of communities [23]. There is a point of 
view that the modern zonal ecosystems of the southern, middle, and northern 
taiga are seral series of vegetation restoration after exogenous disturbances — 
fires, logging, plowing, in other words, during demutation shifts [20]. Almost all 
of these forests are litter-bearing, with a predominance of green mosses, small-
grass and low-bush species. Among them, only boreal-nemoral tallgrass forests 
are considered by some authors as relatively fully corresponding to the final stage 
of autogenic succession [24]. 
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The given point of view on the nature of boreal forests is debatable, but it 
well emphasizes the isolation of tallgrass forests. Despite the name, Chernevaya 
taiga actually differs significantly from the actual taiga, boreal ecosystems in terms 
of species and coenotic composition, nutrient status, and biogeochemistry. Cher-
nevaya taiga is considered by most researchers as a sub-nemoral, or hemiboreal, 
ecosystem, that is, it belongs to another class of ecosystems than the boreal forest 
(the taiga itself) [25]. 

The uniqueness of the soils of Chernevaya taiga is in exceptionally high 
fertility, realized at the expense of internal biotic and abiotic resources, and the 
preservation of microbiota that is not affected by agricultural practices. The soils of 
Chernevaya taiga show some features, in particular, high forest growth activity with 
a general low accumulation of humus (effective fertility) [26], and an unusually high 
rate of decomposition of plant residues [27]. The analysis of such a complex of 
related properties in the framework of metagenomic research is a serious fundamen-
tal task. The result of its solution and the identification of microbial drivers of fer-
tility can be innovative technologies to increase the productivity of soils and crops. 

To study the soil microbiota, high throughput sequencing is used [28, 29], 
which makes it possible to identify components of microbial communities, including 
uncultivated ones, with previously inaccessible accuracy. It has become clear that 
the soil microbiota (especially the rhizospheric microbiota) plays an important role 
in plant nutrition and protection from biotic and abiotic stresses, which is why spe-
cial attention is currently being paid to the analysis of rhizospheric communities of 
microorganisms [30]. 

It is obvious that the phenomenon of high soil fertility in Chernevaya taiga 
cannot be limited only by agrochemical and agrophysical parameters and must be 
associated with the characteristics of the soil microbiota. It can also be expected 
that studies of this potential source of new economically significant strains (for ex-
ample, cellulolytic microorganisms, producers of antibiotics, and a variety of bio-
logically active molecules) typical for the studied ecosystem will go beyond the limits 
of soil and agricultural microbiology. However, no data on the soil microbiota of 
Chernevaya taiga have been available so far. 

This paper is the first one dedicated to characterization of the taxonomic 
structure of prokaryotic microbiota of the Chernevaya taiga soil. It is shown that 
the differences between the mature zonal soil and the soil of Chernevaya taiga 
are most likely determined at levels below the phylum. Taxa, the number of 
which significantly increases in the soil of Chernevaya taiga, were identified. 
These are predominantly unclassified prokaryotes. Among the identified micro-
organisms, the order Chthoniobacterales is of particular interest, the first repre-
sentative of which was isolated only recently. 

One of the major goals of this study is to determine the main morpholog-
ical, agrochemical features, and taxonomic composition of the soil microbiota of 
Chernevaya taiga in Western Siberia in comparison with soils associated with oli-
gotrophic ecosystems of pine forests on sandy soil-forming substrates. 

Materials and methods. In the second half of July 2019, expeditionary sur-
veys of soils have been conducted in the Tomsk, Kemerovo, and Novosibirsk 
Regions, as well as in the Altai. The objects of the study were four soil profiles 
(different variants of Chernevaya taiga in the Salair and Kuznetsk-Alataus areals), 
as well as two soils from relatively oligotrophic habitats associated with ancient 
Aeolian sand massifs covered with pine forests. The southern variants of the stud-
ied soils were represented by the following objects: N1 (Dark Gray Soil of Cher-
nevaya taiga, Altai Territory; 54.14070°N, 84.9495°E), N2 (Dark Humus Luvisol, 
grass pine forest, erosion valley, Novosibirsk Region; 54.37083°N, 82.4393°E), N3 
(Gray Humus Soil on aeolian sandy loams under oligotrophic coniferous forest 
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ecosystem, Novosibirsk Region; 54.40810°N, 82.18420°E); northern variants — 
T1 (dark gray soil in a tallgrass fir-aspen forest with a shrinking fir stand, Tomsk 
Region; 56.30693°N, 85.47063°E), T2 (Sod-Podzolic Soil, tallgrass broad grass 
birch-fir post-logging Chernevoy forest, Kemerovo Region; 55.88619°N, 
86.00433°E), T3 (Sod-Eluvial Sandy Loam  Soil under the oligotrophic ecosystem 
of mixed pine forest with an admixture of larch, Tomsk Region, coordinates: 
56.48106°N, 84.79860°E). 

The soil texture was analyzed according to Kaczynski with pyrophosphate 
peptization of microaggregates (the sedimentation method). The content of or-
ganic carbon and nitrogen was determined using an elemental analyzer (EURO 
EA-3028-HT, EuroVector S.p.A., Italy; resource center Chemical Analysis and 
Materials Research Centre of the St. Petersburg State University Research Park). 
The pH of the water extract was measured at a ratio of 1:2.5, when the pH of the 
water suspension was below 7.0. The pH of the salt suspension was measured at 
the same ratio. Mobile compounds of phosphorus and potassium were determined 
by the Kirsanov method modified by CINAO (GOST R 54650-2011. National 
standard of the Russian Federation. Soils), exchangeable ammonium — by the 
CINAO method (GOST 26489-85. State standard of the USSR. Soils), nitrates — 
by the ionometric method (GOST 26951-86. State standard of the USSR. Soil). 

Basal respiration as an indicator of the biological metabolic activity of soils 
was measured according to the description [37] in closed chambers, taking into 
account the amount of CO2 emitted over 7 days by the titration method. 

The soil temperature regime was recorded with an automatic device for 
monitoring climatic parameters SAM-SM (Institute of Monitoring of Climatic 
and Ecological Systems SB RAS, Russia).  

DNA for metagenomic analysis was isolated from soil samples using the 
NucleoSpin Soil kit (Macherey-Nagel GmbH & Co. KG, Germany) following 
the manufacturer’s instructions. 

Preparation of libraries for high throughput sequencing included amplifi-
cation of the target fragment of the variable V4 region of the 16S rRNA gene using 
universal primers (515F — 5´-GTGCCAGCMGCCGCGGTAA-3´/806R — 5´-
GGACTACVSGGGTATCTAAT-3´) [31] together with linkers and unique bar-
codes. Polymerase chain reaction (PCR) was performed on a T100 Thermal Cycler 
device (Bio-Rad Laboratories, USA) in 15 µl of a reaction mixture containing 0.5 
units of Q5® High-Fidelity DNA Polymerase (New England BioLabs, USA), 1X 
Q5 Reaction Buffer, 5 pmol of each of the primers, 3.5 mM dNTP (Evrogen, 
Russia) and 1-10 ng of the DNA matrix. The PCR program included a denatura-
tion stage at 94 C – 1 min, product amplification for 35 cycles (94 C — 30 s, 
50 C — 30 s, 72 C — 30 s), and final elongation at 72 C — 3 min. Further 
sample preparation and sequencing were performed following the Illumina proto-
col (16S Metagenomic Sequencing Library Preparation) on the Illumina MiSeq 
instrument (Illumina, Inc., USA) using the MiSeq Reagent Kit v3 (600 cycles) 
with two-way reading (2½300 n) (Illumina, Inc., USA). 

Preprocessing of the received data included removal of service sequences 
using the Cutadapt program [32], as well as denoising, combining paired reads, 
and deleting chimeras using the Dada2 package [33] implemented in the R soft-
ware environment. The taxonomic classification of the obtained amplicon se-
quence variants was also performed using release SILVA 132 database 
(https://www.arb-silva.de/documentation/release-132/) containing data for the 
SSU rRNA genes [34]. Further processing, including the construction of a phylo-
genetic tree using the SEPP algorithm [35], the calculation of - and -diversity, 
was performed within the QIIME2 package [36], and the plugins implemented in 
it. The diversity indices reflecting the actual predicted species richness (Chao1), 
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the degree of evenness according to Shannon and dom-inance according to Simp-
son were taken into account to assess the -diversity, 

The packages phyloseq [37] and DESeq2 [38] were used to identify dif-
ferentially abundant taxa. taxa. Based on the results of the performed analysis, a 
sub-sample of phylotypes was formed, the change in the abundance of which is 
significant at   0.1 (taking into account the Benjamini-Hochberg correction). 

The total organic carbon and nitrogen content, soil basal respiration, and 
agrochemical parameters were measured in 3-fold analytical repetition and pre-
sented as mean (M) and standard errors of the mean (±SEM). The soil texture 
was evaluated in one repetition. To assess the correlation ratio between the pa-
rameters of soil availability of nutrients, Spearman's correlation coefficient r was 
calculated. The significance of the differences between the indicators for the soils 
of Chernevaya taiga and oligotrophic habitats was evaluated by one-way analysis 
of variance (one-way ANOVA). The taxonomic structure of soil microbiota sam-
ples was analyzed in 4 independent repetitions. 

Results. M o r p h o l o g y  a n d  a n a l y t i c a l  c h a r a c t e r i s t i c s. The 
morphological characteristics and texture of the soils of the selected sites (Fig. 1) 
are presented in Table 1. The studied sections had covered the main components 
of the biodiversity of Chernevaya taiga, represented on the surface clays by such 
contrasting variants as dark gray and sod-podzolic soils [39]. 

 

 

 

Fig. 1. Profiles of the studied soils of Chernevaya taiga (N1, N2, T1, T2) and 
reference soils of oligotrophic pine forests (N3, T3): a — Dark Gray (N1); b — 
Dark Humus Stratozem (N2); c — Gray Humus Soil on aeolian sandy loams 
(N3); d — Dark Gray soil on surface clays (T1); e — Sod-Podzolic Typical Soil 
on surface clays (T2); f — Sod-Eluvial Soil (T3) (Western Siberia, July 2019, for 
more information, see the section Materials and methods). 

 
The morphology of the studied soils is quite different, even 

if one compares the soils of Chernevaya taiga ecosystems with each 
other. Sections N1 and T1 are represented by dark Gray Loamy-
Clay Soil on loess-like loams and dark gray, residual-humus, with 
dark cutans, wind-turbated soil on Loess-Like Clay (Fig. 2). In both 
soils, there is a well-developed deep dark humus horizon, which has 

a more complex structure in T1, which is associated with signs of residual humus 
formation, namely, a decrease in lightness on the Munsell scale in Fig. 1 (see 
Table 1). This horizon in both soils is characterized by a well-developed three-di-
mensional lumpy structure, which is gradually replaced by prismatic and nutty-pris-
matic separations (Fig. 2, A, B). The dark humus horizon in the first case passes into 
a subeluvial stratum with signs of the EL eluvial horizon in the form of separate small 
morphons. In the second case, the dark humus horizon is replaced by the flow-humus 
horizon Ahh, which is characterized by an increased moisture content, the presence  
 

a b c d e 
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                           D 

Fig. 2. Mesomorphology of the dark gray soil of Chernevaya taiga: 
A — forest version of the AU horizon, upper part; B — nutty 
structure of the lower part of the AU horizon (forest version); 
C — cutans in the Ahh subhorizon of the lower part of the deep 
AU (forest version); D — cutans in the BT horizon (Western 
Siberia, 2019). 
 
of thin dark clay-humus cutans on the faces of struc-
tural separations, emphasized by a darker color of 
the interface surfaces in comparison with the intra-
surface mass. 

 

1. Morphological characteristics, the color of soil horizons, the skeletal and fine soil 
content in the studied soils of Chernovaya taiga (Western Siberia, 2019) 

Depth, cm  Horizon  Munsell color code Skeletal content, % Fine soil content, % 
N1, D a r k  G r a y  S o i l  (Altai Region) 

0-10 O 10 YR 3/1 No data  No data  
10-20 AU 10 YR 4/1 11 89 
20-30 AU 10 YR 4/1 12 88 
30-40 BEL 10 YR 6/2 18 82 
40-50 BEL 10 YR 6/2 21 79 
60-80 BI 5 YR 6/3 19 81 
80-100 BC 5 YR 6/3 21 79 

N2, D a r k  H u m u s  S t r a t o z e m  (Novosibirsk Region) 
0-2 O 10 YR 3/1 No data  No data  
2-10 AU 10 YR 4/1 22 78 
10-20 RU 5 YR 2.5/1 11 89 
30-40 RU 5 YR 2.5/1 0 100 
60-70 RU 5 YR 2.5/1 0 100 
80-90 C 7.5 YR 8/1 0 100 

N3, G r a y - H u m u s  S o i l  o n  a e o l i a n  s a n d y  l o a m s (Novosibirsk Region) 
0-3 O 10 YR 4/1 No data  No data  
3-15 AY 7.5 YR 8/1 6 94 
20-30 AC 7.5 YR 8/1 4 96 
40-50 C 7.5 YR 8/1 2 98 

T1, D a r k  G r a y  S o i l  (Tomsk Region) 
0-1 O 10 YR 4/1 No data  No data  
1-15 AU 10 YR 4/1 19 81 
15-30 AU 10 YR 4/1 18 82 
35-55 Ahh 10 YR 3/3 19 81 
70-110 BTtur 5 YR 4/6 21 79 

Т2, S o d - P o d z o l i c  S o i l  (Kemerovo Region) 
0-3 AY 7.5 YR 6/1 93 7 
3-17 EL 5 YR 7/1 25 75 
20-30 BEL 5 YR 7/1 18 82 
30-40 BT 5 YR 4/6 21 79 
40-50 BT 5 YR 4/5 22 78 
60-70 BT 5 YR 4/5 23 77 
80-90 BCi 5 YR 6/3 5 95 
105-120 BCi 5 YR 6/3 10 90 

T3, S o d - E l u v i a l  S o i l  (Tomsk Region) 
0-3 O 10 YR 4/1 No data  No data  
10-20 AY 7.5 YR 8/1 5 95 
40-50 EL 5 YR 7/1 2 98 
50-60 BT 5 YR 4/6 1 99 
60-80 BT 5 YR 4/6 1 99 

N o t е. N1, N2, T1, T2 — soils of Chernevaya taiga, N3, T3 — reference soils of oligotrophic pine forests. 
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Dark Gray Soils are not widely distributed in Chernevaya taiga. They 
have not been previously described for the low-mountain part, although the au-
thors’ studies have shown that there is a high probability of meeting them in the 
lower parts of the slopes, in hollows, that is, in places with additional moisture. 
Apparently, the fact that such soils are not mentioned in the works of other 
authors on Chernevaya taiga is due to the insufficient geographical knowledge 
of this region. The two examined profiles, N1 and T1, differ in the features of 
the lower part of the deep dark-humus horizon. In the N1 profile, eluvial mor-
phons appear, which is associated with active subsurface runoff in low-mountain 
terrain, when in this part there is no accumulation, but the concentration of 
flows and the removal of a fine fraction, which is enriched with humus. A relative 
accumulation of skeletal, a dusty fraction that has light tones happens in this 
place. Such morphons indicate the evolution of this soil towards the dark humus 
butterburs, which are widely distributed in the foothill sub-taiga of Western Si-
beria (Prialtaiskaya soil province), where they occupy a reduced position in mi-
cro-, less often in mesorelief. In the T1 profile, the Ahh subhorizon is isolated 
in the lower part of the deep AU horizon. It is the second humus horizon bearing 
signs of illuvial transformation, which is diagnosed by dark humus-clay cutans 
on the interface surfaces (see Fig. 2, C). Clay cutans settle due to the slow flow 
of the topwaters (which is confirmed by a series of field observations in spring 
and late summer) in the conditions of hollows that drain the gentle slopes relative 
to the flat terrain of the northern part of the studied area of Chernevaya taiga. 
Below in the textural horizon, the composition of the cutans is preserved, but 
their thickness and abundance increase (see Fig. 2, D). 

The soils of points N2 and T2 are represented by the next stage of nutrient 
status, that is, not Dark Gray Soils, but Stratozem and Sod-Podzolic ones, both 
of which are also typical for Chernevaya taiga. The Dark-Humus Medium-Loamy 
Stratozem on stratified loams (slide-rocks) is located in the erosional valley of the 
Karakan River under a grassy pine forest with the presence of aconite. Sod-Pod-
zolic Medium Loam on loess-like loam is located in the post-logging aspen-birch-
fir tallgrass forest of Chernevaya taiga.  

The soils of points N3 and T3 (reference soils of oligotrophic pine forests) 
are represented by relatively oligotrophic variants since in their origin they are 
associated with light soil-forming rocks and pine forests: N3 – Gray-Humus Sandy 
Loam on aeolian sandy loam in the grass-pine brake-sedge forest, T3 — Sod-
Eluvial Sandy Loam under the oligotrophic ecosystem of mixed-grass pine forest 
with an admixture of larch. At the same time, within the T3 point, there are plant 
species typical for the Chernevoy forest: Cacalia hastata L., Aconitum septentrionale 
(Koelle) Korsh., Milium effusum L. However, their abundance and viability are 
significantly lower than in the studied Chernevye forests. The soil profiles of Cher-
nevaya taiga are usually more differentiated by the content of silt and physical clay 
compared to the soils of the oligotrophic variants (Fig. 3), which indicates the 
intensive development of eluvial processes. 

Thus, it can be seen that the type of soil and its profile organization largely 
correspond to the type of forest. Thus, Chernevaya taiga is not formed on soils 
confined to sandy rocks with light soil texture. Forests of Chernevaya taiga are 
confined to either dark gray or Sod-Podzolic Soils with a pronounced binomial 
structure of the soil profile, loam-clay soil texture. 

Chemical analysis showed a gradual decrease in the profile distribution of 
carbon and nitrogen (Table 2), which is in principle typical for texture-differenti-
ated and gray-humus soils. The highest content of organic carbon and nitrogen is 
typical for the upper organomineral horizons of the soils of Chernevaya taiga, and 
it is precisely for dark gray soils, which indicates their maximum trophicity. The 
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soils of oligotrophic habitats have, on average, the lowest humus content. Approx-
imately the same patterns apply to the total nitrogen content. The ratio of carbon 
to nitrogen [40] indicates an average or high nitrogen content of the soil. The 
studied soils are close to neutral or slightly acidic, which is typical for texture-
differentiated soils. At the same time, the soils of oligotrophic habitats are more 
acidic, which is associated with less buffering of sandy loam fine soil compared to 
loam [41]. The intensity of basal respiration was generally higher in oligotrophic 
soils (points N3 and T3), and the profiles — in the bedding horizons. 
 

Fig. 3. Profile diagrams of the soil texture of the studied soils: N1, N2, T1, T2 — soils of Chernevaya 
taiga, N3, T3 — reference soils of oligotrophic pine forests (Western Siberia, 2019). For a description 
of the soil samples, see the section Materials and methods and Table 1. 

 

2. Carbon and nitrogen content, acidity, and basal respiration of the studied soils 
(n = 3, M±SEM, Western Siberia, 2019)  

Code,  
depth, cm 

C, % N, % C/N 
pH of the extract Basal respiration, mg of 

CO2/(100 g of soil∕day) water saline 
N1 0-10 4.76±0.23 0.37±0.05 12.81 6.56 5.82 0.022±0.003 
N1 10-20 3.22±0.17 0.27±0.04 11.57 6.13 5.20 0.019±0.002 
N1 20-30 2.40±0.17 0.18±0.03 13.00 6.02 4.69 0.013±0.002 
N1 30-40 2.25±0.10 0.17±0.03 12.88 5.85 4.64 0.021±0.002 
N1 40-50 1.41±0.07 0.11±0.02 12.71 5.44 4.89 0.021±0.002 
N1 60-80 0.45±0.05 0.06±0.02 8.14 6.30 4.53 0.020±0.004 
N1 80-100 0.24±0.04 0.05±0.01 5.42 6.39 4.57 0.028±0.003 
N2 0-2 2.14±0.21 0.16±0.01 13.51 6.95 5.96 0.062±0.001 
N2 2-10 2.02±0.19 0.15±0.01 13.59 7.35 No data  0.047±0.009 
N2 10-20 0.23±0.04 0.03±0.01 6.45 7.22 No data  0.037±0.008 
N2 30-40 0.16±0.04 0.03±0.01 5.68 7.09 No data  0.040±0.002 
N2 60-70 0.15±0.02 0.03±0.01 5.18 6.81 5.70 0.041±0.004 
N2 80-90 0.46±0.09 0.05±0.01 8.44 6.65 5.65 0.041±0.004 
N3 0-3 2.70±0.21 0.17±0.03 15.46 6.70 6.20 0.051±0.004 
N3 3-15 0.21±0.04 0.03±0.01 7.49 5.93 5.52 0.029±0.007 
N3 20-30 0.05±0.02 0.02±0.01 2.85 6.06 4.91 0.045±0.008 
N3 40-50 0.03±0.05 0.01±0.01 6.00 6.39 5.38 0.052±0.007 
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Continued Table 2 

T1 0-1 9.85±0.28 0.62±0.04 15.66 6.59 6.32 0.206±0.006 
T1 1-15 3.46±0.25 0.28±0.05 12.31 5.96 5.14 0.048±0.007 
T1 15-30 2.37±0.20 0.31±0.02 7.67 5.93 4.71 0.041±0.004 
T1 35-55 1.84±0.12 0.14±0.02 12.73 5.28 4.69 0.043±0.001 
T1 70-110 0.76±0.09 0.08±0.02 9.00 5.97 4.86 0.048±0.001 
T2 0-3 3.97±0.42 0.37±0.02 10.75 6.72 6.16 0.071±0.007 
T2 3-17 1.38±0.12 0.14±0.03 9.44 5.33 4.82 0.053±0.002 
T2 20-30 0.56±0.07 0.06±0.02 8.08 5.70 4.38 0.028±0.003 
T2 30-40 0.38±0.07 0.04±0.01 7.89 5.17 4.26 0.053±0.008 
T2 40-50 0.47±0.09 0.07±0.01 6.98 6.03 4.25 0.059±0.008 
T2 60-70 0.29±0.04 0.05±0.01 6.30 5.61 4.17 0.055±0.007 
T2 80-90 0.20±0.04 0.04±0.01 4.98 5.86 4.30 0.052±0.008 
T3 0-3 2.41±0.31 0.20±0.03 12.24 6.96 6.17 0.078±0.001 
T3 10-20 0.36±0.08 0.04±0.02 8.62 5.16 4.40 0.053±0.003 
T3 40-50 0.07±0.02 0.02±0.01 3.57 5.18 4.54 0.042±0.003 
T3 50-60 0.09±0.02 0.03±0.01 3.26 5.69 4.66 0.057±0.004 
T3 70-110 0.07±0.01 0.03±0.01 2.25 5.73 4.69 0.063±0.007 

One-way ANOVA:      
 р < 0.04 р < 0.03    р < 0.04 
N o t е. N1, N2, T1, T2 — soils of Chernevaya taiga, N3, T3 — reference soils of oligotrophic pine forests.  

 

3. Agrochemical parameters of the studied soils (n = 3, M±SEM, Western Siberia, 
2019) 

Code, depth, cm P, mg/kg K, mg/kg N-NH4, mg/kg N-NO3, mg/kg 
N1 10-20 343±21 319±25 11.14±2.15 15.57±1.53 
N1 20-30 357±24 266±17 4.33±0.23 10.07±0.58 
N1 30-40 702±34 217±14 2.76±0.22 8.59±0.41 
N1 40-50 460±22 71±6 0.73±0.06 5.37±0.32 
N1 60-80 605±23 133±8 0.41±0.07 5.37±0.42 
N1 80-100 682±45 120±8 0.41±0.04 4.97±0.41 
N2 0-2 255±20 198±11 10.23±0.97 14.53±1.01 
N2 2-10 210±13 174±12 5.42±0.23 11.24±0.85 
N2 10-20 178±11 125±8 0.41±0.05 9.54±0.41 
N2 30-40 223±11 114±8 0.32±0.04 4.51±0.31 
N2 60-70 200±15 95±8 0.25±0.03 7.54±0.52 
N2 80-90 210±13 152±11 0.95±0.08 8.56±0.45 
N3 3-15 113±8 195±16 0.57±0.05 7.11±0.40 
N3 20-30 131±9 71±5 0.49±0.04 4.56±0.25 
N3 40-50 243±12 58±4 0.73±0.05 4.03±0.14 
Т1 1-15 234±15 470±45 7.32±0.54 8.59±0.61 
Т1 15-30 166±10 355±32 2.20±0.04 7.52±0.45 
Т1 35-55 231±16 262±22 1.06±0.08 8.19±0.35 
Т1 70-110 373±16 186±14 0.49±0.05 6.71±0.50 
Т2 3-17 79±7 200±29 12.69±0.89 18.93±0.33 
Т2 20-30 76±7 106±15 1.79±0.09 9.66±0.12 
Т2 30-40 107±8 62±6 0.65±0.05 6.98±0.15 
Т2 40-50 104±7 98±8 BLD 7.25±0.40 
Т2 60-70 82±5 142±12 0.24±0.03 12.89±0.60 
Т2 80-90 87±5 151±14 BLD 9.40±0.10 
Т2 105-120 184±6 160±12 BLD 8.46±0.20 
Т3 10-20 44±5 106±11 0.09±0.01 12.21±0.98 
Т3 40-50  97±9 18±2 0.16±0.02 8.05±0.14 
Т3 50-60 319±22 22±2 0.08±0.02 6.31±0.50 
Т3 70-110 234±24 71±3 0.16±0.03 8.32±0.32 

One-way ANOVA р < 0.05 р < 0.04 р < 0.04 р < 0.03 
N o t е. N1, N2, T1, T2 — soils of Chernevaya taiga, N3, T3 — reference soils of oligotrophic pine forests. BLD — 
below limit of detection. 

 

The distribution of available forms of phosphorus in the soil profiles was 
inhomogeneous. Thus, there is a first maximum in the humus horizon, as well as 
a second maximum in the illuvial formation (Table 3). This distribution is typical 
for potassium, although sometimes the second maximum is just below the illuvial 
formation. As for the ammonium and nitrate forms of nitrogen, they are concen-
trated mainly in the upper horizons. At the same time, the predominance of nitrate 
forms of nitrogen in soils is typical. 

The values of the Spearman's correlation coefficient calculated for the soils 
of Chernevaya taiga and oligotrophic habitats (Table 4) revealed in the studied 
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soils a negative correlation between the content of phosphorus and potassium, as 
well as phosphorus and ammonium and nitrate forms of nitrogen. This correlation 
was more pronounced in the soils of Chernevaya taiga, which indicates a higher 
degree of nutrient status in comparison with the soils of oligotrophic habitats. The 
correlation coefficients for potassium and other compared elements had positive 
values, and their values were higher for the soils of Chernevaya taiga. The accu-
mulation of total nitrogen correlates well with the accumulation of potassium and 
nitrate nitrogen. For total nitrogen and ammonium nitrogen, no close relationships 
were found. 

4. Spearman's correlation coefficients (r, p = 0.05) for agrochemical indicators of 
the studied soils (Western Siberia, 2019) 

Indicator
 

Indicator  
P K N-NH4 N-NO3 C N 

So i l s  o f  C h e r n e v a y a  t a i g a  (N1, N2, T1, T2) 
P 1 0,75 0,37 -0,27 0,48 0,55 
K 0.75 1 0.78 0.69 0.17 0.20 
N-NH4 0.37 0.78 1 0.93 0.06 0.003 
N-NO3 0.27 0.69 0.93 1 0.08 0.11 
C 0.48 0.17 0.06 0.08 1 0.98 
N 0.55 0.20 0.03 0.11 0.98 1 

r e f e r e n c e  s o i l s  o f  o l i g o t r o p h i c  p i n e  f o r e s t s  (N3, T3) 
P 1 0.36 0.24 0.67 0.17 0.10 
K 0.36 1 0.19 0.45 0.40 0.46 
N-NH4 0.24 0.19 1 0.71 0.03 0.04 
N-NO3 0.67 0.45 0.71 1 0.35 0.37 
C 0.17 0.40 0.03 0.35 1 0.98 
N 0.10 0.46 0.04 0.37 0.98 1 

 

Thermal monitoring conducted for the Dark Gray Soil (T1) showed that 
during the winter period (2019-2020), the soil practically did not freeze. Negative 
temperatures (from 1 to 0 C) began to penetrate the soil in early November, 
reaching a depth of 30 cm by the end of December, after which the zero level 
(temperatures from +0.1 to 0.1 C) slowly fell to a depth of 40 cm by mid-Febru-
ary. Within these depths, a great constancy of temperatures was observed in winter. 
Only in the first centimeters from the surface, the temperature could fall below 
0.1 C, but not reaching 2 C. In the summer, the soil warmed up to +12 C to 
a depth of 50 cm, and the maximum temperature detected was +16 C at the depth 
of 10 cm. It is probably due, among other reasones, to the high humidity of the soil. 

It should be noted that Chernevaya taiga is characterized by unusually 
high biological productivity of all components of the ecosystem. No other auton-
omous landscapes in Siberia can compete with Chernevaya taiga either in terms 
of the volume of “living matter” or in terms of the intensity of its impact on 
geogenic and microclimatic factors. According to available data, the mass of an-
nual ground litter of plants is about 55-63 c/ha of dry matter per year, and the 
biomass is expressed in the following figures: phytomass – up to 4000 dt/ha, zoo-
mass (herpetoria and pedobionts) — 4-8 dt/ha, the biomass of soil-dwelling mi-
croorganisms — 80-90 dt/ha [42]. In forests of Chernevaya taiga, tallgrass supplies 
28-30 dt/ha of the total annual amount of ground litter of 55-63 dt/ha of dry 
matter. The content of nitrogen and ash elements in the litter of the grassy layer 
is significantly higher than in the material of the wood litter (the ash content of 
the grassy layer is 11.3%, and the ash content of the wood layer is 3.4%, the 
amount of nitrogen is 2.4 and 1.6 %, respectively) [26]. The tree layer, which has 
a huge phytomass, returns annually to the biological cycle a disproportionately 
small amount of ash elements and nitrogen — almost 3-4 times less than their 
annual intake to the soil surface when the grass stands die off. Phytomass reserves 
in Chernevaya taiga are 1.5-2 times higher than in the lowland southern taiga of 
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Western Siberia, nitrogen reserves are 2-2.5 times higher, calcium reserves are 1.4-
1.8 times higher, and the annual intake of Ca with litter is 4 times higher [41]. It 
is known about the study, according to which the content of phosphorus in the 
soils of Chernevaya taiga is 879-1042 mg/kg [43]. Let us note that it corresponds 
to the upper range typical for other ecosystems of the Earth's biosphere (including 
rainforests of the tropical and temperate zones). It has been reported that in terms 
of the number of actinomycetes and spore-forming forms of bacteria, these soils 
are close to some steppe soils, black soils, while they are characterized by small 
absolute and relative numbers of fungi [33]. 

The rate of litter cycle in Chernevaya taiga is 1-1.5 years [44]. The litter 
consists of several fractions that differ in the decomposition rate (the lowest is in 
the needles of fir and cedar, birch leaves, the fall of branches, and the bark of 
shrubs and trees). The tallgrass fall is labile, decomposing in a year. The absence 
of litter, the retention of mineral substances from leaching in a humid climate, 
and the powerful development of tallgrass give the biological cycle some “tropical” 
features. That's why Chernevaya taiga is also called “Siberian tropics”.  

Another feature of Chernevaya taiga is that the total content of calcium 
in the soil-forming rocks (loess-like clays) in a layer of 1 m is 3300 dt/ha [44]. 
This amount of calcium passes through the biological cycle in less than 6-7 thou-
sand years. Therefore, in the absence of a reliable recycling mechanism, for which 
tallgrass parcels are responsible, Chernevaya taiga could not exist. This is what can 
be observed in the southern part of the forest zone of Western Siberia, where 
recycling mechanisms were disrupted by forest fires. 

The most common component of the soil cover of Chernevaya taiga is 
texture-differentiated soils (Podzolic, Sod-podzolic, and Light Gray). The trend 
of the Holocene evolution of these soils consisted of the depletion of the root zone 
by silt and the periodic mixing of the soil mass by treefalls. At present, within the 
average depth of the root systems of the main forest-forming plants – fir and 
aspen, a relatively homogeneous horizon EL or AEL has been formed, with a 
thickness of 45 to 80 cm, under which the BT horizon lies. Performed measure-
ments of the depths of the tree-fall hollows of fir and aspen in Chernevaya taiga 
showed that their average depth in normal humid conditions was 51 cm, in case 
of water-logging — 40 cm. At the same time, no significant differences in the 
depth of the aspen and fir hollows were detected. Such a soil structure corresponds 
to the definition of the climax profile of forest soil and indicates the absence of 
significant exogenous disturbances that interrupted the steady flow of generations 
of tree species. 

The soil cover of Chernevaya taiga is a phenomenon of high-altitude dif-
ferentiation of landscapes on the mountain macroslopes of southern Siberia, open 
to western moist air currents. In the mountains and foothills of Chernevaya taiga, 
there is an upper limit of distribution, above which in the area of medium-moun-
tain terrain, mountain Podzolic Soils, Eluvozem — Pseudopodzolic Soils without 
an illuvial horizon [42], and Brown Soils [45] dominate in soil profiles. A geo-
graphically common feature for all soils of Chernevaya taiga is the presence of 
well-structured strata, light in the soil texture, with high-quality water-physical 
properties, represented in the studied soils by the AY, AEL, EL, AU, Ahh hori-
zons. Below these horizons, there is always a water-resistant horizon, whether it 
is the surface loams and clays transformed into the BT horizon, or the debris-
weathering crust and the deeper dense R horizon. The presence of such a binomial 
structure favors the formation of topwaters and longer retention of moisture, which 
in the conditions of the sub-boreal belt and high differentiation of the relief sup-
ports the possibility of the existence of tallgrass communities with sufficient 



1030 

moisture supply in the dry season. Outside of such a binomial structure of soils, 
the functioning of tallgrass ecosystems is impossible, tallgrass will be replaced by 
mixed grasses or sedge phytocenoses. In spring and the rainy season, the presence 
of a well-structured half-meter thick layer contributes to the infiltration of mois-
ture, which is why a favorable air regime is always maintained in the upper root 
horizon, which contributes to the favorable functioning of root systems. It is also 
proved by the fact that at the oligotrophic point N3, where there was no water-
resistant horizon, there were no tallgrass herbaceous species in the community, 
and at the point T3, there were these species, since the presence of the horizon 
D at this point contributes to a favorable water regime, although the lack of 
nutrient status of the habitat does not allow tallgrass species to maintain their 
phytocenotic positions. 

In the studied soils, the cutan complexes were also very different. Dark 
Gray Soils that occupy concave slopes have a better-formed cutan complex than 
Sod-Podzolic Soils.  

The two main wood edificators of Chernevaya taiga  are Siberian fir Abies 
sibirica Ledeb. and aspen Populus tremula L. When moving to the north, climbing 
into the mountains, in the lower parts of the slopes, aspen may give dominance 
to birch (Betula pendula L.). Chernevaya taiga ecosystems are closely related to 
Sod-Podzolic Ultra-Deep-Lit Soils, which are changed throughout the areal. As 
it has been already noted, the most significant are not the soils themselves, but 
their eluvial horizons in the presence of the underlying water-resistant horizon, as 
evidenced by the wide distribution of eluvial reservoirs in the mountains.  

Soils with a strong eluvial profile dominate not only in the soil profiles of 
Chernevaya taiga but are also developed on the well-drained plains of Western 
Siberia [46-49]. The Ultra-Deep Podzolic Soils of the plain, as well as the moun-
tains, are characterized by the spread of fir forests or forests dominated by fir. As 
it is noted [50], the coefficient of association of fir phytocenoses with Sod-Pod-
zolic Soils is 1.0. During the expeditionary survey, it was confirmed that the fir 
had a deeply penetrating root system (a large number of anchor roots concentrated 
in the thickness of 1 m), it reacted to the nature of moisture, and in waterlogged 
areas, the root distribution becomes surface. With fir, cedar (Cedrus Trew, 1757, 
nom. cons.), which also has a deep root system, dominates as well. During the 
Holocene period, when the fir formation occupied territories with Deep-Podzolic 
Soils, there was repeated inversion of the soil layer during treefalls, as evidenced 
by a complex of signs of treefall disturbances. During successions of wind-turbated 
soils, the processes that cause eluvial cleavage and lessivage increase [51, 52], 
which leads to textural differentiation. It can be assumed that where the conditions 
for deep treefall (with the involvement of a thickness of up to 1 m) were more 
favorable, the formation of more deeply eluviated soils occurred. The strengthen-
ing of eluviation was undoubtedly favored by vigorous intra-soil erosion, which 
enhances the morphogenetic effect of treefalls. 

High humus content is generally typical for Dark Gray Soils [53]. At the 
same time, the Dark Gray Soils under our study were characterized by a humus 
profile developed in depth, which indicates their high fertility. The humus content 
was slightly lower in Sod-Podzolic Soils and even lower in Gray-Humus and Sod-
Podzols of oligotrophic pine forests, which corresponds to the literature data [54]. 
In the studied soils, no eluvial-illuvial differentiation of humus profiles was ob-
served, which is more typical for texture-differentiated soils than for alpha humus 
soils [55]. According to our data, the acidity of the soils, was quite consistent with 
their nature and was increased in the case of Gray-Humus and Sod-Podzolic Soils, 
which is associated with the type of plant litter (pine) and the light soil texture of 
the soil-forming rocks. 
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Fig. 4. Taxonomic structure of the microbiota of the mature zonal taiga soil (ZT) and Chernevaya taiga soil (ChT) at the level of phyla (A) and genera (B); diversity indices (C) 
and the results of the  diversity analysis (principal coordinate analysis, Bray-Curtis distances) (D) (Western Siberia, 2019) are presented. 
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The dissociation of the illuvial profiles of various nutrition elements is due 
to the unequal mobility of their forms in the soil environment [55]. The very 
presence of the second maximum is associated with the role of the eluvial type of 
soil formation in the formation of biologically active reserves of nutrients in various 
parts of the soil profile. The predominance of nitrate forms of nitrogen, which are 
easily accessible to plants (especially in the upper horizons), indicates the im-
portant role of nutrient intake from the litter. 

Thus, the Dark-Gray Soils of Chernevaya taiga represent a peculiar variant 
of texture-differentiated soils, which differ from their European counterparts from 
non-Chernevoy forests by the development of the humus profile and the increased 
content of fertilizer elements, which contributes to the formation of a special nu-
trient status with a pronounced phenomenon of gigantism. At the same time, there 
is a decrease in the degree of morphochromatic differentiation of soil profiles due 
to the impregnation of humus substances. 

Char ac te r i s t i c s  o f  the  t axonomic s t r uc ture  o f  so i l  mic r o -
b i o t a. The analysis of the taxonomic structure of the soil prokaryotic microbiota 
of the mature zonal soil and the soil of Chernevaya taiga, performed in four rep-
lications, showed that at the level of prokaryotic phylum, both soils had a similar 
structure and contained representatives of 15 phyla typical for soil microbial com-
munities. Among them, Proteobacteria, Verrucomicrobia, Actinobacteria, Acidobac-
teria, Planctomycetes, and Firmicutes dominated, and the proportion of unclassifi-
able microorganisms was also very high (Fig. 4, A). 

A much finer structure can be identified at the genus level (see Fig. 4, B), 
from which become obvious that the differences between soils are most likely due 
to differences between taxa of a lower rank than phyla. The revealed dominants 
of the soil microbiota are typical for the majority of natural soils of the temperate 
zone [56], which includes the boreal type of soils and forests. The presence of 
acidobacteria is typical of soils with a slightly acidic reaction of the environment 
[38], which is one of the characteristics of the studied taiga soils. Representatives 
of the phylum Firmicutes can participate in the decomposition of organic alkyl 
fragments of forest litter, which also occurs in the studied soils, where there is a 
residual accumulation of well-humified organic matter. Actinobacteria can also 
take part in the degradation of plant polymers, which confirms the high intensity 
of the biological cycle in the forest ecosystems of Chernevaya taiga and the rapid 
mineralization of low-molecular components of soil organic matter. Represent-
atives of Verrucomicrobia indicate the presence of an intense zoogenic (possibly 
coprogenic) factor in soil formation, which was also confirmed by the results of 
our morphological study of soils. 

The analysis of the diversity indices (see Fig. 4, C) showed that there was 
no significant difference in the number of identified taxa between the soils, but 
according to the Simpson and Shannon indices [57], it can be seen that there are, 
although small, but significant differences in the parameters due to both evenness 
and richness of diversity. The total effect can be seen in the analysis of  diversity 
(see Fig. 4, D), where a clear differentiation between the microbiota of the mature 
zonal soils and the soils of Chernevaya taiga is visible. 

It is clear that possible differences in the taxonomic structure of the mi-
crobiotas of the mature zonal soil and the soil of Chernevaya taiga are most in-
teresting to identify prokaryotic taxa, presumably associated with high fertility. As 
a result of the analysis, taxa were identified, the number of which significantly 
increases during the transition from the mature zonal soil to the soil of Chernevaya 
taiga. The total part of such taxa was 5.6% in the mature zonal soil and 32.2% in 
the soil of Chernevaya taiga. Table 5 shows a list of the identified taxa of the genus 
rank, grouped at the level of prokaryotic orders, showing a significant increase 



 

 

1033 

in the number during the transition from the mature zonal soil to the soil of 
Chernevaya taiga. 

More than half of the differentially presented taxa belong to unclassified 
prokaryotes, as, indeed, in the entire original microbiota. However, among the 
taxa that have been identified, there are several very interesting ones. In Table 
5, taxa are sorted by abundance in the soil of the Chernaya taiga. This list is 
dominated by genera of the orders Rhizobiales, Chthoniobacterales, Bacillales, 
Myxococcales, each of which potentially has some connection with soil fertility, 
although it is difficult to prove it. Nevertheless, the order Rhizobiales can un-
doubtedly be associated with soil, mainly symbiotic, nitrogen fixers. Bacillales 
and Myxococcales, as well as the listed Chitinophagales, may be related to the 
decomposition of organic matter. 

5. Taxa that increase in abundance during the transition from the mature zonal soil 
(ZT) to the soil of Chernevaya taiga (ChT), grouped at the level of prokaryotic 
orders (Western Siberia, 2019) 

Phylum Order 
Taxon abundance, % Magnifica-

tion degree 
Number  
of genera ZT average ChT average 

Unclassified   3.085 18.616 6.0 138 
Proteobacteria Rhizobiales 0.648 3.193 4.9 11 
Verrucomicrobia Chthoniobacterales 0.581 2.744 4.7 7 
Firmicutes Bacillales 0.120 1.456 12.1 7 
Proteobacteria Myxococcales 0.289 1.266 4.4 10 
Actinobacteria Propionibacteriales 0.199 0.772 3.9 5 
Bacteroidetes Chitinophagales 0.044 0.686 15.5 5 
Actinobacteria Gaiellales 0.106 0.451 4.3 2 
Acidobacteria Pyrinomonadales 0.131 0.382 2.9 1 
Actinobacteria Micromonosporales 0.106 0.304 2.9 2 
Planctomycetes Pirellulales 0.034 0.255 7.6 2 
Actinobacteria Frankiales 0.012 0.200 16.9 1 
Verrucomicrobia unclassified_Verrucomicrobiae 0.053 0.197 3.7 2 
Actinobacteria Microtrichales 0.014 0.171 12.5 2 
Actinobacteria Corynebacteriales 0.012 0.160 13.5 1 
Actinobacteria Solirubrobacterales 0.044 0.153 3.5 2 
Proteobacteria Steroidobacterales 0.005 0.147 29.3 1 
Actinobacteria unclassified_Actinobacteria 0.005 0.146 26.8 1 
Verrucomicrobia Pedosphaerales 0.026 0.139 5.4 1 
Proteobacteria Xanthomonadales 0.018 0.106 5.8 2 
Actinobacteria Micrococcales 0.018 0.094 5.3 1 
Gemmatimonadetes Gemmatimonadales 0.024 0.090 3.7 1 
Bacteroidetes Flavobacteriales 0.004 0.073 19.7 1 
Actinobacteria unclassified_Actinobacteria 0.010 0.066 6.9 1 
Planctomycetes Isosphaerales 0.019 0.063 3.3 1 
Planctomycetes Tepidisphaerales 0.008 0.063 7.6 1 
Actinobacteria Streptosporangiales 0.004 0.059 14.9 1 
Actinobacteria Streptomycetales 0.014 0.046 3.3 1 

 

The order Chthoniobacterales noted in this list is quite interesting: only re-
cently the first representative of this order was isolated in culture [58], and its ge-
nome was sequenced [59]. This taxon is interesting not only because it belongs to 
the phylum Verrucomicrobia, the ecological significance of which (especially in soil 
communities) has become apparent recently, but also because its “talking” name 
has some connection with the topic of this study since it comes from the Greek 
word χθών (earth, soil) and is used in ancient mythological and modern philosoph-
ical discourse to refer to “chthonic” creatures and essences that represent the pri-
meval natural power of the earth. Certainly, it is not necessary to take this circum-
stance too clearly, but it is impossible not to pay attention to it since this taxon is 
one of the dominant ones, presumably related to the soil fertility of Chernevaya 
taiga. In any case, the taxonomic and functional composition of a specific compo-
nent of the soil microbiota of Chernevaya taiga can become a source of new 
knowledge about the mechanisms of formation and maintenance of soil fertility. 

Noteworthy is the actual absence of Archaeal phyla in mature zonal soil, 
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while the phylum Thaumarchaeota (0.1%) is represented in the soil of the Cher-
nevaya taiga. 

Thus, our data have clarified the morphological organization, taxonomic 
position, thermal regime, and texture of the soils of Chernevaya taiga of Western 
Siberia. It has been found that the soils of the Chernevaya taiga of Western Siberia 
mainly belong to the division of texture-differentiated soils, of Sod-Podzolic, 
Gray, and Dark Gray Soil types with clay loam and silt clay soil texture of soil-
forming material. These soils are formed in unique combinations of geogenic and 
bioclimatic conditions, not affected by the permafrost in winter, supplied with 
moisture to precipitate the rapid mineralization of the litter material and the fix-
ation of mineral nutrients in the upper humus layer of the soil profile. The accu-
mulation of biophilic elements is the most important property of the soils of Cher-
nevaya taiga, which is associated with the phenomenon of gigantism and extremely 
high plant productivity. Located in adjacent biotopes on light soil-forming mate-
rial, the soils of oligotrophic forests are poor in terms of agrochemical fertility, do 
not have a pronounced humus profile, and belong either to the gray humus or to 
the Al-Fe humus and sod-eluvial variants. At the level of prokaryotic phyla, both 
soils have a similar structure and contain representatives of 15 phyla typical for 
soil microbial communities. In general, the taxonomic composition of the micro-
bial phyla corresponds to that in moderately moist soils of the temperate zone. 
The differences between soils are most likely due to differences between taxa of 
the rank lower than phyla. The diversity of microorganisms in the studied soils 
varies depending on the nutrient regime of the ecosystem. The number of phylo-
types in soil samples of Chernevaya taiga is increased in comparison with oligo-
trophic habitats. The soils of Chernevaya taiga are characterized by a greater va-
riety of microbial communities according to the Shannon index, as well as the 
presence of the phyla Nitrospirae and Thaumarchaeota, which are not present in 
the soils of oligotrophic habitats. The Actinobacteria phylum, which is one of the 
prokaryotic dominants, provides a high intensity of the biological cycle in the 
forest ecosystems of Chernevaya taiga and rapid mineralization of low-molecular 
components of soil organic matter. Thus, the soils of Chernevaya taiga have a 
specific microbiota and the corresponding microbial drivers of soil processes re-
sponsible for the productivity of these soils. They are a unique component of the 
boreal ecosystems of Western Siberia, which allows gaining new knowledge about 
the mechanisms of increased soil productivity with a unique combination of bio-
climatic and geogenic factors. 
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A b s t r a c t  
 

Modern studies of detailed processes in plant development would not be possible without 
using a wide range of fluorescent proteins (R. Day and M. Davidson, 2009; D. Chudakov et al., 2010). 
However, applications of fluorescent proteins are restricted due to problems with their visualization in 
plant tissues. Plants are difficult objects for microscopic studies. Indeed, even the most advanced 
methods have significant limitations regarding the depth of light penetration due to the scattering and 
absorption of light by cell walls. Therefore, to study the distribution of reporter fluorescent proteins in 
large organs typical for most plants, it is necessary to fix the plant material and prepare thick histolog-
ical sections with a vibrating-blade microtome. Chemicals traditionally used for fixing, dehydrating, 
and embedding of plant tissues samples lead to changes in the structure of fluorescent proteins and, as 
a result, often to the loss of their fluorescence. Therefore, it is important to optimize the protocols for 
fixing plant tissues, preparing sections, and studying the distribution of fluorescent proteins by laser 
scanning confocal microscopy. In this work, we propose a novel, integrated, and potentially universal 
approach to fixation of tissues of transgenic plants and preparation of sections in the course of studying 
the patterns of cellular response to auxin and expression of transcription factors using laser scanning 
confocal microscopy. Our aim was to sum up modern approaches to the application of this technique 
for visualization of tissue and cellular patterns of fluorescent reporter proteins distribution on sections 
of large non-model plants. The first step for using fluorescent proteins in plants is the generation of 
genetic constructs that carry the promoter of the gene of interest fused to a reporter gene encoding a 
fluorescent protein. For this, a transformation protocol has to be available for the selected plant species. 
We have described the use of Gateway® cloning technology for the construction of vectors for plant 
transformation that meet modern experimental requirements. To study auxin localization in vivo we 
developed a series of vectors with genes encoding various fluorescent proteins (eGFP, tdTomato, 
mRuby3) under the control of the auxin-sensitive DR5 promoter (E. Ilina et al., 2012). We now 
demonstrate the advantage of nuclear-targeted fluorescent proteins (mNeonGreen-H2B, tdTomato-
H2B, mRuby3-H2B), as well as the possibility of their application for additional visualization of cell 
nuclei in combination with highly specific cell wall staining using SCRI Renaissance2200. An effective 
method is presented for constructing vectors to study cell-specific expression patterns of developmental 
regulators using the transcription factor genes GATA24 (A. Kiryushkin et al., 2019) and LBD16 in some 
Cucurbitaceae species as examples. We also applied an expression cassette, pAtUBQ10::DsRED1 
(E. Limpens et al., 2004), carrying a gene encoding red fluorescent protein under the control of a 
constitutive promoter, to demonstrate the advantages of the use of fluorescent proteins in screening 
for transgenic vs. wild type roots. A new method of fixation and clearing of plant tissues containing 
reporter fluorescent proteins and preparation of sections is presented, using transgenic roots of Cucur-
bitaceae as an example. The advantage of using melted agarose compared to embedding media for 
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orienting plant parts during the preparation of samples is revealed. The increased photostability of 
fluorescent proteins in sections due to the use of clearing reagent ClearSee (D. Kurihara et al., 2015) 
as a mounting medium is demonstrated. In sum, we apply a complex of several modern methodological 
approaches of sample preparation and laser scanning confocal microscopy that offers significant ad-
vantages for studying the developmental biology of large non-model plants. 
 

Keywords: agrobacterial transformation, fluorescent proteins, confocal microscopy, plant de-
velopment, transcription factors 

 

In recent decades, significant advances in knowledge concerning the structure 
and functions of plant parts have allowed us to better understand specific events of 
plant life. This has occurred through use of model plants Arabidopsis thaliana, rice, 
tobacco, corn, Medicago truncatula, and Lotus japonicus. In recent years, omix tech-
nologies and the next top models in plant sciences [1] have contributed to a significant 
breakthrough in understanding of molecular mechanisms of plant development and 
functioning. The range of model plant species and sequenced genomes in the plaBiPD 
(https://www.plabipd.de/plant_genomes_pa.ep) and Phytozome (http://phyto-
zome-next.jgi.doe.gov) databases has increased, and the transcriptomes and pro-
teomes of these plants are receiving much attention. This has led to renewed 
interest in in-depth studies of more complex non-model plants, including mem-
bers of the Cucurbitaceae family [2-4]. 

Nowadays, various reporter fluorescent proteins (FP) are used to study 
molecular and physiological mechanisms of plant development [5]. The areas of 
FP application are diverse, including tissue patterns of gene expression; visualiza-
tion of protein distribution, transport, and interaction; labelling of organelles, cells, 
and tissues; search for new drugs; breeding and selection. [6-8]. However, reporter 
fluorescent proteins have significant limitations when considering the tissues of 
many plants. 

As a convenient model organism, Arabidopsis was applied in most mi-
croscopic studies employing fluorescent proteins. Arabidopsis has thin roots of 
 100 μm in diameter, which allows examination of fluorescent protein location 
in root tissues without sectioning of plant samples, e.g., by noninvasive in vivo 
confocal microscopy. The leaves of Arabidopsis are also thin but optically 
opaque due to chlorophyll, making only the surface layers available to study 
the distribution of fluorescent proteins. For Arabidopsis, the ClearSee tissue 
optical clearing technique has been developed. ClearSee reagent allows for 
clearing while maintaining fluorescence of some reporter proteins to permit the 
visualization of fluorescent protein distributions in optically non-transparent or-
gans [9]. Combining visualization of fluorescent proteins and cell walls stained 
with nonspecific Direct Red 23 or Direct Yellow 96 dyes [10], the ClearSee 
method can be leveraged to explore patterns and localization of gene expression 
in a specific cell or tissue. ePro-ClearSee, an immunohistochemical method that 
also does not require sectioning of plant organs, was adapted for epigenetic inves-
tigations to detect modifications of histones and DNA [11]. In addition, Schiff 
staining of organs followed by clearing has been modified to study the distribu-
tion of indigo (a product of GUS staining) over the entire thickness of any 
Arabidopsis organ [12]. However, this staining is incompatible with the use of 
fluorescent proteins. 

The vast majority of plants, including important crops, have a more com-
plex anatomical structure compared to Arabidopsis, their organs consist of a greater 
number of cell layers in tissues and, accordingly, are larger in size. The maximum 
penetration depth of the confocal microscope laser into plant tissue is relatively 
shallow due to light scattering and absorption by cell walls and reaches a maximum 
value of 100 μm. Multiphoton laser microscopy is rather difficult to use, although 
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it allows deeper penetration into plant tissues using a near-infrared (900-1000 nm) 
femtosecond laser [13, 14]. The latest technology of light-sheet fluorescence mi-
croscopy based on wide-field fluorescence microscopy allows penetration to a 
depth of 500 μm [15-17] but is only applicable to transparent or cleared animal 
and plant objects. Even for Arabidopsis, this technology, successfully combined 
with image deconvolution and reconstruction using a Fiji Multiview-Reconstruction 
plug-in (https://imagej.net/Multiview-Reconstruction), has significant limitations 
in terms of light penetration depth and resolution like traditional microscopy 
methods [18]. 

Despite the undoubted recent progress in microscopic technologies, inves-
tigations into the distribution of reporter fluorescent proteins or fusion of their 
genes with the genes of target proteins (fusion proteins as reporters) in the thick 
organs of plants requires an optimized protocol for fixing and sectioning to pro-
duce thick histological sections of plant material. Chemicals traditionally used for 
fixing, dehydrating, and embedding plant tissue samples alter the structure of flu-
orescent proteins and, as a result, lead to a loss of fluorescence. Some researchers 
use cryomicrotomy to obtain thick (25-50 μm) sections of plant tissues where the 
fluorescence of such proteins is preserved [19]. However, such approaches have 
not become widespread. 

In plants, the brightest and most photostable fluorescent proteins should 
be used (e.g., mNeonGreen, mRuby3, or mScarlet) [20, 21] which provide sample 
scanning to a greater depth. Plant cell autofluorescence in different spectral regions 
should also be considered. Therefore, vectors for plant transformation must cor-
respond to the objectives of the experiment and the object. The existing sets of 
vectors for marking of plant cell organelles [22] or commercial genetic constructs 
are not always best suited to a specific scientific problem, and there is a need 
for a flexible and efficient methodology to design an optimal vector. Cloning 
technologies Gateway® [23] and Golden Gate [24] are efficient, provide tar-
geted cloning, and allow the assembly of almost any combination of DNA frag-
ments (e.g., a promoter, a coding part, and a terminator) in a vector suitable for 
the plant transformation. 

This paper reports a novel methodology which leverages fluorescent re-
porter proteins for investigating the molecular genetic mechanisms of development 
of large organs of non-model plants, using cucurbits as an example. More specif-
ically, an integrated approach to fixation of transgenic plant tissue and sample 
sectioning for laser scanning confocal microscopy is put forward to study patterns 
of cellular auxin response and expression of transcription factors. The paper also 
describes an application of Gateway® cloning technology to produce new ge-
netic constructs (vectors) for plant transformation that overcomes experimental 
challenges.  

Our aim was to sum up modern approaches to the application of an ef-
fective universal technique for visualization of tissue and cellular patterns of fluo-
rescent reporter proteins distribution on sections of large organs of non-model 
plants (on the example of cucurbits). 

Methods. De s ign  o f  DNA con s t r uc t s  u s ing  Gateway® r ecom-
b ina t ion c lon ing  te chno log y. Gateway® c l on in g  gu i d e l in e s . To deliver 
the genes encoding reporter fluorescent proteins into the plant cells, DNA con-
structs (vectors) are required. In constructing vectors suitable for plant transfor-
mation, we used Gateway® cloning technology (Thermo Fisher Scientific, USA) 
[25]. For the LR clonase plus reaction, three different entry vectors containing 
either the promoter, the coding part of the target gene, or the transcription termi-
nator were mixed with the destination vector in a tube containing LR ClonaseTM 
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II Plus enzyme mix (Thermo Fisher Scientific, USA; hereinafter LR clonase plus) 
that catalyzes the in vitro recombination between att-sites of entry clones and a 
destination vector (Fig., A). 

To construct vectors for plant transformation, we also used LR ClonaseTM 
II enzyme mix which transfers one DNA fragment from the entry vector to the 
destination vector via attL-attR recombination. This technology is based on the 
bacteriophage lambda recombination system [26]. The entry and destination vec-
tors contain heteronymous homologous regions of the bacteriophage lambda 
DNA, the attL (left), and attR (right) sites capable of site-specific recombination. 
The recombination is mediated by LR plus clonase which is a mixture of integrase 
and excisionase enzymes of the bacteriophage lambda and the Integration Host 
Factor protein of Escherichia coli [26]. Divergent attL regions flank the edges of 
DNA fragments cloned into the entry vector, which allows them to be transferred 
into the destination vector in a specific order. To generate entry vectors, a BP 
Clonase™ enzyme mix was used, which catalyzes recombination between the attB 
sites flanking the target DNA fragment and the attP sites of the donor vector. Also 
the target DNA fragment was conventionally cloned into the entry vector by re-
striction and ligation performed sequentially. 

The entry vectors used for the experiments were 369_pEN-
TRattL4attR1_BSAI (Thermo Fisher Scientific, USA) to clone the promoter re-
gion, pUC18-entry 8 [27] to clone the reporter DNA fragment, and the pDONR 
P2-P3 donor vector (Thermo Fisher Scientific, USA) to clone the transcription 
terminator fragment. pKGW-GG-RR, the destination vector for the LR clonase 
reaction [28], contained the fused reporter gene encoding for green fluorescent 
protein eGFP and β-glucuronidase (GUS) eGFP-GUS [25] adjacent to att-sites 
[28] and the pAtUBQ10::DsRED1 cassette [29] to screen transgenic roots by fluo-
rescence of the DsRED1 protein. The destination vectors for the LR plus 
clonase reaction were 242 pKGW-RR-MGW containing the same cassette 
pAtUBQ10::DsRED1 (see Fig., A), and 236 pKGW-RR-MGW without such a 
cassette for selection of transgenic material. 

LR plus, LR, and BP clonase reactions were undertaken according to the 
manufacturer’s recommendations (Thermo Fisher Scientific, USA). The presence 
and correct assembly of the cassette in the destination vector was verified by PCR 
and sequencing. The destination vector was transformed into Rhizobium rhizogenes 
R1000 and then used to transform squash and cucumber seedlings according to a 
previously developed method [3] to generate composite plants with wild-type shoot 
and transgenic root system. 

Cons t r uc t i on o f  a  v ec t or  p la smid fami ly to  s tudy th e in  v ivo  
loca l i za t ion o f  the ce l lu l ar  re spons e t o  aux i n. Auxin is one of the most 
important factors affecting root development in higher plants [30]. To study the 
role of auxin in lateral root initiation and development in cucurbits, a family of 
vectors was developed containing the synthetic auxin-sensitive DR5 promoter [31] 
and a reporter gene for detecting the cellular response to auxin. The pKGW-RR-
MGW-DR5::eGFP-GUS vector was produced by an LR clonase-mediated reaction 
between the entry vector pUC18-entry8-DR5 carrying the DR5 promoter and the 
destination vector pKGW243-GG-RR [3]. The cellular response to auxin was stud-
ied on whole transgenic squash roots (DR5::eGFP-GUS) stained for β-glucuronidase 
activity (GUS assay) and on longitudinal and cross sections of the transgenic 
squash roots. A limitation of GUS staining is caused by diffusion of indigo, a 
product of the β-glucuronidase reaction, which can lead to erroneous results on 
tissue localization of the response to the plant hormone. Therefore, fluorescent 
proteins with nuclear localization are most suitable for a more detailed study of 
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the role of auxin in the lateral root initiation in squash. 
 

 

The use of reporter fluorescent proteins to study patterns of cellular response to auxin and expression 
of transcription factors in Cucurbitaceae plants (confocal laser scanning microscopy, LSM 780 mi-
croscope, Zeiss, Germany; longitudinal sections of the tips of fixed roots, the section thickness is 65 
μm; maximum intensity projections of optical sections are shown). 

A. Chart of vector 242 pKGW-RR-MGW including promoter, coding region of fluorescent 
protein gene, transcription terminator, and pUBQ10::DsRED cassette for screening transgenic material. 

B. Visualization of auxin response maxima (nuclear localization of mRuby3 fluorescence, 
green channel) in transgenic roots of cucumber seedlings carrying the DR5::mRuby3-H2B insert. Cell 
walls are counter stained with SCRI Renaissance2200 (purple channel), white arrows indicate lateral 
root primordia. Ph — protophloem. Scale bar, 100 m.  



 

 

1045 

C, D. Visualization of the CpLBD16b gene expression pattern in the root tip of squash 
carrying the СpLBD16b::mNeonGreen-H2B insert, a longitudinal (C) and cross (D) sections. 
СpLBD16b is detected by mNeonGreen fluorescence (nuclear localization, green channel), cell walls 
are counter stained with SCRI Renaissance2200 (purple channel). Ph — protophloem, P — pericycle. 
Scale bar, 50 m. 

E. Visualization of cell nuclei (Venus fluorescence, green channel) in transgenic roots of squash 
seedlings carrying the UBQ10::H2B‐Venus insert. C — cortex, CC is central cylinder. Scale bar, 100 m. 

E. Visualization of cell nuclei (tdTomato fluorescence, red channel) in transgenic roots of 
squash seedlings carrying the pAct::tdTomato-H2B insert. C — cortex, CC — central cylinder. Scale 
bar, 100 m. 
 

We also developed constructs 242 pKGW-RR-MGW-DR5::mRuby3-H2B 
and 242 pKGW-RR-MGW-DR5::tdTomato-H2B which provide nuclear local-
ization of the reporter protein. The cellular response to auxin was analyzed on 
longitudinal and cross 60 μm sections of tips of transgenic squash and cucum-
ber roots bearing constructs DR5::NLS-eGFP-GUS, DR5::mRuby3-H2B and 
DR5::tdTomato-H2B. The use of reporter proteins tdTomato and mRuby3 fused to 
human histone H2B [32] allows for the most accurate data on the spatial patterns 
of the cellular response to auxin in dividing cells during lateral root initiation in 
the meristem of the parental root in cucumber (see Fig., B) compared to the 
DR5::NLS-eGFP-GUS reporter construct [3] encoding the NLS signal of the nu-
clear localization. Importantly, the brightness of the tdTomato and mRuby3 pro-
teins is three times higher than that of the eGFP protein. In addition, mRuby3 
exhibits increased photostability [33, 34]. The auxin response maximum associated 
with the initiation site of the lateral root primordium in cucumber occurs at a 
distance of 200-300 μm from the initial cell prior to the first anticlinal division of 
the pericycle and endoderm. In addition, auxin is involved in further development 
of the lateral root primordium. 

Therefore, the auxin-sensitive promoters combined with reporter con-
structs are appropriate tools for investigating the involvement of the hormone in 
a particular morphogenetic process. The proposed approach requires the use of 
the brightest photostable fluorescent proteins with nuclear localization to increase 
the brightness of fluorescence probes by tens of times compared to proteins with 
cytoplasmic localization, since when studying the early stages of lateral root initi-
ation or similar processes, it is necessary to detect a weak signal from several cells 
of the pericycle in the thickness of the root. Fluorescent tags of nuclear localiza-
tion should also correspond to the objectives of the experiment. Thus, the NLS 
nuclear localization signal did not allow reliable detection of the presence or ab-
sence of a marker in a dividing cell, since the nuclear envelope is disassembled 
during cell division, and the fluorescent protein diffuses into the cytoplasm. Nev-
ertheless, NLS visualizes nuclei in a shape close to that of native nuclei. The 
combination of reporter proteins with H2B histone visualizes the figures of mitosis, 
since histone remains bound to nuclear DNA during mitosis. However, in cucurbit 
plants, uneven distribution of the fluorescent tags in aldehyde-fixed chromatic 
nuclei may be a disadvantage of fusion of the reporter with the histone protein 
(see Fig., D). 

Cons t ruc t ion o f  vec tor s  for  s tudying  the t i ssue expres s ion pa t-
tern o f  deve lopmenta l  regula tor  gene s. To study a fine coordination of the 
developmental processes in a plant organ, for example, the initiation of a lateral 
root, it is necessary to identify the tissues and cells in which the gene of interest 
is expressed. Asymmetric cell division often mediates cell differentiation in multi-
cellular organisms and plays an important role in the development of new organs. 
In most flowering plants, lateral roots are formed from pericycle cells located at 
the xylem pole. These cells are asymmetrically divided into small central and larger 
flanking cells with different fates. In Arabidopsis, LATERAL ORGAN BOUND-
ARIES DOMAIN 16 (LBD16) and other members of the LBD family play an 
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important role in establishing the asymmetry of the lateral root founder cells. 
LBD16 is specifically expressed in a pair of pericycle cells at the xylem pole prior 
to the first anticlinal division during lateral root initiation. The pericycle cells at 
the xylem pole expressing LBD16 are presumably the lateral root founder cells 
[35], the specification of which occurs in the basal part of the root meristem and 
depends on the oscillatory expression of genes, including the GATA23 gene en-
coding for transcription factor [36]. 

Using the NCBI (https://www.ncbi.nlm.nih.gov/), Phytozome (https://phy-
tozome.jgi.doe.gov), Cucurbit Genomics Database (http://cucurbitgenomics.org), 
and PlantTFDB (http://planttfdb.gao-lab.org) databases, we identified the 
CpGATA24 [37] and CpLBD16b genes in the Cucurbita pepo genome, which are the 
orthologs of Arabidopsis auxin-inducible genes GATA23 and LBD16 which are in-
volved in specification of pericycle cells for lateral root initiation.  

Two vectors, 242 pKGW-RR-MGW-pCpLBD16b::mNeonGreen-H2B and 
242 pKGW-RR-MGW-pCpGATA24::mNeonGreen-H2B, were developed by an 
LR plus clonase reaction to localize the expression pattern of CpLBD16b and 
CpGATA24 orthologous genes. The promoter sequences of the CpLBD16b and 
CpGATA24 genes were amplified using a squash genomic DNA template and 
cloned into the 369_pENTRattL4attR1_BSAI vector. mNeonGreen, one of 
the brightest and most photostable proteins with a short maturation time [38, 
39] fused to histone H2B, was used as a reporter for the localization of the 
promoter activity of these genes. The mNeonGreen-H2B nucleotide sequence 
was amplified on a plasmid template (Allele Biotechnology and Pharmaceuti-
cals, Inc., USA, plasmid # H2B-213) [20] and cloned into the pUC18-entry8 
vector. The 373_pENTRattR2attL3-TermAct vector containing the Actin2 gene 
terminator sequences from Arabidopsis was used as a transcription terminator 
[24]. The resulting binary vectors were used for plant transformation to localize 
activity of the CpGATA24 [37] and CpLBD16b promoters in the squash plant 
tissues by confocal laser scanning microscopy (see Fig. C, D). It was revealed 
for the first time that the CpGATA24 gene is involved in lateral root primor-
dium initiation during the first anticlinal divisions in the pericycle. CpLBD16b 
is not expressed in the pericycle cells at the xylem pole of the root but it occurs 
in the initial cells and in the developing protophloem cell file (see Fig., C, D).  

To sum up, the expression of reporter genes encoding fluorescent proteins 
(especially those with nuclear localization) under the control of species-specific 
promoters of the genes of interest provides reliable data on the expression pattern 
of these genes in plant tissues and on their involvement in morphogenesis pro-
cesses, even in large plant organs. 

Cons t i tu t ive promoter s  as  a v isual i za t ion too l . Selection of trans-
genic plant organs is essential during plant transformation. During transformation 
of squash plants with R. rhizogenes, a callus formed at the site of inoculation, 
consisting of cells carrying the T-DNA insert of the binary vector, of non-trans-
formed cells, and, possibly, of cells in which the insert has undergone silencing. 
The roots developing from such a callus are either transgenic, or wild-type, or 
chimeric, i.e., formed by both transformed and non-transformed cells. This causes 
difficulties in the analysis of transgenic roots. A cassette consisting of a gene en-
coding a fluorescent protein under the control of a constitutive promoter, located 
within the T-DNA in a binary vector, provides effective screening of transgenic 
roots. There should be differences in the emission spectra of the screening and re-
porter proteins. Traditionally, these are pairs with fluorescence in red and green 
spectral regions. In vector 242 pKGW-RR-MGW, the pAtUBQ10::DsRED1 cassette 
containing gene for the red fluorescent protein DsRED1 under the control of 
constitutive promoter of the ubiquitin gene AtUBQ10 from Arabidopsis provided 
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the selection of transgenic roots (see Fig., A). In this case, the reporter genes en-
coded fluorescent proteins from the non-red part of the spectrum (see Fig. B-D). 

In most microscopic applications, it is necessary to visualize cell nuclei. 
Usually, cell nuclei are stained with dyes for DNA (for example, DAPI or pro-
pidium iodide), however, such dyes penetrate unevenly into the sample and stain 
all nucleic acids, including mitochondrial and chloroplast DNA, and sometimes 
RNA. An advanced approach to nuclear imaging is the use of constitutive pro-
moters which control a gene encoding a fluorescent protein with nuclear localiza-
tion. The presence of such a cassette in the T-DNA of the vector allows simulta-
neous screening of transgenic roots and visualization of nuclei in cells on sections.  

We have developed new vectors for nuclei visualization in the root tissues 
of cucurbits, both containing genes for screening proteins under the constitutive 
promoters. In 242 pKGW-RR-MGW-pUBQ10::H2B-Venus, the yellow fluorescent 
protein reporter gene Venus is fused to the human histone gene H2B under control 
of ubiquitin gene pUBQ10 promoter from Arabidopsis. The Venus reporter pro-
tein is fast-maturating, highly photostable, and is brighter compared to eGFP 
[33, 40]. Vector 236 pKGW-RR-MGW-pACT2::tdTomato-H2B contains the re-
porter gene tdTomato fused to the histone gene H2B under the constitutive pro-
moter of the actin gene pACT2 from Arabidopsis. 

It was found that promoters of the ubiquitin and actin genes provide high 
expression of genes encoding fluorescent proteins but exhibit different activities de-
pending on localization in root tissues (see Fig. E, F). Both promoters were more 
active in cortex and rhizodermis cells than in the central cylinder, which creates 
difficulties in studying lateral root initiation and other processes occurring in the 
pericycle and other tissues of the central cylinder. 

Thus, constitutive promoters in combination with a gene encoding a fluo-
rescent protein are a valuable tool both for screening transgenic material and for 
visualizing cell nuclei by confocal laser microscopy. Nevertheless, the constitutive 
promoter should be chosen carefully. In the screening cassette, many vectors for 
plant transformation contain the strong constitutive promoter 35S of the cauliflower 
mosaic virus CaMV. We have previously shown that, upon transformation of squash 
plants with the “empty” vector pMDC162-GFP [23], the 35S promoter located in 
the T-DNA in p35S::GFP cassette drives ectopic expression of the GUS gene which 
lacks a promoter and, therefore, should not be expressed in root tissues [3]. Cases 
when the 35S promoter affects the expression of target cassettes, possibly leading to 
erroneous results, have hitherto been described [41, 42]. Native promoter pAtUBQ10 
in the pAtUBQ10::DsRED1 cassette of the vector 242 pKGW-RR-MGW provides 
robust expression of the target cassette [3]. Uneven activity of constitutive gene 
promoters in different tissues and plant organs is also known to occur. The 35S 
promoter is more active in the central cylinder, leading to brighter fluorescence of 
the cell nuclei, compared to the cortex [43]. The promoters of constitutively ex-
pressed ubiquitin and actin genes of Arabidopsis are most popular [18, 29, 44, 45]. 
However, other constitutive gene promoters are also known. For example, the 
PtMCP has been cloned from poplar Populus tomentosa [46]. The promoter of the 
RIBOSOMAL PROTEIN S5A (RPS5A) gene, which is selectively expressed in pro-
liferating cells [47], can be used as a marker of proliferative activity.  

Samp le  p rep ar a t ion  t echn ique  f or  lo ca l i za t ion o f  f l uo re s-
cen t  p ro te ins  on  sec t ion s o f  f i xed or gan s. In experiments using re-
porter proteins, preserving their fluorescence ability for as long as possible rep-
resents an important task. Accordingly, we modified the method of fixing plant 
tissues and preparing sections, using transgenic roots of squash and cucumber 
plants as examples. 

Root cells are known to undergo plasmolysis upon fixation in a 100 mM 
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phosphate buffer. For this reason, we changed the composition of the fixative [48] 
proposed by Brian Lin (Tufts University, Boston, MA, USA). A 5-fold decrease in 
the molarity of the phosphate buffer (up to 20 mM) addresses the problem of plas-
molysis. A similar approach was also used for immunolocalization of the cytoskele-
ton on sections of fixed symbiotic nodules [49, 50]. For most fluorescent proteins 
(GFP, Venus, tdTomato, mRuby3), the optimum pH is 7.2. However, to prevent 
rapid decay of mNeonGreen in the roots of transgenic plants, we used a buffer with 
a higher pH, 8.0. The final fixative composition was as follows: 1 % paraformalde-
hyde, 5 % dimethyl sulfoxide (DMSO), 75 mM L-lysine, 10 mM sodium m-perio-
date in 20 mM phosphate buffer, pH 7.2-8.0. The tips of the main root (6-8 mm 
long) were fixed. To remove air from tissues, containers with plant material and the 
fixative were left to stand in an exicator under vacuum (1 atm) for 3-5 min, 
then the vacuum was removed. The procedure was repeated 3-4 times. The roots 
were kept in the fixative for 1 h at room temperature. After fixation, the material 
was washed three times for 15-20 min with 20 mM phosphate buffer containing 
75 mM L-lysine. 

Fixed roots were placed in rubber molds and mounted in molten 2 % LE 
agarose (Lonza Group, Switzerland) at 40-50 С. The agarose blocks were glued 
onto flat metal holders using Super Moment cyanoacrylate glue (Henkel, Russia). 
An automatic precision microtome with a vibrating blade HM650V (Thermo 
Fisher Scientific, Microm International GmbH, Germany) was used to prepare 
65-μm-thick sections of roots. The sapphire knife (Delaware Diamond Knives, 
Inc., USA) provided significantly improved section quality. Distilled water was the 
optimal cutting medium because different buffers, e.g., phosphate, Tris buffered 
saline (TBS), and microtubule stabilizing buffer (MTSB) significantly deformed 
root sections. The cell walls were counter stained for 1 h with fresh 0.1 % solution 
of an SCRI Renaissance 2200 dye (SR2200, Renaissance Chemicals, Ltd, UK) 
[51] in dH2O (pH 8.0) without subsequent washing. If necessary, cell nuclei were 
alternatively stained for 30-50 min with 0.3 μg/ml DAPI. 

Sections were placed into embedded medium under coverslips. It was re-
vealed that the majority of fluorescent proteins (GFP, Venus, tdTomato), after 
the proposed fixation, retain fluorescence in the CFMR2 liquid final medium 
(Citifluor, Division of Electron Microscopy Sciences, USA). However, clearing 
reagent ClearSee [9] in our modification (13.7 g/l L-lysine monochloride, 100 g/l 
xylitol, 150 g/l sodium deoxycholate, 240 g/l urea in 20 mM phosphate buffer, 
pH 8.0) turned out to be optimal for embedding sections, including those of trans-
genic roots carrying mNeonGreen.  

Thus, many methodological problems associated with reporter fluorescent 
proteins must be considered to preserve their fluorescence. Plant material should 
be embedded into 2-3 % agarose convenient to hold small plant parts during cut-
ting. It has hitherto been shown that neither dehydration in a series of alcohols 
nor embedding media should be applied for immunolocalization of cytoskeleton 
in nitrogen-fixing root nodules of legumes [49, 50]. When the transgenic material 
carrying the reporter fluorescent proteins is embedded in paraffin or Steedman's 
wax (a medium with a more gentle sample preparation suitable for the immuno-
localization of sensitive proteins) [52-54], dehydration in alcohols is required 
which leads to rapid decay of the fluorescence of such proteins. When mounted 
in molten agarose, short-term exposure to 40 С does not lead to denaturation of 
the fluorescent protein. The agarose concentration also requires optimization. Spe-
cifically, the softer the object, the lower the agarose concentration should be. If 
the agarose is too dense it can cause strong compression and dehydration of the 
soft object, which appears as a compression of the stretch zone of the root tip. 
Instead of the traditionally used propidium iodide (PI) or FM4-64 (plasmalemma 
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staining), we propose a simplified staining protocol with SCRI Renaissance 2200 
cell wall specific dye, which allows a clear visualization of the anatomical structure 
on tissue sections (see Fig., C, D). Our findings also testify to the importance of 
optimal embedding medium for the sections, as this parameter affects the stability 
and duration of fluorescence. 

La se r  s c ann ing  con f oca l  mic ro scopy  f o r  v i su a l i z a t ion  o f  
f l uo r e sc en t  p ro t e in s  in  f i x e d  t i s su e s. Analysis of sections and imaging 
were performed using a confocal laser scanning microscope LSM 780 (Zeiss, Ger-
many; objectives 10½/0.45 and 20½/0.8 of the Plan-Apochromat series with a high 
numerical aperture, and 40½/1.3 with oil immersion). Reporter fluorescent pro-
teins eGFP and mNeonGreen were detected at the laser wavelength of 488 nm, 
yellow Venus protein at 514 nm, red proteins mRuby3 and tdTomato at 561 nm. 
Cell walls (SCRI Renaissance 2200) or nuclei (DAPI) were detected by excita-
tion at 405 nm. To visualize unstained anatomical structures, differential inter-
ference contrast (DIC) in an additional transmitted light channel was applied. 
For imaging and image processing, we used the ZEN v. 2.3 software package 
(Zeiss, Germany).  

Currently, fluorescent proteins cannot be visualized in thick sections of 
plant tissues in any other way than using confocal microscopy. The possibilities 
offered by a laser scanning microscope include a significant increase in the spatial 
resolution of the signal, which makes it possible to separate structures that merge 
when using wide-field microscopy due to out-of-focus light. The spatial structure 
of a tissue or organ site is difficult to determine using relatively thin sections (7-
16 μm), however, only thin sections can be examined by traditional light micros-
copy. Thick sections (50-70 μm) in combination with confocal microscopy makes 
it possible to obtain a series of optical sections (z-stack). Further, depending on 
the purpose of the study, it is possible to represent the z-stack in the form of a 
two-dimensional image using the maximum intensity projection algorithm or to 
obtain a 3D reconstruction. This approach has been successfully used to study the 
development of various plant organs, in particular, the apical meristems of shoots 
and roots and the development of lateral roots [55, 56]. 

An essential problem in studying the development of plant organs is the 
overlap of the spectra of several fluorescent proteins and autofluorescence of cell 
and tissue elements [57-59]. The main sources of autofluorescence in plant tissues 
are chlorophyll (red region of the spectrum) and lignin (green and yellow regions). 
Autofluorescence masks and complicates the registration of the fluorescence of 
reporter proteins. Autofluorescence can be strong enough to be mistaken for re-
porters’ fluorescence, leading to erroneous data. The use of confocal microscopy 
allows the separation of autofluorescence and reporter signal. A linear spectral 
unmixing algorithm can be used to eliminate autofluorescence, as well as to sep-
arate the overlapping spectra of several fluorescent reporter proteins [58, 60]. It is 
convenient to assess the nature of autofluorescence using emission spectra on un-
stained sections [61]. Usually, the samples contain several dyes/fluorescent pro-
teins, each of which marks the cell structure or individual cells. Upon spectral 
imaging, fluorophores are detected either individually or as a mixture, depending 
on their spatial distribution within the object. The linear spectral unmixing algo-
rithm allows the relative contribution of the intensity of each fluorophore to be 
determined for each pixel [60]. If the spectra of all fluorophores in the sample are 
known, then their signals within a pixel can be calculated from the spectral curve 
of each pixel, which is determined and recorded during the lambda scan. After the 
spectral contribution of each fluorophore has been determined, the lambda stack 
can be divided into separate channels for each fluorophore. In particular, the au-
tofluorescence spectrum can be represented as a separate channel and eliminated 
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from the final image of the sample. Thus, using a complex of modern approaches 
in confocal laser microscopy addresses the problems of large and dense samples 
by high resolution three-dimensional imaging for cell or tissue distribution of flu-
orescent proteins.  

Altogether, we have successfully developed and applied a new complex of 
techniques that allows us to study the localization of reporter fluorescent proteins 
on fixed sections of large organs of non-model plants. It is shown that the genetic 
constructs containing screening and reporter cassettes should be carefully chosen. 
It is also important to consider particularities of the plants, primarily their auto-
fluorescence. The optimal solution is to construct vectors in accordance with the 
tasks of a specific experiment. Therefore, a necessary condition for the application 
of the proposed approach is the availability of a transformation technique for the 
species of interest, which allows the T-DNA of the vector to be delivered to the 
plant genome. The critical factors are the composition and pH of the fixative, 
which must be adapted with consideration for both the plant species and the ap-
plied fluorescent reporter protein. The method of section preparation is also im-
portant to preserve the fluorescence of the fluorescent proteins. Embedding plant 
material into agarose is optimal. For visualization of cell walls and tissue mor-
phology, we have proposed a simplified protocol for staining with SCRI Renais-
sance 2200. Correct selection of the medium for embedding sections is also im-
portant, since its properties affect the photostability of the protein during the study 
of preparations. Finally, the accuracy of the final result will depend on the reso-
lution of the selected microscopy method. Applications of fluorescent reporter 
proteins for studying plant development are not limited to localization of the cel-
lular response to phytohormones, tissue localization of promoter activity of the 
gene encoding a developmental regulator, or to detection of the protein itself. 
Expression of fluorescent protein genes under the control of promoters of genes 
of interest is an extremely specific fluorescent label produced directly by the plant. 
Therefore, not only cell structures, but also physiological processes are marked, 
which cannot be achieved by simple staining a sample with fluorescent dyes. How-
ever, all studies using fluorescent proteins require careful experimental design and 
sample preparation to ensure sample integrity.  
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