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A b s t r a c t  
 

Scholarly papers on in vitro culture of large-flowered flax (Linum grandiflorum Desf.), an 
ornamental crop for urban gardening, are very few and mainly elaborate morphogenesis, embryo 
culture, and cell line resistance issues. Heavy metals and herbicides are typical urban pollutants 
which cause oxidative stress. Our study for the first time reveals differences in morphophysiologi-
cal characteristics and biosynthesis of phenolic compounds between in vitro cultured flaxseed cells 
influenced by Cd and herbicide glyphosate. With the aim to specify the mechanisms involved in 
stress tolerance of L. grandiflorum we have estimated the accumulation of antioxidants of phenolic 
nature, including phenylpropanoids and flavonoid in the callus culture. When studying the effect 
of stress factors, cadmium (60 μM), glyphosate (10 μM) or cadmium and glyphosate simultane-
ously (in the same concentrations) were added to the nutrient medium. Control was the standard 
nutrient medium. Callus cultures were analyzed at the end of the passage (day 28 of culture). 
Phenolic compounds extracted with 96 % ethanol from a plant material frozen with liquid nitro-
gen at 196 C. The content of the sum of soluble phenolic compounds was determined with a 
Folin-Denis reagent, flavonoids with a 1 % solution of AlCl3 at 725 and 415 nm. The concentra-
tion of phenylpropanoids was determined by direct spectrophotometric analysis of the extracts at 
330 nm. To study the composition of the callus flax cultures phenolic complex compounds, the 
method of a thin layer chromatography on cellulose plates, solvent BUW (n-butanol + acetic 
acid + water in the ratio 40:12:28) were used. Callus of L. grandiflorum had a loose consistency, 
yellowish-green color, low growth index (by the end of the passage — 150 %) and high water con-
tent (95-97 %). As it grows, the content of soluble phenolic compounds and phenylpropanoids 
(biogenetically early polyphenols) increased 2.7 times by the end of the passage. The content of 
flavonoids, one of the most common representatives of phenolic compounds, in the first half of 
the cultivation cycle increased 2.25 times, and by the end of the passage slightly decreased. The 
application of cadmium caused the formation of dark colored necrotic cells on the surface of cal-
lus. In contrast, the application of glyphosate did not give such reaction. The application of cad-
mium did not affect the biosynthetic capacity of callus cultures in terms of the total accumulation 
of phenolic compounds, phenylpropanoids and flavonoids, the quantity of which was almost equal 
to that of the control. Under the application of glyphosate, however, the level of these secondary 
metabolites in cultures decreased, especially flavonoids. Under the simultaneous use of cadmium 
and glyphosate the total content of phenolic compounds in calluses increased, but we observed the 
decrease in the amount of phenylpropanoids and especially flavonoids. The data obtained show 
the differences in the response of large-flowered flax cells to the effect of stress factors on their 
morphology and the level of biosynthesis of phenolic compounds, the substances with high biolog-
ical and antioxidant activity. 

 



 

939 

Keywords: large-flowered flax, Linum grandiflorum, callus cultures, tolerance, cadmium, 
glyphosate, phenolic compounds, phenylpropanoids, flavonoids 

 

One of the problems of recent times is a change in the environmental 
situation due to active industrial and agricultural human activities. Technogenic 
pollution of the environment occurs with various pollutants, including heavy 
metals [1]. The most common is cadmium, which is 2-20 times more toxic to 
plants, animals, and humans than other metals [2]. Cd has a negative effect on 
the processes of photosynthesis and respiration, water regime, mineral nutrition, 
the functioning of the antioxidant system. Cadmium damages the light-
harvesting antenna complexes of photosystem I and photosystem II [3, 4], com-
petes with ammonium ion, thereby affecting nitrogen metabolism [5], promotes 
the activation of free-radical processes [6], changes the accumulation of various 
antioxidants [7, 8]. All of this leads to a disruption of natural plant communities, 
and to significant crop losses in cultivated species due to changes in growth and 
development [1].  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Indicator 
Culture age, days 

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

 

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

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

A B 

 
C D 

 

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

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

Indicator 
Stressor 

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

 

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

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

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

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

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

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

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

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

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

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

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

 
R E F E R E N C E S  

 
1. Nagajyoti P.C., Lee K.D., Sreekanth T.V.M. Heavy metals, occurrence and toxicity for plants: 

a review. Environ. Chem. Lett., 2010, 8(3): 199-216 (doi: 10.1007/s10311-010-0297-8). 
2. Titov A.F., Kaznina N.M., Talanova V.V. Tyazhelye metally i rasteniya [Heavy metals and 

plants]. Petrozavodsk, 2014 (in Russ.). 
3. Gupta S.D. Metal toxicity, oxidative stress and antioxidative defense system in plants. In: Reac-

tive oxygen species and antioxidants in higher plants. CRC Press, 2010 (doi: 
10.1201/9781439854082-10) 

4. Sade N., del Mar Rubio-Wilhelmi, M., Umnajkitikorn, K., Blumwald, E. Stress-induced senes-
cence and plant tolerance to abiotic stress. J. Exp. Bot., 2017, 69(4): 845-853 (doi: 
10.1093/jxb/erx235). 

5. Hall J.L. Cellular mechanisms for heavy metal detoxification and tolerance. J. Exp. Bot., 2002, 
53(366): 1-11 (doi: 10.1093/jxb/53.366.1). 

6. Sazanova K.A., Bashmakov D.I., Lukatkin A.S. Trudy Karel'skogo nauchnogo tsentra RAN, 2012, 
2: 119-124 (in Russ.). 

7. Zagoskina N.V., Zubova M.Yu., Nechaeva T.L., Zhivukhina E.A. Visnik Khar'kivs'kogo natsion-
al'nogo agrarnogo univesitetu, 2015, 3(36): 29-37 (in Russ.). 

8. Manquián-Cerda K., Escudey M., Zúñiga G., Arancibia-Miranda N., Molina M., Cruces E. 
Effect of cadmium on phenolic compounds, antioxidant enzyme activity and oxidative stress in 
blue berry (Vaccinium corymbosum L.) plantlets grown in vitro. Ecotox. Environ. Safe., 2016, 
133: 316-326 (doi: 10.1016/j.ecoenv.2016.07.029). 

9. Kudsk P., Streibig J.C. Herbicides — a two‐edged sword. Weed Res., 2003, 43(2): 90-102 (doi: 
10.1046/j.1365-3180.2003.00328.x). 

10. Zhantasov K.T., Shalataev S.Sh., Kadirbaeva A.A., Alteev T.A., Zhantasov M.K., Zhantasova 
D.M., Kocherov E.N. Sovremennye naukoemkie tekhnologii, 2014, 12(2): 156-159 (in Russ.). 

11. Sviridov A.A., Shushkova T.V., Ermakova I.T., Ivanova E.V., Epiktetov D.O., Leont'evskii A.A. 
Prikladnaya biokhimiya i mikrobiologiya, 2015, 51: 183-190 (doi: 10.7868/S0555109915020221) 
(in Russ.). 

12. Zaprometov M.N. Fenol'nye soedineniya [Phenolic compounds]. Moscow, 1993 (in Russ.). 
13. Cheynier V., Comte G., Davis K.M., Lattanzio V., Martens S. Plant phenolics: Recent advanc-

es on their biosynthesis, genetics, and ecophysiology. Plant Physiol. Bioch., 2013, 72: 1-20 (doi: 
10.1016/j.plaphy.2013.05.009). 

14. Men'shchikova E.B., Lankin V.V., Zenkov N.K., Bondar' I.A., Krugovykh N.F., Trufankin V.A. 
Okislitel'nyi stress. Prooksidanty i antioksidanty [Oxydative stress. Pro- and antioxidants]. Mos-
cow, 2006 (in Russ.). 

15. Rogers C.M. The systematics of Linum sect. Linopsis (Linaceae). Plant Syst. Evol., 1982, 140(2-
3): 225-334 (doi: 10.1007/bf02407299). 

16. Jhala A.J., Hall L.M. Flax (Linum usitatissimum L.): current uses and future applications. Aus-
tralian Journal of Basic and Applied Sciences, 2010, 4(9): 4304-4312.  

17. Titok V., Lemesh V., Khotyleva L. Len kul'turnyi (klassifikatsiya, botanicheskaya i khozyaistven-
naya kharakteristika, genetika, biotekhnologiya) [Cultivated flax — classification, botanical and 
economic characteristics, genetics, biotechnology]. Lap Lambert Academic Publishing 
GmbH&Co, 2012 (in Russ.). 

18. Zelentsov S.V., Moshnenko E.V., Ryabenko L.G. Maslichnye kul'tury. Nauchno-tekhnicheskii 
byulleten' Vserossiiskogo nauchno-issledovatel'skogo instituta maslichnykh kul'tur, 2016, 1(165): 
106-121 (in Russ.). 

19. Cells and tissues in culture: methods, biology and physiology. E.N. Willmer (ed.). Elsevier, Lon-
don, 1966 (doi: 10.1016/b978-1-4832-3146-4.50006-7). 

20. Gaspar T., Franck T., Bisbis B., Kevers C., Jouve L., Hausman J.F., Dommes J. Concepts in 
plant stress physiology. Application to plant tissue cultures. Plant Growth Regul., 2002, 37(3): 
263-285 (doi: 10.1023/a:1020835304842). 

21. Polyakov A.V. Biotekhnologiya v selektsii l'na [Biotechnology techniques in flax breeding]. Tver', 
2010 (in Russ.). 

22. McHughen A. Flax (Linum usitatissimum L.): in vitro studies. In: Legumes and oilseed crops I. 
Biotechnology in agriculture and forestry, vol. 10. Y.P.S. Bajaj (ed.). Springer, Berlin, Heidelberg, 
1990: 502-514 (doi: 10.1007/978-3-642-74448-8_24). 

23. Goncharuk E.A., Zagoskina N.V. Vіsnik Kharkіvs'kogo natsіonal'nogo agrarnogo unіversitetu, 
2016, 3: 27-38 (in Russ.). 

24. Kulma A., Zuk M., Long S.H., Qiu C.S., Wang Y.F., Jankauskiene S., Szopa J., Preisner M., 



 

945 

Kostyn K. Biotechnology of fibrous flax in Europe and China. Ind. Crop. Prod., 2015, 68: 50-59 
(doi: 10.1016/j.indcrop.2014.08.032). 

25. Van Uden W., Pras N., Woerdenbag H.J. Linum species (flax): in vivo and in vitro accumula-
tion of lignans and other metabolites. In: Medicinal and aromatic plants VI. Biotechnology in ag-
riculture and forestry, vol. 26. Y.P.S. Bajaj (ed.). Springer, Berlin, Heidelberg, 1994: 219-244 
(doi: 10.1007/978-3-642-57970-7_15). 

26. Nosov A.M. Metody otsenki i kharakteristiki rosta kul'tur kletok vysshikh rastenii. Molekulyarno-
geneticheskie i biokhimicheskie metody v sovremennoi biologii rastenii [Estimates of growth charac-
teristics of higher plant cell cultures. Molecular genetics and biochemical methods in modern 
plant biology]. Moscow, 2011: 386-403 (in Russ.). 

27. Zaprometov M.N. V sbornike: Biokhimicheskie metody v fiziologii rastenii [Biochemical methods 
in plant [hysiology]. Moscow, 1971: 185-197 (in Russ.). 

28. Khoddami A., Wilkes M.A, Roberts T.H. Techniques for analysis of plant phenolic compounds. 
Molecules, 2013, 18(2): 2328-2375 (doi: 10.3390/molecules18022328). 

29. Balasundram N., Sundram K., Samman S. Phenolic compounds in plants and agri-industrial 
by-products: Antioxidant activity, occurrence, and potential uses. Food Chem., 2006, 99(1): 191-
203 (doi: 10.1016/j.foodchem.2005.07.042).  

30. Zagoskina N.V., Goncharuk E.A., Alyavina A.K. Fiziologiya rastenii, 2007, 54(2): 267-274 (in 
Russ.).  

31. Lydon J., Duke S.O. Pesticide effects on secondary metabolism of higher plants. Pestic. Sci., 
1989, 25(4): 361-373 (doi: 10.1002/ps.2780250406). 


