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Abstract 

 
Changing expression of a single gene by introducing mutations or transformation often affects expression of other genes, which results in 

the modification of the plant phenotype. We have obtained aspen plants with reduced expression levels of 4CL gene (4-coumarate-CoA 

ligase). Change in qualitative composition and 11-23% reduced lignin content were observed in the wood of the greenhouse plants. In the 

study of rhizogenesis in vitro it was found that the micro shoots of transgenic plants formed a greater number of adventive roots than in 

the control, 30%. Studying the transgenic aspen plants grown in a greenhouse (3 months) and passed the semi-natural conditions trial (4 

months) has revealed 5-10% reduction in the lignin content, alteration of the phenotype – decrease in biometrical values (height and di-

ameter of stem). Analysis of RNA from the plants grown under semi-natural  conditions indicated changed expression levels of mono-

lignol biosynthesis genes, 4CL, CCR1 (cinnamoyl-CoA reductase), CAD6 (cinnamyl-alcohol dehydrogenase), and CCoAOMT 

(caffeoyl-CoA O-methyltransferase). For the lines PtXVI4CL9a and PtXIII4CL2c grown under semi-natural conditions, weight of the 

root system was 1.5-2 fold reduced in the transgenic plants as compared to the control. The conductive: feeding root ratio was increased. 

Morphology of the root system was changed. 
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1. Introduction 

Changes in a plant genome caused by mutations or introducing 

heterologous DNA may affect a number of characteristics, which 

could by directly or indirectly related to the changed target. These 

consequences are referred to as side effects. It is known that re-

ducing expression levels of the gene of the 4-coumarate-CoA 

ligase (4CL), which is a key enzyme in the lignin biosynthesis, 

causes decrease in the lignin content and alteration of the wood 

chemical composition [1-3]. In addition to that, transgenic plants 

with reduced expression of this gene demonstrated phenotypic 

changes: wood browning, tillering and dwarf phenotype [4-10]. 

Leplé and coauthors [11] have discovered that reduced expression 

levels of the CCR gene (cinnamoyl-CoA reductase) in poplar is 

accompanied with a decrease in the lignin content, while xylem 

becomes orange-brown. The authors have demonstrated that the 

transgenic plants with reduced lignin content are lower than the 

control plants [11]. Plants with the reduced expression levels of 

the 4CL gene have morphological anomalies. In this case, altered 

formation of xylem vascular bundles [4,8,9,12-13].  However, 

other possible side effects and the reasons causing them were not 

yet studied.  

Main parameters considered during assessing effect of some factor 

on a woody plant are height, trunk diameter, and the tree crown 

architecture, i.e., what characterizes its productivity [14].  Plant 

height directly depends on the genotype and environmental condi-

tions (abiotic and biotic factors), and specificity of ontogenesis 

process [15]. The spatial configuration of the root system and its 

growth rate play an important role in providing the plant produc-

tivity. Rapidity of the vertical and horizontal growth of a root 

system provides the seed germination power, high competitiveness 

with neighbor plants, and availability of minerals (nitrogen, phos-

phorus, potassium, etc.). Architecture of a root system affects all 

of its functions by providing securing the plant in the soil, mineral 

and water metabolism, and interaction with soil biota. The spatial 

configuration is the most important feature of the plant root sys-

tem. Its alteration affects architecture of the entire plant, growth 

rate, productivity, resistance to abiotic stresses, accessing nutri-

tion, and ability to develop a response to a changing environment 

[16, 17]. 

We proposed that the reduced growth rate of aboveground organs 

in the plants with inhibited expression of the 4CL gene may be 

caused by the impairment of the root system development, which 

leads to disturbance of mineral metabolism in plants. This work 

aimed at examining the transgenic plant lines under semi-natural 

conditions, comparative analysis of the root system morphology 

and detecting deviations from the control. 

 

http://creativecommons.org/licenses/by/3.0/
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2. Materials and Methods 

2.1. Plant Material in Vitro 

Transgenic aspen lines PtXVI4CL9a and PtXIII4CL2c and the 

original genotype Pt Populus tremula L were cultivated in vitro on 

the Woody Plant medium [18] containing vitamins MS [19] in 

glass jars. Passage duration was 4 weeks, 12 h day, 12 h night at 

24°С.  

2.2. Semi-Natural Conditions of Plant Cultivation 

1.5 months old plants of transgenic lines PtXVI4CL9a and 

PtXIII4CL2c, and control Pt plants adapted  to the greenhouse 

conditions planted in 1.5 liter jars with peat:perlite (3:1 ratio) and 

cultured in a greenhouse until 3 month old. Cultivation conditions: 

70-80% humidity at 24-26°C. At the beginning of June the jars 

were transferred to an open ground and the plants were vegetated 

for four months (June to September) under climate conditions of 

the Moscow region. At least 30 plants were used for each line 

studied. Plants were set on the ground randomly in order to avoid 

variations due to edge effects and local conditions. At the begin-

ning of October, seven months old plants that stopped growing 

were used for measuring biometric parameters, sampling wood for 

chemical analysis and assessing the root system morphology. 

2.3 Biometric Research 

Plant height was measured from root collar to apical bud after they 

stopped growing. The values are expressed in centimeters. Thirty 

plants groups were used in the analysis.  

Plant diameter was measured at two perpendicular points at 2 cm 

form root collar. The results were expressed in millimeters, ana-

lyzed group comprised 30 plants.  

2.4. RNA Isolation 

Total plant RNA was extracted with using TRIzol® reagent (Invi-

trogen, USA) according to the manufacturer manual 

(http://www.invitrogen.com) from leaf tissue of six months old 

aspen plants, which were grown for three months in a greenhouse 

and for three months on an open ground under semi-natural condi-

tions. Genome DNA was eliminated using TURBO DNase  (Am-

bion, USA) according to the provided protocol. For the cDNA 

synthesis, 500 ng of total RNA were used. RNA concentration 

was measured using a microvolume spectrophotometer Nanodrop 

2000 (Thermo Scientific, USA).  Synthesis of cDNA was carried 

out with RNaseH- reverse transcriptase M-MuLV (SibEnzyme, 

Russia) using oligo-(dТ)18 primer (Syntol, Russia) at 37°С for 75 

minutes. For inactivation of the enzyme, reactions were heated to 

70°C. 2 μl of cDNA mixture were used as a template for PCR with 

primers dirBam (5’- ATTAGGATCCGGATATGGAATGAC-

CGAGGCAG-3’) and revBam, (5’- 

GATTGGATCCTTTCATGATCTGATCACCCCG-3’). Amplifi-

cation parameters: hot start denaturation at 96°C for 3 min, dena-

turation at 95°C for 45 sec, annealing at 62°C (nptII), 58°С (in 

case of VirB gene) or 59°С (4CL construction) for 45 sec; 1 min 

elongation at 72°C; 31 cycles. Reactions were set up in 200 μl 

thin-walled tubes (QSP) in the MJ MiniTM Gradient Thermal 

Cycler (Bio-Rad, USA). To control the RNA contamination by 

residual genome DNA, PCR was carried out with the RNA prepa-

ration from each clone without treating with the reverse transcrip-

tase. Actin gene with primers Act-up (5’-

TATGCCCTCCCACATGCCAT-3’) and Act-low (5’-

CATCTGCTGGAAGGTGCTGA-3’) was used as a reference to 

normalize the target 4CL gene signal. The expected PCR product 

size was 741 bp. 

 

2.5 .RT-PCR Analysis 

Levels of the gene expression were assessed by using cDNA prep-

arations obtained with the real-time PCR. An intercalating dye 

SYBR Green was used as a fluorophore for detecting the reaction 

products. Amplification was carried out in the ANK 32 apparatus 

(Syntol, Russia) with the RT-PCR reaction mixture M-427 (Syn-

tol, Russia). Primers used in the RT-PCR experiments are listed in 

Table 1. Amplification conditions: denaturation at 95°C for 5 min, 

then 45 cycles (primer alnnealing and elongation at 60°C for 40 

sec, denaturation at 95°C for 15 sec) 

Specificity of amplification was estimated using melting curves. 

As a reference gene, ubiquitin was used. Expression levels of tar-

get genes in the transgenic plants were normalized to expression 

levels of the same genes in the non-transgenic control plants. Gene 

expression levels were calculated according to the 2-ΔΔСt method 

[20]. 

Table. 1. Primers used in the RT-PCR. 

Primer name Nucleotide sequence 

Act-up 5’-TATGCCCTCCCACATGCCAT-3’ 

Act-low 5’-CATCTGCTGGAAGGTGCTGA-3’ 

4CL1 5’-CTTTGTTAATAGCCCATCCAG-3’ 

4CL2 5’-TGATTTCACAGCAAATGCAAC-3’ 

CAD6-fw 5’-GGTAGGAAGCAAAGTTGAAAAGTTC-3’ 

CAD6-rew 5’-TAGCCTCCGTACGTGGTGGTTCCAT -3’ 

CCoAOMT1-fw 5’-GTACCTCACATACTTCCTCATTGGT-3’ 

CCoAOMT1-rew 5’-TGGAAGTTTTGATTTCATCTTTG -3’ 

CCR1-fw 5’-AGTTTTCCATACTGCTTCTGTC-3’ 

CCR1-rew 5’-ACAACATCAGGGCTCCTATTGGGGT-3’ 

2.6 .Analysis of Transgenic Plant in Vitro Rooting 

During the experiment in vitro rooting was dissected in 15 apical 

explants of non-transgenic control and each of the transgenic lines. 

Rooting analysis was carried out in the WPM medium containing 

1 mg/l MS vitamins, 30 mg/l kanamycin. For each explant, root 

number, total root length and number of plants rooted by 6, 9 and 

12 days of experiment were calculated. The experiment was re-

peated four times.  

2.7 Analysis of Root Morphology in Plants Grown Un-

der Semi-Natural Conditions 

Seven months old plants grown for 3 months in a greenhouse and 

for 4 months under semi-natural conditions were harvested for 

analyzing the wood composition and root system morphology. 

Root system was carefully washed without damaging the feeding 

roots. Roots were dried at room temperature and weighed. Then, 

coarse and fine roots were separated and each group was weighed 

individually. Five root systems were used for each line and the 

control. 

Determining lignin and cellulose content was performed using 

previously described method [10].  

Statistical treatment of data was carried out using the Kruskal-

Wallis test [21]. 

3. Results 

Upon agrobacterium-mediated transformation, 14 transgenic aspen 

plant lines were obtained [10] in which incorporation of the target 

4CL construction has occurred. Decrease in expression levels of 

the 4CL gene was confirmed with RT-PCR method. Maximum 

reduction was observed in two lines, PtXIII4CL2c and 

PtXVI4CL9a. Chemical analysis has shown that the lignin content 

was 23% and 11% reduced in the wood of greenhouse-grown 

plants of these lines by 6 months of age [10]. During in vitro cul-

tivation of transformants, greater number of adventitious roots was 

observed in clones with reduced expression of the 4CL gene. For 

http://www.invitrogen.com/
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this reason we studied rooting efficiency in transgenic lines in 

vitro and under semi-natural conditions.  

Table 2 represents results of dissection of rhizogenesis in mi-

croshoots of lines Pt, PtXIII4CL2c, and PtXVI4CL9a by 6, 9, and 

12 days of cultivation in vitro.  

Table 2. In vitro rhizogenesis of the transgenic aspen plants. 

Parameter Pt PtXIII4CL2c PtXVI4CL9a 

6 days after rooting 

Mean number of roots per 
plant 

1.5 ± 
0,1 

1.8 ±0.04 1.7 ± 0.06 

Total root length of a single 

plant, mm 

3 ± 

0.35 

3.52 ± 0.3 3.4 ± 0.2 

Rooting frequency, % 63.4 83.4 70 

9 days after rooting 

Mean number of roots per 

plant 

2.3 ± 

0.1 

2.9 ± 0.1 2.5 ± 0.11 

Total root length of a single 
plant, mm 

21.6 ± 
1.1 

25.4 ± 0.7 21.6 ± 0.5 

Rooting frequency, % 95.6 93.5 82.2 

12 days after rooting 

Mean number of roots per 

plant 

2.5 ± 

0.2 

2.9 ± 0.17 3 ± 0.12 

Total root length of a single 

plant, mm 

44.7 ± 

3.1 

40 ± 1.7 50 ± 1.1 

Rooting frequency, % 98 98.4 100 

Mean values of four independent experiments ± SEM (Standard 

Error mines) are given 

One may see that  transgenic line plants rapidly form larger num-

ber of adventitious roots (1.8 and 1.7 respectively, whereas 1.5 

roots per shoot are typically formed in the control). Total root 

length in the control was 3 mm, whereas it was 3.52 mm and 3.4 

mm in these lines of transgenic plants. Portion of rooted plants for 

the PtXIII4CL2c clone was 20% larger than in the control.  

By the day 9 of the experiment, the mean number of roots formed 

by the PtXIII4CL2c transgenic plants was also higher that in the 

control, but the root length in all transgenic plants was equal to 

that in the control (Fig.1). Portion of rooted plants in case of the 

PtXIII4CL2c clone was close to the control value, whereas it was 

10% smaller in case of the PtXVI4CL9a clone. 

By the day 12 of the experiment, the mean number of roots in 

lines PtXIII4CL2c and PtXVI4CL9a was higher than in the con-

trol, whereas total length of their roots was equal to that of the 

control plants. Portion of rooted plants for all clones was close to 

100%. In the control, almost all plants had lateral roots, whereas in 

case of transgenic lines such events were sporadic.  

Thus, under the in vitro conditions, induced formation of adventi-

tious roots and reduced formation of lateral roots are observed. 

 
a) 

 
b) 

 
c) 

Fig. 1. In vitro rooting of aspen microshoots at the day 9 of the experi-

ment. a) control Pt plants, b) PtXIII4CL2c clone, c) PtXVI4CL9a clone. 

Micro-plants of the transgenic lines and the control were adapted 

to the protected soil conditions and then to the open ground. 

Young leaves were collected from the plants grown under semi-

natural conditions. RNA was extracted and used for assessing 

expression levels of monolignol biosynthesis genes. As levels of 

native enzymes were assessed, parameters of the original genotype 

Pt were taken as 1. As seen on the Fig. 2 (A), expression of the 

4CL gene was reduced to 0.08 in the line PtXIII4CL2c and to 0.13 

in the line PtXVI4CL9a. Under semi-natural conditions minimal 

expression levels were observed for the target gene.  
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Fig. 2. RT-PCR analysis of expression of the native 4CL (A), CCR1 (B), CCoAOMT1 (C), CAD6 (D) gene in the seven months old transgenic aspen 

plants grown for three months in a greenhouse and four month under semi-natural conditions. 

Expression of the monolignol biosynthesis genes has changed as 

follows: expression levels were decreased for genes CCR1 (Fig. 

2B) and CCoAOMT1 (Fig.2C) approximately by 50% in the line 

PtXIII4CL2c and 20% in PtXVI4CL9a transformants. Expression 

levels for the enzyme CAD6, which acts at final steps of mono-

lignol biosynthesis was increased by 11% in the PtXVI4CL9a line 

and by 22% in PtXIII4CL2c line (Fig.2D).  

Testing transgenic plants under open ground conditions often lead 

to decrease of parameters characterizing transformation due to 

powerful compensatory mechanisms in plant organism. This is 

why the lignin content different in plants grown under semi-

natural conditions and the ones grown in a greenhouse. As seen in 

the Table 3, the lignin content has decreased in the transgenic lines 

by 5.5% in the PtXIII4CL2c plants and by 11% in the 

PtXVI4CL9a plants. Portion of acid-soluble lignin is increased, 

whereas portion of acid-insoluble lignin is reduced (Table 3). In 

the PtXIII4CL2c line portion of acid-soluble lignin is 26% higher 

than in the control, portion of acid-insoluble lignin is reduced.  

Table 3. Lignin and cellulose contents (%) in the seven months old transgenic aspen plants (three months in a greenhouse and four months under semi-
natural conditions). 

Genotype Total lignin Acid-soluble lignin Acid-insoluble lignin, Klason lignin Cellulose 

Pt 19.9 ± 0.3 1.9± 0.3 18± 0.3 42.95± 0.3 

PtXIII4CL2c 19± 0.3 2.4± 0.3 16.6± 0.3 43.7± 0.3 

PtXVI4CL9a 17.7± 0.3 2± 0.3 15.7± 0.3 46.5± 0.3 

 

Portion of acid-insoluble lignin in wood of the PtXVI4CL9a line 

is 15% reduced as compared to the original genotype. Similar 

tendency is also observed in greenhouse plants [10].  

The most important parameters of productivity are height and 

stem diameter. We have measured height and stem diameter in the 

7 months old transgenic plants and the control. It turned out that 

the transgenic PtXIII4CL2c plants with reduced lignin content are 

40% lower than the control plants, whereas plants of the 

PtXVI4CL9a line are 45% higher (Fig. 3). All results are statisti-

cally significant. 
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Fig. 3. Stem height in the seven months old plants grown for three months 

in a greenhouse and four month under semi-natural conditions. 30 plants 
sampling for each clone. Differences are significant with respect to the 

control (Pt), р< 0.01. (Kruskal-Wallis test). 

Stem diameter in transgenic plants was smaller than that in the 

control plants (Fig. 4). At the 7 months age stem diameter in 
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plants of the PtXIII4CL2с line was 18% smaller than in the con-

trol. More significant difference was observed in the PtXVI4CL9a 

plants. In this case stem diameter was 27% smaller as compared to 

the control.  Диаметр ствола трансформантов этой линии 

меньше контрольных показателей на 27%.  All results of meas-

uring the diameter are statistically significant. 
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Fig. 4. Stem diameter in the seven months old plants grown for three 

months in a greenhouse and four month under semi-natural conditions. 30 
plants sampling for each clone. Differences are significant with respect to 

the control (Pt), р< 0.01. (Kruskal-Wallis test) 

Analysis of the morphology of root system has shown its weight is 

significantly decreased in the transgenic plants as compared to the 

control.  As compared to the control, total weight of dry root sys-

tem of the 7 months old plants was 35% lower for PtXIII4CL2с 

line and 53% lower for the PtXVI4CL9a line (Table. 4).  

Table 4. Studying the weight of roots in the seven months old transgenic 

plants grown for three months in a greenhouse and four months under 
semi-natural conditions. 

Genotype Total root 

weight, g 

Coarse root 

weight, g 

Fine root 

weight, g 

Coarse:fine 

root ratio 
 

 6 months 

Pt 22.6± 1.1 11.3± 0.4 10.08± 0.1 1.04 

PtXIII4CL2c 14.8± 0.7 9.9± 0.4 5.7± 0.1 1.7 

PtXVI4CL9a 10.6± 

0.08 
6.4± 0.08 3.6± 0.04 1.8 

Significant difference with respect to the non-transgenic control, p 

< 0.01 (Kruskal-Wallis test). Mean values of measurements of five 

plants ± SEM (Standard Error mines) are given.  - values signifi-

cantly different from control. 

Inhibition of growth of aboveground organs was associated with 

the reduction of root system. Weight of feeding and conductive 

roots in each transformant was lower than in the control. Signifi-

cant decrease in weight of fine roots was observed: by 50% for the 

PtXIII4CL2с line and by 70% for the PtXVI4CL9a line as com-

pared to the control. The coarse:fine root ratio in the control plants 

is approximately 1, whereas in the lines under study it is 1.7-1.8 

(Table 4).  Thus, in addition to the growth inhibition, the transgen-

ic plants feature reduced root system. At that, conductive roots 

prevail over feeding ones.  

4. Discussion 

Alteration of physiology and morphology in plants caused by 

modification of plants genome affect numerous organ systems. On 

an example of plants with reduced expression of the 4CL gene one 

may see changes in content and composition of lignin in wood, 

development of brown stem coloration, and decrease in plant 

height [1-13]. Researchers that achieved reduced lignin content 

using genetic engineering often observe development of brown 

coloration of xylem, impaired formation of vascular system, 

changes of growth parameters [22]. For instance, stunted growth 

and delayed root formation were observed upon inhibition of 

genes PAL2 (phenylalanine ammonia-lyase) in tobacco plants and 

PAL1 in Salvia miltiorrhiza, [23-24]. Reduced expression of the 

CCR gene in tobacco plants are accompanied by growth defects, 

xylem decomposition and development of orange-brown coloring 

[25]. 

Xylem decomposition and dwarfing phenotype are observed In 

Arabidopsis thaliana plants mutant for the cinnamate-3-

hydroxylase (C3H) gene REF8 [26]. This is a main list of morpho-

logical and phenotypic changes, which are currently demonstrated 

for plants with altered expression of monolignol biosynthesis 

genes. We have discovered changes of the root system phenotype 

and reduced lignin content in transgenic aspen lines with minimal 

expression levels of the 4CL gene. 

Reduced by 5.5% and 10% lignin content in the PtXIII4CL2c and 

PtXVI4CL9a plants, grown under semi-natural conditions (three 

month in a greenhouse and four months in the open ground) 

agrees with the results of Voelker and colleagues during dissecting 

poplars with 4CL gene inhibited using the anti-sense RNA ap-

proach [8,9]. Wood of poplars grown in open ground lignin con-

tent was reduced by 10% [8-9]. Similar results for lignin content 

were obtained by Chinese researchers, who partially repressed 

4CL gene expression in the poplar Populus tomentosa Carr. using 

the RNAi method [27]. Lignin content was reduced by 11.67% 

and 4.38% in plants vegetated in open ground for half a year. 

Thus, inhibiting expression of the 4CL gene in plants of genus 

Populus leads to decrease in lignin content in general by 10% 

upon growing in open ground. Results obtained under our condi-

tions on lignin content in wood of the transgenic plants correspond 

to data of other researchers, who performed experiments in open 

ground.  

We have observed decrease in height (by 40-45%) and stem diam-

eter (by 18-34%) in plants of PtXIII4CL2c and PtXVI4CL9a lines 

with reduced lignin content. One may conclude that these plants 

demonstrate dwarfing phenotype during cultivation in open 

ground. Plants of the PtXIII4CL2c line grown in a greenhouse 

were 20% lower than the control [10]. Open ground conditions – 

reduced humidity, temperature fluctuations, action of solar radia-

tion, and other abiotic factors cause development of stress re-

sponse in plants, which affects growth parameters in clones [28]. 

Decrease in height of plants with inhibition of the lignin biosyn-

thesis genes is commonly attributed to reduced content of lignin, 

which is required for providing rigidity of a plant secondary cell 

wall and protective properties [29]. Looking at the lignin biosyn-

thesis scheme one may see that phenylalanine is used for synthesis 

of monolignol precursors and monolignols with the participation 

of enzymes PAL, C4H, C3H, 4CL, HCT (p-hydroxycinnamoyl-

CoA transferase), CCoAOMT, CCR. Inhibition of expression of 

genes of these enzymes typically results in growth defects in mu-

tant and transgenic plants [22]. In the plants we obtained, signifi-

cant decrease in expression levels of 4CL, CCR, and CCoAOMT 

was observed, which might lead to reduced height in the transgen-

ic plants. In the PtXIII4CL2c and PtXVI4CL9a plants expression 

levels of the 4CL gene was reduced to 0.08 and 0.13, respectively, 

relatively to the control parameters. These values are lower than in 

plants grown in a greenhouse (28%) [10]. One may conclude that 

decreased expression levels of the 4CL gene in plants grown under 

semi-natural conditions correlates with their reduced height. We 

also demonstrated similar tendency for plants grown in a green-

house [10]. 

A problem of change in the plant height is addressed by research-

ers of transgenic plants with altered expression levels of lignin 

biosynthesis enzymes. However, there are no data regarding 

changes of the root phenotype in such lines. 

In the present study we discovered induced formation of adventi-

tious roots and reduced formation of lateral roots in vitro in plants 

of the lines PtXIII4CL2c and PtXVI4CL9a (Table 2). Plants with 

reduced by 5 and 10% lignin content grown under semi-natural 

conditions (three months in a greenhouse and four months in an 

open ground) at the age of 7 months demonstrate decrease in total 

root mass by 35% and 53% and altered coarse:fine root ratio as 

compared to the control genotype. It is known that decrease in 

expression levels of the 4CL gene results in impaired formation of 

vascular systems in the plant stem [8-9,11]. Apparently, these 

plants undergo phenotypic changes not only in the stem, but also 

in roots. A modified root system cannot sufficiently supply plant 
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with water and minerals, which are required for normal growth. 

This contributes to reduction of height of transformants and for-

mation of dwarfing phenotype [16,17]. 

5. Conclusion  

Considering the above mentioned one may assume that alteration 

of the expression levels of the 4CL gene in transgenic aspen plants 

grown under semi-natural conditions could cause changes in lignin 

content and composition, decrease in height and stem diameter, 

and also impairment of vascular systems not only in stem, but also 

in roots. Along with this, the root phenotype is changed. Manifes-

tations of such changes are intensification of adventitious rooting 

and impairment of formation of lateral roots in transgenic plants in 

vitro. When cultivated in semi-natural conditions, these disorders 

lead to thickening of the main conductive roots and deterioration 

of the formation of feeding roots, which is manifested in the 

change in the mass ratios of feeding and conducting roots.  
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