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Background: Expansins are non-enzymatic proteins involved in the softening of cell walls, the mechanism of action of 
which is associated with the weakening and breaking of hydrogen bonds between xyloglucans and cellulose microfibrils and 
is aimed at ensuring cell expansion. 

The aim of our work was to obtain hairy roots of tobacco with constitutive expression of the NtEXPA5 expansin gene, their 
morphometric analysis and assessment of the state of their antioxidant system in response to stress factors. 

maTerials and meThods: The hairy roots were obtained from transgenic tobacco plants expressing the NtEXPA5 gene 
under the control of the 35S promoter. 

resulTs: Constitutive expression of the NtEXPA5 gene promoted an increase in the length and dry weight of hairy roots 
both under normal conditions and under the action of salinity, copper sulfate, cadmium acetate, and mannitol. Both under 
normal conditions and under the action of stress factors in transgenic hairy roots, an increase in the activity of superoxide 
dismutase and the total antioxidate activity was recorded. 

conclusion: Expansins exert their positive effect on the productivity and stress tolerance of plants not only through 
their influence on cell expansion, but also through the effect on the antioxidant system.

Keywords: expansins; hairy roots; salinity; copper; cadmium; mannitol; superoxide dismutase; catalase; peroxidase; 
total antioxidant capacity.
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Ген экспансина NtEXPA5 повышает 
стрессоустойчивость волосовидных корней табака 
через влияние на антиоксидантную систему
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Введение. Экспансины — это неферментативные белки, участвующие в размягчении клеточных стенок, меха-
низм действия которых связан с ослаблением и разрывом водородных связей между ксилоглюканами и микрофи-
бриллами целлюлозы и направлен на обеспечение роста клеток растяжением. 

Целью работы было получение волосовидных (бородатых) корней табака с конститутивной экспрессией 
гена экспансина NtEXPA5, их морфометрический анализ и оценка состояния их антиоксидантной системы при дей-
ствии стрессовых факторов.

Материалы и методы. Волосовидные корни табака были получены из трансгенных растений с повышенной 
экспрессией гена экспансина NtEXPA5.

Результаты. Конститутивная экспрессия гена NtEXPA5 способствовала увеличению длины и сухого веса 
волосовидных корней как при нормальных условиях, так и при действии засоления, сульфата меди, ацетата 
кадмия и маннитола. Как при нормальных условиях, так и при действии стрессовых факторов в трансгенных 
волосовидных корнях было зафиксировано увеличение активности супероксиддисмутазы и общей антиокси-
дантной активности.

Выводы. Полученные результаты свидетельствуют, что экспансины оказывают свой позитивный эффект на про-
дуктивность и стрессоустойчивость растений не только через влияние на рост клеток растяжением, но и через воз-
действие на антиоксидантную систему.

Ключевые слова: экспансины; волосовидные корни; засоление; медь; кадмий; маннитол; супероксиддисмутаза; 
каталаза; пероксидаза; общая антиоксидантная активность.
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INtrOduCtION
Expansins are non-enzymatic proteins involved in the cell 

wall softening. Their mechanism of action is associated with 
the weakening and breaking of hydrogen bonds between xy-
loglucans and cellulose microfibrils [1]. An increased ex-
pression of expansins assists in improving root growth by 
stimulating cell expansion [2, 3]. There are numerous data 
evidencing the participation of expansins in stress resistance 
reactions [4–6]. Previously, we created transgenic plants of 
Nicotiana tabacum with the constitutive expression of the 
NtEXPA5 expansin gene [7]. The resulting plants were char-
acterized by an increase in leaf and stem sizes. However, 
we also revealed a high-level expression of this gene in the 
roots of wild type (WT) tobacco [6]; moreover, transgenic 
plants overexpressing the NtEXPA5 gene were characterized 
by an improved root growth under both normal conditions 
and the influence of stress factors [3]. The obtained data 
suggest that expansins can also promote growth in hairy 
roots (HRs) cultures, which are a promising biotechnological 
system for producing valuable secondary metabolites and 
recombinant proteins. Changes in the environment composi-
tion, temperature, and similar aspects can adversely affect 
the cultures of HRs in biotechnological production; therefore, 
the creation of both highly productive and stress-resistant 
HRs is very relevant and crucial. Earlier, a higher-level ex-
pression of the NtEXPA5 gene was revealed in the HRs of 
tobacco, compared to ordinary roots [8], further indicating 
the importance of its protein product for growing HRs.

In view of this observation, the objective of this study is 
to obtain the HRs of tobacco with the constitutive expression 
of the NtEXPA5 gene, as well as conduct their morphometric 
analysis and assessment of their antioxidant system condi-
tion under the influence of stress factors. It was assumed 
that the NtEXPA5 transgene will enhance the productivity and 
stress resistance of the HRs, which may be accompanied by 
changes in the components of the antioxidant system.

rESEArCh mEthOdS
Previously obtained seeds of transgenic tobacco plants 

35S::NtEXPA5, Petit Havana cultivar, line SR1, generation T2 
with a single copy of the transgene were sterilized in 75% 
ethanol (~30 s) and 2.5% sodium hypochlorite (~5 min). Then, 
they were washed with sterile distilled water five times and 
planted in Petri dishes with selective (200 mg/L of hygro-
mycin), solid (7 g/L of agar) Murashige and Skoog (MS) 
nutrient medium (0.5 MS salt, 14 g/L of sucrose, 60 mg/L of 
inositol, 2 mg/L of glycine, 1 mg/L of thiamine, and 1 mg/L 
of nicotinic acid). After 20 days, the seedlings of equal size, 
free from morphological anomalies, were planted in a mix-
ture of soil and vermiculite (3:1, respectively). The plants 
were grown in 500-ml vegetative pots at an air temperature 
of 24 ± 1°C, an illumination of 120 μmol/m2s, and a photo-
period of 16 h.

HR cultures were created from the leaf explants of two-
month-old plants using the A4 strain Agrobacterium rhizo-
genes. Agrobacteria were preliminarily grown in the liquid 
selective LB medium (100 mg/L of rifampicin). The explants 
of tobacco leaves were sterilized using 75% ethanol solu-
tion (~1 min) and 2% sodium hypochlorite solution (~8 min). 
The leaf explants and agrobacteria were co-cultivated on 
the solid (7 g/L agar) MS medium (1 MS of salt, 28 g/L of 
sucrose, 120 mg/L of inositol, 2 mg/L of glycine, 1 mg/L 
of thiamine, and 1 mg/l of nicotinic acid) for three days at 
a temperature of +26°C. Thereafter, the leaf explants were 
transferred into a solid MS medium comprising an antibiotic 
(100 mg/l of cefotaxime). All HRs formed on explants in the 
fragments of 1.5–2-cm long were placed in separate Petri 
dishes with the MS medium and kept at an air temperature 
of 24 ± 1°C in the dark. Pre-selection was performed to se-
lect the most actively and steadily growing roots. After two 
months of cultivation on the selective MS medium, fragments 
of HRs together with the apical meristem (~1.2 cm long) 
were transplanted onto the fresh MS medium. The lines of 
HRs created from non-transgenic N. tabacum plants, cv. 
Petit Havana, line SR1, were used as a control line. These 
lines were used to draw conclusions about the transgene 
effects.

DNA from HRs was isolated by a standard method 
using cetyltrimethylammonium bromide [9]. To con-
firm the transgenicity of the created HRs, the classi-
cal method of polymerase chain reaction (PCR) was 
used with the primers CGTATGTTATTGCCGGGAAAAGTG 
and CAGAACATTACATTGACGCAGGTGAT matched to the 
uidA (GUS) reporter gene.

The total RNA from HRs was isolated using trizole, 
and the first strand of cDNA was synthesized using an 
oligo (dT)-primer and M-MuLV reverse transcriptase (RT) 
(NEB, USA). The primers TGGTGCAATCCCCCTCTC and 
GACATTGTTTGCCATCCAGTATTA were used for RT-PCR 
of the NtEXPA5 gene. The EF-1α gene from N. tabacum 
(AF120093.1) was used as a reference gene, and primers 
GAATTGGTACTGTCCCTGTT and TTGCCAATCTGTCCTGAAT were 
used for its amplification. Semi-quantitative RT-PCR for both 
genes was performed at the temperature of 94°C for 1 min, 
then at 94°C for 30 s, 53°C for 30 s, 72°C for 1 min for 
30  cycles, and the final elongation was done at 72°C for 
5 mins. For each experiment, three control and experimental 
plants were used (n = 3).

The HRs of tobacco were subjected to the stress ef-
fects with 150 mM of NaCl, 100 μM of CuSO4, 100 μM of 
Cd (CH3COO)2, and 75 mM of mannitol in the agar medium 
MS in vitro. The intensity of stress conditions was selected 
during preliminary studies with respect to the HRs of to-
bacco without the NtEXPA5 transgene in such a way that it 
slowed growth significantly (up to 20 times), but caused the 
death of no more than 10% of root samples. The morpho-
metric analysis included the measurement of the average 
gain in the length of the HRs on the day 30 of cultivation. 
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Fig 1. Morphometric analysis of hairy roots with the constitutive expression of the NtEXPA5 gene: a – root gain in length over 30 days of 
cultivation; b – dry weight of roots after 30 days of cultivation. WT – wild type (control), Е1–Е6 – HRs lines. Asterisks indicate significant 
differences from the control according to the Duncan’s test (p < 0.05)
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The average gain was calculated as the ratio of the sum of 
elongation of all HRs to the number of roots. The dry weight 
gain of the roots was also analyzed for assessing productivity. 
Because the initial dry weight of the root fragments was very 
low (no more than 1 mg), it was decided to neglect the same. 
To measure the dry weight, HRs were dried in a dry heat oven 
at 105°C for 16 h. All tests were performed in 64 biological 
replicates (n = 64). The significance of differences was tested 
with respect to the control variant of HRs without the NtEXPA5 
transgene according to Duncan’s test [10].

For the biochemical analysis of stress-mediated chang-
es in the antioxidant system, HR cultures were grown for 
30 days under stress conditions. The activity of enzymatic 
systems was expressed in mg of total soluble protein. 
The total antioxidant activity (TAA) was calculated per 1 g of 
fresh weight of HRs. All biochemical studies for determining 
the antioxidant system activity were performed in 15 biologi-
cal replicates (n = 15). The significance of differences was 
calculated with respect to HRs without the NtEXPA5 trans-
gene (control variant) in accordance with Duncan’s test [10].

To determine the activity of superoxide dismutase (SOD), 
we used a method based on the ability of SOD to com-
pete with nitroblue tetrazolium for superoxide anions [11]. 
The peroxidase activity was determined by the ability of 
guaiacol to polymerize to tetraguaiacol [12]. The catalase ac-
tivity was determined by the rate of degradation of hydrogen 

peroxide molecules [13]. The TAA was evaluated on metha-
nol (80%) extracts by the reduction of Mo(VI) to Mo(V) at an 
acidic pH [14]. The total soluble protein content was deter-
mined by the Bradford protein assay [15].

Study rESuLtS
Part 1 of the work was focused on selecting a small 

number of HR lines with an increased expression of the 
NtEXPA5 gene. For morphometric analysis, 6 from 24 lines 
of HRs were selected, which we designated as E1–E6. 
All these six lines showed the highest level of transcriptional 
activity of the NtEXPA5 transgene. Under normal conditions, 
the transgenic HRs grew in length faster by 38% on an av-
erage for all lines than the control variants (WT). Under the 
action of sodium chloride, the transgenic HRs also showed 
a better growth than the WT by 28% on average for all the 
lines (Fig. 1, a). Only the E1 line HRs grew in length more 
slowly than the control. Under conditions of environmen-
tal pollution caused by copper sulfate, transgenic HRs also 
showed a better growth than the WT by 36% on an average 
for all the lines (Fig. 1, a). On the medium with cadmium 
acetate, all lines of transgenic HRs were longer than in the 
control on an average by 39%. Under the action of 75 mM 
of mannitol, the transgenic HRs were also longer than the 
control variants by an average of 39% (Fig. 1, a).
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Fig. 2. Analysis of the antioxidant system of hairy root cultures with the constitutive expression of the NtEXPA5 gene: a – superoxide 
dismutase activity; b – catalase activity; c – peroxidase activity; d – total antioxidant activity. Asterisks indicate significant differences 
from the control according to the Duncan’s test (p < 0.05)

0

300

100

500
400

200

700
600

800

U
/m

g 
pr

ot
ei

n

WT E1 E4 E6

* * *

* *
*

* * *

0

30

10

40

20

50
60

U
/m

g 
pr

ot
ei

n

WT E1 E4 E6

*
*

** *
*

* * *

0 0

120 3

40 1

160 4

80 2

200 5

U
/m

g 
pr

ot
ei

n

m
g 

eq
. c

ad
m

ium
 a

ce
ta

te
 

pe
r g

ra
m

 o
f f

re
sh

 w
eig

ht

WT WTE1 E1E4 E4E6 E6

* * *

*

* **

*

*

*

*

Standard 150 mM of NaCl 70 mM of mannitol

a

c

b

d

Thus, the HRs of tobacco, overexpressing the NtEXPA5 
gene, grow in length faster than the WT both under nor-
mal conditions and under stress. However, the productivity 
of the HR lines, which may not correlate with their growth 
in length, is the most interesting feature. Their dry weight 
most fully reveals the production of biomass of HRs. Under 
normal conditions, all transgenic lines, except for E3, accu-
mulated greater dry weight than the WT (Fig. 1, b). On aver-
age, the difference with control was 33% for all lines. Under 
the conditions of salinity with sodium chloride, all lines of 
transgenic HRs gained 50% more dry weight on an average 
for all lines. Under the action of CuSO4, the dry weight of the 
transgenic HRs was higher than the control variants by an 
average of 49%. Under conditions of cadmium contamina-
tion, the HRs of 35S::NtEXPA5 grew better than the WT by 
296% on an average for all the lines. Under the action of 
mannitol, the dry weight of the transgenic HRs was even 
higher and exceeded the control values by 390% on an aver-
age for all lines (Fig. 1, b).

The obtained data indicate that the HRs of 35S::NtEXPA5 
are characterized by both increased productivity and a great-
er stress resistance as compared to WT HRs. The mecha-
nisms of the participation of expansins in ensuring plant 
growth in general are already known; however, it is not yet 
entirely clear how exactly they affect stress resistance. With 
an increase in stress resistance, the components of the an-
tioxidant system should undoubtedly be affected. Therefore, 
the task was set to determine the activity of SOD, catalase, 
peroxidase, and the TAA in the HRs under normal conditions 
and the action of stress factors. HRs E1, E4, and E6 lines 
were randomly selected for these experiments.

Under normal conditions, the HRs of 35S::NtEXPA5 dif-
fered from the control variants in the increased activity of SOD, 

catalases, and general antioxidant activity (Figs. 2, a, b, d). 
Transgenic HRs did not differ from WT only in peroxidase 
activity (Fig. 2, c). Under conditions of salinity with sodium 
chloride, all lines of transgenic HRs were characterized by 
an increase in the activity of SOD and catalases. An increase 
in the peroxidase activity over the control was distinctive 
only for E1 and E4 lines (Fig. 2, c). Under the action of 75 mM 
of mannitol, an increased activity of SOD and TAA was reg-
istered in all the analyzed lines as compared with the con-
trol (Figs. 2, a, d). In this case, the catalase activity in the 
transgenic lines was, on the contrary, lower than the control.

dISCuSSION
The constitutive expression of the NtEXPA5 gene promoted 

an increase in the biomass of HRs under both normal condi-
tions and stress. The greatest difference with the control was 
revealed under the action of cadmium and mannitol (Fig. 1, b). 
The literature presents data on an increase in the resistance of 
the HRs of the peanut Arachis hypogaea overexpressing the ex-
pansin gene AdEXLB8 to nematodes Meloidogyne arenaria [16]. 
However, apparently, to date, the effects of the constitutive ex-
pression of expansin genes on the resistance of HRs to abiotic 
stress factors have not been studied. At the same time, the works 
were conducted on increasing the stress resistance of HRs us-
ing a number of other transgenes. For example, N. tabacum 
HRs transgenic for two peroxidase genes (tpx1 and tpx2) had 
an increased resistance to phenol [17]; in fact, the introduction 
of the GmBIN2 protein kinase gene into soybean HRs increased 
their resistance to salt and water deficit [18]. These works in-
dicate the relevance of our research on the creation of stress-
resistant HRs. Thus, the expansin genes can be used to increase 
the productivity of HRs and their stress resistance.
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Under normal conditions, the HRs of 35S::NtEXPA5 were 
characterized by an increase in the activity of SOD, catalases, 
as well as an increase in the general antioxidant activity (Fig. 2). 
That is, the transgenic HRs were initially ready to grow better 
than the control under the influence of stress factors. Ear-
lier, using transgenic tobacco plants as an example, it was 
demonstrated that the overexpression of the TaEXPB23 gene 
contributes to an increase in the peroxidase activity [19]. 
However, in transgenic HRs of 35S::NtEXPA5, the peroxidase 
activity did not increase either under normal conditions or 
under stress (Fig. 2). In contrast, under the action of manni-
tol, the activity of peroxidases in the studied HRs decreased. 
Another work by the same authors described transgenic 
tobacco plants expressing the TaEXPB23 gene under the 
control of a root-specific promoter [20]. In this case, the au-
thors have already obtained data on an increased activity of 
SOD and catalases in the roots of transgenic plants, which 
coincides generally with our results. This coincidence may 
be attributed to the special aspects of the manifestation of 
expansin transgenes in plant roots.

Upon salinization, the HRs of 35S::NtEXPA5 were char-
acterized by an increase in the growth rate, dry weight, anti-
oxidant enzyme activity, and TAA. Similar data were obtained 
by C. Jadamba et al. [21] on transgenic plants, which showed 
that overexpression of the rice gene OsEXPA7 contributes to 
an increase in salt tolerance, a decrease in the amount of 
reactive oxygen species (ROS), and an increase in the TAA.

Under the action of mannitol, the HRs of 35S::NtEXPA5 
were characterized by an increase in the growth rate, dry 
weight, as well as SOD and TAA activity. It is well known that 
mannitol, like polyethylene glycol, causes a water deficit in 
plants [20, 22]. It was previously revealed that the overex-
pression of the TaEXPA2 expansin gene promotes an increase 
in resistance to water deficit in both transgenic tobacco 

plants [22] and transgenic common wheat plants [23]. More-
over, these transgenic plants were characterized by a de-
creased content of ROS as well as an increase in the activity 
of a number of antioxidant enzymes and TAA.

The overall effect of constitutive expression of the 
NtEXPA5 gene under both normal conditions and the action 
of stress factors was an increase in the SOD and TAA activi-
ties in all analyzed HRs lines. Our results, together with the 
literature data, suggest that expansins exert their positive 
effect on plant productivity and stress resistance not only 
through their effect on cell expansion, but also through their 
effect on the antioxidant system. Most probably, the aspects 
of the effect of expansins on the antioxidant activity are as-
sociated with the regulation of growth in the general network 
of cell signaling. For example, in our study, only the peroxi-
dase activity did not increase under the influence of NtEXPA5 
expansin. Indeed, there is evidence of a negative effect of 
peroxidases on cell expansion due to the stimulation of lig-
nification [24]; therefore, expansins and peroxidases can act 
as antagonists in growth regulation. However, at the same 
time, a very intriguing question remains unanswered. What 
is the specific mechanism of the effect of cell wall proteins 
(expansins) that are known mainly only as the regulators of 
cell expansion, on the antioxidant system?
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