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Abstract—In order to study the possibility of creating new plant forms resistant to phytopathogens, a collec-
tion of transgenic plants of model tobacco culture with new different plant protective genes was obtained by
the agrobacterial transformation method. First an addition of a collection with serine proteinase inhibitor
BWI-1a (ISP) from buckwheat with fragments of a spidroin gene as putable enhancer by vector constructions
different designs was done. Secondly, transgenic plants with an antimicrobial peptide from sinthetic wheat
Triticum kiharae and with defensine from Stellaria media. Comparative study of physiological characteristics
of transgenic plants in biotests in vivo (with isolated leaves) and in vitro (with well biotests) was carried out.
Regardless of the design of the vector construction, the target genes were expressed to a different extent in the
tissues of all transgenic plants and their seed and vegetative progenies and gave their tissues antibacterial activ-
ity, indicating the synthesis of the functional protein. The introduction to the tobacco tissues of the hetero-
logic plant protective genes of different nature that plants use in different defense mechanisms led to a similar
increase in antibacterial activity of the transgenic tobacco tissues.

Keywords: resistance to phytopathogens, serine protease inhibitor from buckwheat, gevein-like peptides,
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INTRODUCTION
Identification of gene functions is known to be

based on the analysis of phenotypic differences
between mutant and wild-type phenotypes. Hence,
the collections of insertion mutants may serve the
basis for the “direct” and “reverse” genetics. Various
proteins are believed to be an essentialpart of the pro-
tective mechanisms of plants against pests and dis-
eases. They include defensines, as well as some
enzymes, for example, 1,3-gluconases, chitinases,
proteases, protease inhibitors, etc. The protective
genes of plants provide a wide spectrum of antimicro-
bial effects and may be inserted directly into the
genomes of pathogen-sensitive plants by methods of
genetic engineering. A number of studies aimed at
increasing the resistance to phytopathogens and pests
via introduction of different plant genes to other plant
species have been published. These studies demon-
strated the expression of such proteins in cells of other
species and revealed their protective effect [1–4].
A positive feature of introduction of a protective het-
erologous transgene is that its influence on the quali-
tative composition of the recipient plant may either be

not observed or be even smaller than that in case of
common breeding [5, 6]. At the same time, several
studies carried out with transgenic tobacco plants with
the nptII marker gene as an example showed that het-
erologous genes when put into a new plant genome
environment may differ in the expression level. More-
over, their expression may change in the case of self-
breeding, resulting in deviation from Mendelian segre-
gation [7, 8]. Therefore, in spite of certain achieve-
ments, the potential of protective plant genes is far
from being fully studied. The development of trans-
genic plant collections with a variety of introduced
genes leads to the necessity of studying the expression
and inheritance of transgenes in progeny, as well as
revealing the connection between the site of the inser-
tion and the function of the corresponding target gene.

Previous studies carried out at the Belozersky Insti-
tute of Physicochemical Biology revealed the full
amino acid sequence of the serine protease inhibitor
gene of buckwheat, on the basis of which the ISP gene
was synthesized and introduced into the vector [9].
The transformed plants of three species (tobacco,
potato, and Arabidopsis) which were formerly obtained
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Fig. 1. Schematic diagrams of the vector constructions carrying the Sm defensine gene of chickweed and the WAMP gene of Trit-
icum kiharae (рORE-SmD, рORE-W, рORE-SHP). SP—signaling peptide encoding motif; CD—C-terminal pro-domain
encoding motif; Sm-D1 and WAMP1—the mature peptide encoding motives. PENTCUP2—the cryptic constitutive tobacco pro-
moter. Р35SCaMV—the 35S promoter of the caulif lower mosaic virus (CaMV). TNos—nopalin synthase gene terminator. nptII—
the kanamycin resistance gene. RB and LB—the insertion sites in the plant genome. N—the NotI restriction site. K—the KpnI
restriction site.

pORE-SmD

pORE-W

pORE-SHP

RB

RB

RB

P35SCaMV

P35SCaMV

P35SCaMV

N N

N N

N

SP

SP

SP

Sm-D1

CD

TNos

TNos

TNos TNos

TNos

TNosnptII

nptII

nptII

PENTCUP2

PENTCUP2

PENTCUP2

LB

LB

LB

K

WAMP1

WAMP1
with this vector and carried the ISP gene. These model
plants demonstrated increased phytopathogenic activ-
ity of their tissues in compared to the nontransformed
plants or the plants transformed with the vector with-
out the target gene. However, interspecies differences
in the spectrum of physiological activity and by in the
number of morphological mutations were revealed
[10–13]. The aforesaid implies that collections of
insertion mutants with different heterologous protec-
tive plant genes may be considered as a valuable
resource in order to study the gene functions and reg-
ulation [14].

It has been believed to be interesting to increase
phytopathogenic activity of the ISP gene introduced
into the tissues of transgenic plants, as well as to com-
pare it with phytopathogenic activity of the another
protective plant genes. According to the preliminarily
data obtained by K.V. Sidoruk in his study with yeasts,
some gene motifs could have served as enhancers for
the synthesis of the ISP target gene. It was previously
shown that the spidroin 1 synthetic gene does not
require modifications to be expressed in plants. Plants
were shown to be able to sustain synthetic cobweb pro-
tein genes in their genomes, as well as to perform syn-
thesis of the corresponding proteins. The efficiency of
expression of these genes, as well as the level of accu-
mulation of their products, depended on the promoter
efficacy, number of transgene repeats, organ specific-
ity, and plant species [15, 16].

Genes of antimicrobial peptides (AMPs), the
defensine Sm of chickweed (Stellaria media), and the
WAMP peptide from Triticum kiharaе, which were
previously obtained and characterized in the Labora-
tory of Molecular Genetic Principles of Plant Immu-
nity of the Institute of General Genetics of the Russian
RUSSI
Academy of Sciences, were used in order to compare
the effect of introduction of other protective plant
genes and to transform tobacco plants [17–20].

MATERIALS AND METHODS
Plant Material

The objects of the study were previously obtained
transgenic tobacco plants (Nicotiana tabacum L.), cul-
tivar Samsun, which carried the serine protease inhib-
itor gene (BWI-1a) from buckwheat seeds (ISP) [9–
11]. To perform new transformation cycles, the con-
structions newly designed on the basis of the previous
one, which contained the ISP target gene, were used.
These new constructions contained the additional
number of spidroin genes: the 2s motif of the spidroin
1 gene, variation E, was repeated twice; the 4s motif of
the spidroin 1 gene, variation E, was repeated four
times. Both transformation and obtainment of trans-
genic plants were performed as described in [11, 12].

Moreover, new vectors which carried the defensine
Sm gene of chickweed (the Sm line) and the WAMP
antimicrobial peptide gene of Triticum kiharae were
constructed in two modifications: prepropeptide (W)
and the combination of the signaling and mature pep-
tide (the SHP lines). The vectors were constructed on
the basis of the pORE04 plasmid and contained neo-
mycin phosphotransferase marker gene (nptII), as well
as the protective target genes under the strongly con-
stitutive 35S promoter of the caulif lower mosaic virus
(Fig. 1).

These genes were previously obtained and charac-
terized in the Laboratory of Molecular Genetic Prin-
ciples of Plant Immunity of the Institute of General
Genetics of the Russian Academy of Sciences [17–20].
AN JOURNAL OF GENETICS  Vol. 56  No. 3  2020
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Monitoring of the Presence of the nptII
and Target Genes in Transgenic Plants

Monitoring of the presence of the transgenic inser-
tion of the buckwheat protease inhibitor gene (trypsin
inhibitor) and the AMP genes in the transgenic
tobacco plants was performed by multiplex PCR, in
which more than one pair of oligonucleotide primers
were used simultaneously, resulting in coamplification
of several DNA templates. One pair of primers pro-
vides the amplification of the target gene, while the
other provides the amplification of a housekeeping
gene fragment, which was used as the inner control of
the reaction in a certain sample in order to exclude a
false positive PCR result. The tobacco β-actin gene
was used as the housekeeping gene. DNA was isolated
from the top leaves of transgenic plants of the same
line. The DNA isolated was used for the PCR as the
template with primers specific to the ISP target gene
(ISP-Dir 5'-GAGAACGAAGATGTGCGCG-3' and
ISP-Rev 5'-ACATCACCACTGGGGTGTC-3';
127 bp PCR product is synthesized) and to the
tobacco actin gene (TOB-Act-For 5'-CTGGCATTG-
CAGATCGTATGA-3' and TOB-Act-Rev 5'-GCGC-
CACCACCTTGATCTT-3'; 75 bp PCR product is
synthesized). The presence of the nptII marker gene in
transgenic plants was verified with the primers specific
to the nptII gene (nptII-Dir 5'-GCCAACGCTAT-
GTCCTGATA-3' and nptII-Rev 5'-TATTCGGC-
TATGACTGGGCA-3'; 620 bp PCR product is syn-
thesized). PCR was carried out using the ScreenMix
kit (Eurogen, Russia) with the Mastercycler amplifier
(Eppendorf, Germany). The PCR program was as fol-
lows: pre-denaturation at 94°С for 5 min; 38 cycles
(94°С for 30 s, 60°С for 20 s, 72°С for 40 s); and addi-
tional amplification at 72°С for 3 min. The amplifica-
tion products were separated in 3% agarose gel (for
multiplex PCR) and 1% agarose gel (for the nptII
PCR). The accumulation of PCR products was
assessed by the intensity of DNA fragment lumines-
cence in transmitted UV light.

To prove the expression of the АМР and ISP target
genes and the expression of the nptII gene in the seed
progeny obtained from individual plants, RNA was
isolated with the ExtractRNA kit (Eurogen, Russia),
cDNA was synthesized with the Mint kit (Eurogen,
Russia), and PCR was performed with primers spe-
cific to a certain target gene or to the nptII gene.

Bacterial Culture

Tests for the resistance to bacterial infection were
performed in well biotests using several phytopatho-
gen bacterial strains (Pseudomonas syringae pv. toma-
toe, Erwinia carotowora, and Clavibacter michiganensis
pv. michiganensis), which were kindly provided by the
Department of Plant Protection of the Russian State
Agrarian University—Moscow Timiryazev Agricul-
tural Academy.
RUSSIAN JOURNAL OF GENETICS  Vol. 56  No. 3  
Assessment of Antibacterial Activity of Plants

To prepare the lawn, 18 h bacterial cultures, which
were grown on the liquid LB medium were used. Eight
to ten wells with diameter of 0.5 cm were made in Petri
dishes, which contained the agar LB medium and the
lawn of the corresponding bacteria sown ex tempore,
using a sterile screw for resin stoppers. The wells were
filled with either tissue homogenates of aseptic plants
of similar weight or equal volumes of cell-free extracts.
Zones of bacterial growth inhibition around the wells
were registered in 24 and/or 48 h.

To perform the biotests, isolated leaves were put in
a humid chamber, injury was made with a sterile scal-
pel, and one drop of the night-old culture of Erwinia
carotovora was introduced into the injury. The reaction
results were registered in 18–20 h.

RESULTS AND DISCUSSION

The previously obtained collection of transgenic
tobacco plants which carried the buckwheat trypsin
inhibitor gene revealed the possibility to increase resis-
tance to phytopathogens via introduction of one of the
heterologous protective plant genes [10, 11]. The fur-
ther work was also aimed at studying the possibility to
increase the expression of the target antimicrobial
peptide in transgenic plants. The ISP gene was intro-
duced into the vectors which carried the nptII kana-
mycin resistance gene as the marker. In contrast to the
original construction, the newly developed vectors
contained additional elements (spodroin gene frag-
ments). According to the aforesaid, data preliminarily
obtained for yeasts showed that these fragments could
have worked as enhancers and upregulated the target
gene. As a result of agrobacterial transformation, each
variation of the vector construction allowed us to
obtain new series of transgenic plants carrying the
BWI-1a buckwheat protease inhibitor gene (ISP).
Plants containing the corresponding insertions were
selected using the selective media with 150 mg/L
kanamycin with subsequent verification of the DNA
transformants by PCR.

It also appeared interesting to compare the phyto-
pathogenic activity of transgenic plant tissues after the
introduction of heterologous protective plant genes of
different nature. To reach this goal, the chickweed
defensine gene (Sm) and the protective wamp gene of
Triticum kiharae were used to transform the tobacco
plants. New vector constructions, some of which were
used to perform agrobacterial transformation, were
developed in order to study the protective effect of the
AMP genes. Besides the nptII marker gene, they con-
tained the following AMP genes: the chickweed defen-
sine gene (Sm), the WAMP propeptide gene of Triti-
cum kiharae (W1), and the signaling + mature WAMP
peptide gene (SHP) (Fig. 1). As in the case of the
buckwheat ISP protease inhibitor gene, the selection
of regenerants was performed on the selective medium
2020
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Fig. 2. The analysis of DNA-transformed plants for the presence of the nptII gene. Plants carrying the Sm defensine gene of chick-
weed (top row) and the plants carrying the antimicrobial peptide WAMP gene from Triricum kiharae of the SHP line (bottom
row). M—the molecular weight marker; K0—nontransformed control plant; K+—plasmid DNA containing the vector construc-
tion; K—reaction purity control.
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which contained 150 mg/L kanamycin. Designations
of the transgenic lines, which carried the AMP genes
were as follows: Sm—lines containing defensine from
Stellaria media; SHP—lines containing both signaling
and mature WAMP peptides from Triricum kiharae;
and W—lines containing the WAMP prepropeptide.

Using these constructions, agrobacterial transfor-
mation of tobacco plants was carried out and new
series of individual Km-resistant transformants were
obtained. Screening of the lines for the presence of the
nptII genes was performed along with removal of agro-
bacteria. Plants which carried the insertions were
selected on the kanamycin-containing selective
media, and the DNA transformants were further veri-
fied by PCR (Fig. 2). In experiments with vector con-
structions containing the ISP gene with different
number of cobweb gene fragments, the regeneration
rate and survival of transformants depended on the
size of the vector. As a result, 17 new Km-positive
transgenic plants with normal morphological traits
carrying two spidroin genes (the IP 2s line) were
selected via the analysis of the ISP genes, as well as five
transformants carrying four spidroin genes (the IP 4s
line).

Use of the vector carrying the antimicrobial pre-
propeptide gene of the T. kiharae (the W plant line)
also affected the regeneration rate and purity of the
transformants and allowed selection of only three
kanamycin-resistant plants with normal morphologi-
cal traits. At the same time, more than 50 regenerants
were selected for a shorter period of time using the
vector constructions carrying the defensine gene from
Stellaria media (the Sm line), as well as the genes
encoding the mature antimicrobial signal peptide of
Triticum kiharae (SHP lines).
RUSSI
Therefore, it was only an increase in the complexity
of the vector construction that led to impediment of
the transformation process, decrease in the percentage
of transformed plants, and modifications of their phe-
notype regardless of the target gene nature. These
plants were often characterized by growth inhibition,
dwarfism, vitrification, and often extinction during
the selection process as compared with plants which
underwent transformation with simpler vector con-
structions. The selection of the AMP-carrying trans-
genic plants resulted in obtainment of 15 Sm tobacco
plants carrying the defensine gene from chickweed,
25 SHP plants carrying the gene of the mature antimi-
crobial signal peptide of Triticum kiharae, and only one
W1 plant carrying the propeptide gene of T. kiharae. All
the plants obtained were sustained on the aseptic
medium by the method of cutting. In some of the
plants, elimination of a part of the vector or distortion
of its integrity occurred during the selection process
(Table 1). It is noteworthy that periodic verification of
the collection of IP transgenic tobacco plants carrying
the protease inhibitor gene, which were previously
obtained by transformation with the construction
without any additional genes (47 lines), did not reveal
significant morphological modifications either in pri-
mary transformants or in the seed progeny of the first
and second generations.

Biotests
We also performed comparative well biotests based

on the suppression of the Erwinia lawn growth with
tissues and sap of the new series of transgenic tobacco
plants carrying genes of the aforesaid groups of protec-
tive proteins. They also revealed the presence of func-
tional proteins in all the variations studied (Fig. 3).
AN JOURNAL OF GENETICS  Vol. 56  No. 3  2020
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Table 1. The analysis of the presence of the gene fragments introduced in several plants carrying the defensine genes of
chickweed (Sm) and the gene encoding antimicrobial peptide from Triticum kiharae (SHP, W1) during the selection process

K0—nontransgenic control tobacco plant. (–) Unstudied plants. * Primers used as described in [21].

No. Line
PCR primers

No. Line
PCR primers

nptII-Dir + 
nptII-Rev

35Sdir + 
M13rev*

SmDdir + 
SmDrev*

nptII-Dir + 
nptII-Rev

35Sdir + 
M13rev*

1 Sm1 + + + 1 SHP1 + +
2 Sm2 + + + 2 SHP3 – –
3 Sm3 + + + 3 SHP4 – –
4 Sm4 + + + 4 SHP5 + +
5 Sm5 – – – 5 SHP6 + +
6 Sm7 – – – 6 SHP7 + +
7 Sm8 + + + 7 SHP8 + +
8 Sm9 + + + 8 SHP9 + +
9 Sm10 + + + 9 SHP12 + +

10 Sm11 + + + 10 SHP13 + +
11 Sm12 – – – 11 SHP15 + +

12 SHP16 + +
1 K0 – – – 13 SHP17 + +

14 SHP20 + +
1 W1 + +
The comparative analysis of the ISP line collection in
well biotests with the transformants carrying the new
constructions showed that the plants of all experimen-
tal variations exceeded the control plants in the level of
antimicrobial activity on average by 1.5–3 times with
respect to both gram-positive and gram-negative bac-
teria. However, no statistically significant difference
between them was observed (Table 2, Fig. 3).
RUSSIAN JOURNAL OF GENETICS  Vol. 56  No. 3  

Fig. 3. The dish biotest for suppression of the Erwinia lawn by sap
in a variety of vector constructions. K0—the control nontransgen
tion with “empty” vector construction without target genes. (a) W
two spidroin genes; wells 5–7—the constructions with four spidro
carrying the Sm genes; wells 11–13—plants transformed with co
16—plants transformed with constructions carrying the wamp-1 
gene; C12—line losing the inserted gene.

К0К0К0
11

22 33 44

55 66 77

111111

88

141414

151515

(b)(a)
Data of biotests were confirmed by molecular meth-
ods, which revealed the expression of the trypsin inhibi-
tor target protein in tissues of all transgenic plants stud-
ied, including formerly obtained model tobacco, potato,
and Arabidopsis plants [10, 22]. In a limited number of
plants carrying the ISP gene, the expression of the gene
introduced was carried out in order to confirm the pres-
ence of the functional target protein (Fig. 3). 
2020
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ells 1–4—plant tissues transformed with the constructions with

in genes; (b) wells 8–10—plants transformed with constructions
nstructions carrying the wamp-1 gene of the W1 line; wells 14–
gene of the SHP line; (c) С11, С18—lines carrying the single ISP
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Table 2. Inhibition of the bacterial lawn growth by tissues of transgenic tobacco plants

С1, С7, С10, С11, С18, С22—lines containing vector constructions carrying the serine protease inhibitor gene (ISP) in the T0 original
transgenic plants, as well as in their first seed generation (T1); 2s, 4s—lines carrying the same construction (ISP) with additional
spidroin gene fragments in the T0 generation. K0—nontransgenic control tobacco plant; Ktr0—the control plant subjected to transfor-
mation with “empty” vector construction without transgenic insertions; (–) unstudied plants.

IP line
Vector 

construction Generation Number
of clones, plants

Growth inhibition zone, mm

Pseudomonas 
syringae

Erwinia 
carotowora

Clavibacter 
michiganensis

К0 0 F0 1 plant 18 20 22
Кtr0 A.t.A281 T0 1 plant 35 30 30
2s ISP + 2E1 T0 10 clones 40–60 60–90 50–90
4s ISP + 4E1 T0 3 clones 50–60 60–80 50–70
С1 ISP Т0 1 plant 38 – 40

T1 5 plants 50–70 – 60–70
С7 ISP T0 1 plant 42 – 75

T1 15 plants 50–70 – 50–75
С10 ISP T0 1 plant 70 – 60

T1 11 plants 50–70 – 50–55
С11 ISP T0 1 plant 70 – 60

T1 10 plants 50–75 – 50–55
С18 ISP T0 1 plant 80 – 70

T1 20 plants 50–95 – 60–70
С22 ISP T0 1 plant 70 – 80

T1 10 plants 50–80 – 40–70
However, in spite of the general increase in phyto-
pathogenic properties of tissues, some of the new
transformants carrying the ISP gene of protease inhib-
itor together with additional parts of the spidroin gene
demonstrated a tendency to decrease in their toxic
effect in comparison with plants transformed with the
ISP gene construction the only (Table 2). This was
also confirmed in biotests with infection of isolated
leaves of transgenic plants from different lines with
Erwinia (Table 3). In biotests with isolated leaves, a
difference between the transformants carrying only
the ISP gene (С10, С18) and the plants transformed
with more complex constructions was observed more
clearly. In plants carrying additional genes, the bacte-
rial growth was suppressed less effectively. These dif-
ferences may most likely be explained by the fact that
the most effective variations from the collection of
transgenic plants carrying only the ISP gene were cho-
sen as a result of long-term selection. Therefore, data
of molecular genetic analysis and biological tests
showed that tissues of all transgenic plants with the
trypsin inhibitor target gene (ISP) suppressed the bac-
terial lawn growth and decreased the lysis zone in
experiments with isolated plants more effectively than
the control ones, regardless of the construction and
the number of additional sidroin genes.
RUSSI
At the same time, no clear difference was observed
between the suppression efficiency and the number of
suggested additional enhancer spidroin genes in the
vector construction. Apparently, in plant tissues, in
contrast to yeasts, the spidroin genes did not produce
a stimulatory effect on the target gene expression,
though the increase in the size of the used vector led to
the inhibition of morphogenesis.

Similar experiments were carried out for a series of
new transformants carrying other protector genes. To
compare the functional activity of different target
genes expressed in the transgenic plants (ISP, Sm, and
wamp), experiments with isolated leaves from the new
collection were also performed (Table 4).

The data represented in the table show that all
plants differed from one another by the level of resis-
tance within each series, whereas between plants car-
rying different protector genes, no significant differ-
ence in the level of protection against phytopathogens
was observed. Close to the control plants, clones were
found among the series of transgenic plants carrying
both the ISP trypsin inhibitor gene (the IP2s-2 line)
and the wamp-1 gene (the SHP2 and SHP8 lines).

The most homogenous was the group of lines car-
rying the defensine gene of chickweed. In all other
groups, the dispersion was observed even toward the
AN JOURNAL OF GENETICS  Vol. 56  No. 3  2020
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Fig. 4. (a) Verification of the presence of the transgenic insertion of the ISP gene of protease inhibitor of buckwheat (trypsin
inhibitor) and β-actin control gene in transgenic tobacco plants of the T1 generation. Lanes 1–3—the seed progeny of the line
C1; lanes 4, 5—the C7 line; lanes 6, 7—the C10 line; lanes 8–13—the C18 line; lanes 14–16—the C22 line. K0—nontransformed
control plant. K+—plasmid DNA containing the ISP target gene. (b) Analysis of the ISP and npt II gene expression in transgenic
tobacco plants of the T2 generation. Lane 4—plant 9 of the line C10; lanes 8, 9—plants 1 and 2 of the line C18 losing the Km
resistance and phytopathogenic activity in vitro.
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increase in lysis (the SHP8 plant). However, the
expected significant increase in the resistance to the
pathogen was not observed. Most likely, as we
expected previously, the site of an alien gene insertion
and the vector construction affected the level of pro-
tection against a pathogen. However, the genetically
determined reaction norm of an organism, apparently,
limits the increase in the new peptide synthesis in
addition to already available proteins.

As an additional test, germination of spores of
Aspergillus nidulans was assessed in the extracts of
leaves of both control and transgenic plants carrying
the protease inhibitor gene. Plants from different gen-
erations carrying the original construction and plants
transformed with the vector construction and carrying
RUSSIAN JOURNAL OF GENETICS  Vol. 56  No. 3  

Table 3. Biotests of infection of isolated leaves of transgenic
wheat (C10 and C18) and plants carrying the same gene + ad

Line Vector

К0 0
Кtr0 A.t.A281
IP 2s-1 ISP + 2E1
IP 2s-3 ISP + 2E1
IP 2s-5 ISP + 2E1
IP 2s-6 ISP + 2E1
IP 2s-7 ISP + 2E1
IP 4s-1 ISP + 4E1
C10 ISP
C18 ISP
two and four spidroin genes apart from the target gene
were tested (Table 5). It was shown that all plants
obtained as a result of the agrobacterial transformation
with vector constructions carrying heterologous pro-
tector genes of different nature acquired increased
resistance to bacterial and fungal pathogens.

The seed progeny of the Т0 and Т1 generations of
several individual ISP plants from different transgenic
and control lines were analyzed. These included non-
transformed plants (K0) and plants transformed with
the “empty” vector without target gene (Ktr0). The
quality of seeds was assessed, and their resistance to
the selective agent (kanamycin) was selectively esti-
mated. Progeny of the control lines demonstrated total
absence of resistance to kanamycin. These plants were
2020

 tobacco plants carrying the protease inhibitor gene of buck-
ditional spidroin genes with Erwinia

Mean area of the lysis
zone, cm2

Ratio
to the control, %

5.2 100
5.2 100
4.3 82.7
4.2 80.8
4.8 92.3
4.5 86.5
4.7 90.4
3.7 71.1
2.1 40.4
2.75 52.9
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Table 4. Biotests of infection of isolated leaves of transgenic tobacco plants carrying the protective plant genes of different
nature with Erwinia

IP line
Mean area of the 
lysis zone, cm2 Sm line

Mean area of the 
lysis zone, cm2 SHP line

Mean area of the 
lysis zone, cm2

Knontransformed 4.6 Sm SHP1 2.1
IP 2s-1 1.0 Sm1 2.2 SHP2 4.1
IP2s-2 4.4 Sm2 1.78 SHP3 1.6
IP 2s-3 1.22 Sm3 1.57 SHP4 2.3
IP 2s-4 1.4 Sm5 2.1 SHP5 3.6
IP 2s-5 2.57 Sm6 2.0 SHP6 2.9
IP 2s-6 1.5 Sm7 2.9 SHP8 5.0
IP 2s-7 1.2 Sm8 3.7 SHP9 3.0
IP 2s-8 2.4 Sm10 2.5 SHP12 1.8
IP 2s-9 1.7 Sm11 2.6 SHP13 3.1
IP 4s-1 2.55 Sm12 2.45 SHP15 2.8

WAMP 3.3 SHP16 2.7

Table 5. Germination of Aspergillus spores in extracts of transgenic tobacco lines carrying the ISP gene within vector con-
structions along with spidroin genes (IP-2s, IP-4s), as well as in plants of the second seed generation carrying the single ISP
gene (11-5-5, 11-7-1, 18-9-6, 22-3-1)

K1 and K3—plants transformed with original vector construction without target gene.

Line
Number of spores after 24 h Number of spores after 48 h

total germinated % of germinated total germinated % of germinated

К0 549 64 11.7 852 141 16.5
K1 542 18 3.3 359 41 11.4
K3 658 52 7.9 439 49 11.2
IP 2s-1 211 1 0.5 145 15 10.3
IP 2s-2 402 21 5.2 190 11 5.8
IP 2s-5 281 11 3.9 386 13 3.4
IP 2s-6 256 6 2.3 136 18 13.1
IP 2s-9 388 5 1.5 320 20 6.3
IP 4s-1 237 1 0.4 321 10 3.1
С11-5-5 235 0 0 587 48 8.2
С11-7-1 310 0 0 650 85 13.1
С18-9-6 237 0 0 690 135 20.8
С22-3-1 302 1 0.3 364 55 15.1
ВС7 257 0 0 672 75 11.2
characterized by total loss of color and death of their
seedlings in three-week growth on the selective
medium, though the germination capacity of their
seeds on the kanamycin-containing medium demon-
strated little difference from that of the transgenic line
seeds. The number of defective seeds in the first gen-
eration progeny of the transgenic lines carrying a sin-
gle target gene (С10-2, С11-5, and С22-6) slightly
exceeded the number of such seeds in the progeny of
nontransformed plants (Table 6). The analysis of some
RUSSI
transgenic lines carrying the AMP genes provided
similar results.

It was shown that all plants transformed with more
complex vector constructions demonstrated an
increased number of defective seeds (sometimes up to
50%). Two plants carrying an additional spidroin gene
(2s-3, 2s-8) were characterized by extremely low seed
viability, in contrast to the seed progeny of other trans-
genic lines. At the same time, the Т1 seed progeny of
AN JOURNAL OF GENETICS  Vol. 56  No. 3  2020
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Table 6. The characteristics of the T0 and T1 seeds of transgenic plants carrying the ISP gene. Reproduction of 2017

(–) Unstudied plants; K0—nontransformed control.

Line, plant
% of seedlings per Km100 Seeds, %

green white normal small and empty

T0 seed progeny

K0 0 100 94.3 5.7
IP2s-1 95 4.5 82.7 17.3
IP 2s-3 12 3 58.5 41.5
IP 2s-8 22 5 48.7 51.3
IP 2s-14 92 5.7 67 33
IP 4s-1 – – 73.5 26.5
IP 4s-2 – – 88 12 .0
IP 4s-3 – – 61.8 38.2
IP 4s-5 78 5.1 86.1 13.9

T1 seed progeny of the lines С10, С11, and С22

С10-2 100 0 86.1 13.9
С11-5 70 4 92.8 7.2
С22-6 100 0 89.5 10.5
the lines carrying the single ISP gene (С10-2, С11-5,
and С22-6) demonstrated high quality of seeds and
resistance to kanamycin. Apparently, introduction of
new fragments of heterologous DNA often induces the
distortion of microsporogenesis in transgenic plants,
which is expressed in the appearance of an increased
number of defective and unviable seeds, as well as in
disturbance segregation by the trait of kanamycin
resistance (the nptII marker gene) in comparison with
the monogenic one in the first seed generation after
self-pollination. Similar results were obtained in the
study of the long-term subcultured collection of the
transgenic tobacco lines carrying the single ISP gene
[22]. These deviations may be considered to be the evi-
dence of multiple transgene insertions [8]. It appears
that longer selection of the effective variations may
help select more stable and viable transgenic clones,
which would demonstrate both a protective effect and
normal phenotype even in further generations.

We observed these disorders in the analysis of
insertion mutants of Arabidopsis transformed by the
same construction with the ISP gene. The analysis
revealed differences in the spectrum of insertion
mutations obtained by transformation of Arabidopsis
and tobacco plants with the same construction. Arabi-
dopsis was characterized by a significantly higher num-
ber of morphological and phenological deviations
from the normal type. This may be due to the signifi-
cant differences in the genome structures of these two
objects. The genome of Arabidopsis consists of preferably
unique sequences, and insertion of any alien DNA may
cause a mutation in it. Moreover, its mutation spectrum
also depended on the vector complexity [12].
RUSSIAN JOURNAL OF GENETICS  Vol. 56  No. 3  
Therefore, the results obtained demonstrate the
possibility to increase the resistance to phytopatho-
gens in different plant species via introduction of addi-
tional heterologous plant genes (for example, the tryp-
sin inhibitor gene). The comparative analysis of trans-
genic plants of different species transformed with the
same gene revealed significant species-specific differ-
ences. The transgenic tissues of potato clones demon-
strated slight phytopathogenic activity [10]. However,
the prolonged selection made it possible to obtain
more effective and stable clones of all plant species
under study carrying the target gene of the inhibitor
and demonstrating significant phytopathogenic activ-
ity. The investigaton of plants carrying the vector con-
struction with additional spidroin genes showed that it
was ineffective to use these genes as enhancers in
higher plant tissues. On the whole, the efficiency of
the target gene expression in transgenic plant tissues is
affected by several factors, such as the transgene inser-
tion site, the complexity of the vector construction,
the number of copies inserted, and the efficiency of
selection of transformants.
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