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Introduction 
Various forms of amphidiploid wheat are 

used for creating their new varieties and lines 
with maximum manifestation of economically 
valuable traits. Such signs include the total 
mass of 1000 grains, the height of the plants, 
its lodging resistance, high protein content in 
a grain, resistance to diseases and pest dama-
ge, and so forth. Now in the world there is a 
depletion of the gene pool of amphidiploid 
wheat. It is associated with the use of many 
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Purpose. To study the expression of gus and gfp genes in callus explants of amphidiploid spelt wheat (Triticum spelta L.) after 
Agrobacterium-mediated genetic transformation. Methods. Winter spelt wheat of ‘Europa’ variety was chosen for transfor-
mation. Calli obtained from mature embryos were used as explants. Callus pre-cultivation was carried out on MS nutrient 
medium (Murashige–Skoog) supplemented with 2 mg/L 2.4-D (2.4-Dichlorophenoxyacetic acid) and 10 mg/L silver nitrate. 
For genetic transformation, Agrobacterium tumefaciens Conn., strain GV3101 and a genetic construct with reporter genes 
beta-glucuronidase (GUS) and green fluorescent protein (GFP) were used. Calli were transformed by inoculation with agro-
bacteria and vacuum infiltration. Then they were co-cultured on MS medium with 2 mg/L 2.4-D and 10 mg/L AgNO3, but 
without antibiotics. The expression of the gus gene was checked by histochemical and the gfp gene by visual analysis (fluo-
rescence of the GFP protein in UV light). Gfp and gus gene expression levels were evaluated using ImajeJ software. The inte-
gration of the gfp and gus genes into the spelt genome was verified by PCR. Results. Genetic transformation of spelt callus 
explants by inoculation in a nutrient medium with agrobacteria and vacuum infiltration occurred at different frequencies. 
The level of expression of the gus gene during vacuum infiltration was 4.66 ± 0.74%, with inoculation – 4.00 ± 0.91%; and 
the gfp gene with vacuum infiltration – 3.66 ± 0.74%, with inoculation – 4.66 ± 1.39%. The level of expression of the gfp 
gene was higher when using inoculation with agrobacteria, and the gus gene was higher during vacuum infiltration. Using 
PCR analysis, the integration of the gfp and gus genes into the callus of spelt genome was confirmed. The length of the PCR 
product with primers for the gus gene was 240 bp, and 717 bp for the gfp gene. Conclusions. The use of vacuum infiltration 
and inoculation methods for spelt genetic transformation gave different results. The frequency of genetic transformation 
ranged from 3.66 to 4.66%. Agrobacterium-mediated genetic transformation of amphidiploid spelt wheat allows us to study 
the expression of gus and gfp reporter genes using callus explants derived from mature embryos.

Keywods: Triticum spelta L.; spelt; callusogenesis; gus gene; gfp gene; genetic transformation.

genotypes resemble each other in the work. In 
addition, virtually every decade new strains 
of pathogens of plant infectious diseases ap-
pear and climatic conditions change.

Traditional breeding does not always have 
time to satisfy the needs of society, and some-
times it is simply impossible. Therefore, it is 
advisable to resort to other methods of obtai-
ning new forms of amphidiploid wheat. Such 
new methods include the genetic transforma-
tion of plants, which can be either direct or 
indirect. Direct genetic transformation occurs 
during the biolistic transformation when plas-
mid DNA is delivered into plant explants by 
high velocity gold or tungsten particles [1]. 
Indirect transformation occurs with the par-
ticipation of the corresponding strain of agro-
bacteria and is a fairly common method [2]. 
Agrobacterium-mediated transformation can 
occur by inoculating explants with agrobacte-
ria in a liquid nutrient medium for a certain 
time, during which agrobacteria gradually 
penetrate explant tissues [2–4] or by vacuum 
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infiltration – when under special conditions 
pressure difference is created between the 
closed chamber and the environment, allowing 
agrobacteria to penetrate into tissues [5, 6].

An important step in the study is the selec-
tion of the working strain of Agrobacterium 
tumefaciens Conn. From literary sources it is 
known that for genetic transformation strains 
EHA105 [7], AGL-1 [2, 8–10], GV3101 [11], 
LBA4404 [2] and others are used. Usually, an 
overnight culture of agrobacteria grown in a 
liquid nutrient medium LB (Luria–Bertani) at 
a temperature of 28 °C is used [10, 12]. The 
explants for genetic transformation of am-
phidiploid wheat can be both mature [10, 13] 
and immature embryos [8, 14]. Before trans-
formation, explants are recultivated on a nu-
trient medium MS with auxin. For soft wheat, 
2.4-D is better suited at a concentration of 
2–4 mg/L [2, 13, 15]. Usually, precultivation 
takes place in the darkness and can last seve-
ral days [2, 16]. It depends on the character-
istics of the selected wheat genotype and on 
the cultivation conditions (temperature, rela-
tive humidity, composition of the nutrient 
medium, etc.).

Genetic transformation of callus explants is 
usually carried out by immersing them in a 
suspension of the corresponding strain of 
agrobacteria in a liquid nutrient medium. For 
operation, the agrobacterial suspension should 
be of a certain concentration; its OD

600
 de-

pends on the selected working strain, the com-
position of the culture medium and can vary 
from 0.4 to 3 [2, 14, 17, 18].

During inoculation, agrobacteria together 
with explants are introduced into the liquid 
inoculation medium, whose composition can 
correspond to or close to the MS medium [18, 
19] and contain growth regulators [17]. We 
know that in order to improve the positive 
chemotaxis of agrobacteria, phenolic com-
pounds, in particular acetosyringone at a con-
centration of 200–400 mmol, can be added to 
their suspension [14, 20]. Inoculation can last 
from 15 minutes to several hours, depending 
on the type of explant. For freshly isolated 
immature embryos of amphidiploid wheat, it 
can last up to 3 hours at a temperature of 
23–25 °C, but for recultivated immature em-
bryos – up to 1 hour, and for embryogenic 
callus – up to several hours [2].

After inoculation in a nutrient medium with 
agrobacteria, plant explants are transferred 
to a medium without antibiotics and silver nit-
rate in darkness for several days for co-culti-
vation. Then they are washed from agrobacte-
ria in an antibiotic solution, for example, cef-

triaxone or timentin [2, 16], and the washed 
callus explants are transferred to a nutrient 
medium containing a selective agent for re-
generation. Most often, selective substances 
can be herbicides – phosphinotricin [2, 17] or 
glyphosate [21]. The choice of selective agent 
depends on the transferred resistance gene, 
which is integrated into the plant genome dur-
ing transformation. Thus, phosphinotricin is 
used for bar gene (phosphinotricin N-acetyl-
transferase) [22], and glyphosate for epsps 
gene (5-enolpyruvylshikimate-3-phosphate synt-
hase) [21]. For the selection of transformants, 
in addition to selective genes, reporter genes 
are also used, for example, the gfp gene. The 
product of its expression exhibits green fluores-
cence upon ultraviolet irradiation (UV) [23, 24]. 
Another marker reporter gene is the gus gene. 
The product of its expression during histo-
chemical reaction of interaction with X-Gluc 
(5-bromo-4-chloro-1H-indol-3-yl β-D-gluco pyra-
no siduronic acid) stains transformant tissues 
in blue color [4].

The pH of the inoculation medium, concen-
tration of acetosyringone and temperature are 
important for further plant regeneration. It 
was shown that at pH 5.8 and 200 µm of ace-
tosyringone in a medium at a temperature of 
22 °C, the regeneration frequency of trans-
formed wheat explants was about 10.5%, but 
at pH 5.0, 200 µm of acetosyringone and a 
temperature of 22 °C, the frequency reached 
22.3%. At a concentration of 400 µm of ace-
tosyringone, pH 5.0 and a temperature of             
19 °C, the regeneration frequency increased 
to 30.3% [20].

Spelt (T. spelta L.) is a rare species of am-
phidiploid wheat. Unlike common wheat, there 
is no information about its genetic transfor-
mation in order to obtain new transgenic lines. 
The novelty of our work was the presentation 
of data on the genetic transformation of cal-
lus explants of spelt obtained from mature 
embryos.

The purpose of the study was to reveal the 
expression of gus and gfp genes in callus ex-
plants of spelt amphidiploid wheat (T. spelta L.) 
after Agrobacterium-mediated genetic trans-
formation.

Materials and methods 
We used seeds of winter amphidiploid spelt 

wheat (T. spelta) of ‘Europa’ variety (2n = 42), 
which was provided by Ukrainian Scientific 
Institute of Plant Breeding (VNIS). It was pre-
cisely this spelt genotype that was chosen for 
the genetic transformation, because variety 
‘Europa’ best demonstrates itself in an in vitro 
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culture as previous studies have shown [25]. 
Mature embryos were used as explants for in-
troduction into in vitro culture. Seeds were 
sterilized in 96% ethanol for 5 min, then in a 
5% solution of sodium hypochlorite for 10 
min and washed three times with sterile dis-
tilled water.

Callus induction was performed on standard 
MS medium [19] with a 3% maltose content 
(Duchefa Biochemie, Netherlands) supple-
mented with 2.5 mg/L 2,4-D (Duchefa Bioche-
mie, Netherlands), 10 mg/L of silver nitrate 
and 300 mg/L of ceftriaxone (Arterium, 
Ukraine), which was added to the medium in 
such a concentration to prevent bacterial con-
tamination. Explants were cultured in the 
darkness at a temperature of 24 °C for 14 days.

An overnight culture of Agrobacterium tu-
mefaciens Conn., strain GV3101, was used for 
the genetic transformation of callus explants. 
Agrobacteria were grown in liquid nutrient 
medium LB [12] with the addition of antibio-
tics (50 mg/L rifampicin (“Borschagovsky 
CPP”, Ukraine), 100 mg/L kanamycin (“Arte-
rium”, Ukraine) and 25 mg/L gentamicin (“Ar-

terium”, Ukraine) at a temperature of 28 °C. 
The final optical density of agrobacteria was 
brought to OD

600
 = 0.8.

For the genetic transformation of callus ex-
plants, the pSPN2401 genetic construct was 
used, which contained two reporter genes: the 
gfp gene isolated from Aequorea victoria Mar-
bach & Shearer, under the control of the pro-
moter of the lhb gene encoding chlorophyll 
a–b binding proteins (LHCB) isolated from 
thale cress [Arabidopsis thaliana (L.) Heynh.], 
and the gus gene under the control of the pro-
moter of the rbc gene encoding the small sub-
unit of ribulose bisphosphate carboxylase (Ru-
BisCo), also isolated from A. thaliana (L.) 
Heynh. Both genes were controlled by the 35S 
cauliflower mosaic virus terminator (CaMV) 
along with a polyadenylation signal and a 
3’-untranslated sequence. In addition, both 
transcriptional units contained a 5’-untrans-
lated sequence Ω (UTR) from the tobacco mo-
saic virus (TMV) (Fig. 1). The gfp gene en-
codes the green fluorescent protein (GFP), 
and the product of the gus gene activity is 
β-glucuronidase enzyme.

Fig. 1. Structural elements of the T-DNA vector pSPN2401 
for the genetic transformation of spelt callus explants

LB RB

GUSGUSGFPGFPΩΩ ΩΩ35S35S 35S35SLHB-pLHB-p Rbc-pRbc-p

The genetic transformation of callus spelt 
explants was performed by inoculation with 
agrobacterium suspension and vacuum infil-
tration. The results for both types of transfor-
mation were compared among themselves. In 
the first case, a nutrient medium similar to 
callusogeneses was used for inoculation with 
the addition of 40 mg/L acetosyringone. Cal-
lus explants were cultured with agrobacteri-
um suspension in the darkness at 24 °C for 2 
hours. Co-cultivation was performed in MS 
nutrient medium for callusogeneses, but with-
out antibiotics and silver nitrate, in the dark-
ness for 3 days. Then calli were transferred to 
the medium with an antibiotic and cultured in 
the darkness for another 5 days.

In the case of vacuum infiltration, callus 
explants were introduced into a liquid nutri-
ent medium with agrobacteria, similar in com-
position to the inoculation medium. To do this, 
we used a glass desiccator with polished edges 
(2 L volume) with a hose attached to a pump 
that pumped air out of it creating vacuum 
conditions. Inside the desiccator cups with a 
liquid nutrient medium with callus explants 
and agrobacterium suspension were placed. 

The desiccator was tightly closed and air was 
pumped out of it. Infiltration was performed 
in two stages, each lasting 10 minutes at 0.6 
atmospheres. The co-cultivation conditions 
were similar to precultivation.

To eliminate agrobacteria, callus explants 
were washed with a solution of antibiotic cef-
triaxone at a concentration of 300 mg/L.

The frequency of genetic transformation of 
spelt callus explants was determined after 5 
days. To identify gfp gene expression prod-
uct, the transformed callus was irradiated 
with ultraviolet light and green calli, in 
which the expression of the gfp gene was ob-
served, were counted. To analyze the level of 
gus gene expression in callus explants, a his-
tochemical analysis of β-glucuronidase gene 
expression was performed according to the 
Jefferson method (1987) [26] in 100 mM 
phosphate buffer pH 7.0 containing 1 mM 
X-Gluc. On the 6th day after the transforma-
tion, callus fragments were incubated for 24 
hours in a 1 mM X-Gluc solution at a tem-
perature of 37 °C, followed by washing in a 
70% ethanol solution also at 37 °C for up to 
48 hours.
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The expression level of gus and gfp genes was 
estimated. It manifested itself as a blue color 
or a bright green glow in ultraviolet light, re-
spectively, using the ImajeJ program [27]. The 
transformed callus explants were photographed, 
the images were processed in the ImajeJ re-
source, as a result gene expression sites in the 
tissues obtained a gray color of various intensi-
ties. After measuring the gray color intensity, 
an appropriate graph was obtained. The level 
of gray color intensity corresponded to the 
level of gus and gfp genes expression. The high-
er the gray intensity was in the image, the 
higher the expression level of the gus and gfp 
genes was in the cells (Fig. 2).

30 days after the genetic transformation, 
the total plant DNA was isolated from the 
samples of transformed calli with expression 

of the gfp and gus genes by the CTAB method 
(cetyltrimethylammonium bromide) [28]. The 
concentration of extracted DNA was deter-
mined by spectrophotometric method (mQ H

2
O 

was taken as a negative control). PCR reaction 
was performed with primers specific for the 
gus and gfp genes. So, for the gus gene, the 
following primer sequence was used: GUS-F – 
ATGGGTCAGTCCCTTATGTTA, GUS-R – 
ATAAAGACTTCGCGCTGAT; and for the gfp 
gene it was GFP-F GTGAGCAAGGGCGAGGA, 
GFP-R – TTACTTGTACAGCTCGTCCAT. 
Primer sequences were selected using the 
NCBI BLAST online resource (blast.ncbi.nlm.
nih.gov).

PCR amplification products were separated 
on a 1% agarose gel. As a molecular length 
marker, 3 Kb DNA Ladder M25 (“Sib Enzyme”, 

Fig. 2. Assessment of gfp gene expression level in callus spelt explants with high (À–C) and low (D–F) expression 
levels (ImajeJ program): 

À) and D) – «RGB» and «HSB» image of callus explants, with high (A) and low (D) level of expression of the gfp gene (the 
red line indicates the area for measuring the intensity level, the red dotted line indicates callus for better orientation); B) 
and E) are the graphs of the level of gray color intensity corresponding to green glow at gfp gene expression; C) and F) – 

3-D models of the ratio of various shades of gray color for callus with high and low level of expression, respectively
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Fig. 3. Detection of gfp and gus gene expression in spelt callus explants: 
A) gfp gene expression in 20-day spelt calli on the 6th day after genetic transformation (1 – inoculation with agrobacteria, 

2 – vacuum infiltration); B) and C) gus gene expression in 20-day (B) and 30-day (C) calli on the 7th day after genetic 
transformation (“K-” – negative control, untransformed calli, 1 – vacuum infiltration; 2 – inoculation with agrobacteria)

Fig. 4. The electrophoregram of amplification products 
of total plant DNA of spelt transformants (gfp gene-

specific primers): 
1) DNA of transformant after inoculation with agrobacteria, 

2) DNA of transformant after vacuum infiltration, 
“K-” – negative control (H

2
O), ‘Ê+’  – positive control 

(genetic construct pSPN2401)
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RF) was used. For PCR, a reaction mixture 
with a total volume of 20 ml was taken, which 
contained 10X PCR buffer (100 mM Tris-HCl, 
pH 8.8, 500 mM KCl, 1% Triton X-100);               
1.5 mmol MgCl

2
 (“Thermo Fisher Scientific”, 

USA); 0.2 mmol of each dNTP (“Thermo Fish-
er Scientific”, USA); a pair of appropriate 
primers, each at a concentration of 12.59 pmol; 
Taq polymerase at a concentration of 1 U (“Sib 
Enzyme”, RF). The concentration of plant 
DNA in the PCR mixture was 100 n g. Plasmid 
DNA was used as a positive control, and H

2
O 

for a negative control.
Since we worked with two reporter genes 

and according to two transformation tech-
niques, 4 groups of experiments were identi-
fied – gus: infiltration, gus: inoculation, gfp: 
infiltration and gfp: inoculation. Each group 

consisted of 5 replicates of 60 callus explants 
each. The total amount of explants in the 
group was 300 pieces.

The frequency of genetic transformation 
was determined by the formula, which was 
taken and adapted from Gouranga et al. [29]: 
(T/E) × 100, where T is the number of calli 
where the product of the expression of corre-
sponding genes was detected, E is the total 
number of callus explants used for genetic 
transformation.

Results and discussion
After the genetic transformation of spelt 

callus explants by inoculation with agrobacte-
ria, after 8 days, the expression of the gus and 
gfp genes was observed, which can be both 
transient and stable. According to visual ob-

servations, the expression of the gfp gene in 
the cells of callus explants was detected on the 
fifth day after their transformation. Under ul-
traviolet light, the calli with observed gene ex-
pression glowed bright green color (Fig. 3A).

The luminescence could be either pointed, 
whe re expression was observed only in sepa-
rate callus cells, or complete – the entire ex-
plants glowed. The frequency of genetic trans-
formation for the gfp gene in the case of in-
oculation with agrobacteria was 4.66 ± 1.39% 
(Table 1).

In the case of bombarding of immature em-
bryos of ‘AvocetYr10’ soft wheat variety with 
gold particles containing a genetic construct 
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with the gfp reporter gene, Kronbak et al. [30] 
visually noted the transient expression of the 
gfp gene in soft wheat endosperm. For com-
parison, it is known that the frequency of stab-
le genetic transformation using constructs 
containing selective genes for the selection of 
transgenic wheat lines on the corresponding 
selective media of 14-day embryogenic calli of 
amphidiploid spring wheat by inoculation 
with agrobacteria it was 1.2–3.9%, and some-
times it reached 5.9% [2]. As noted by Dale et 
al. [5], if vacuum infiltration is performed 
with 6 approaches with a total duration of 1 
hour, the frequency of genetic transformation 
may be about 8%.

In our experiments during vacuum infiltra-
tion, the frequency of genetic transformation, 
based on the results on the gfp gene, was 
slightly lower than during inoculation, i.e. 
3.66 ± 0.74%. At the same time, the fluores-
cence intensity of the GFP protein in callus 
explants was also less than in the previous 
variant. In particular, to assess the level of 
gfp gene expression after inoculation with 
agrobacteria, the level of gray color intensity 
was in the range of 210–255, and the value of 
100–250 prevailed for vacuum infiltration. 
An example of assessing the level of gfp gene 
expression in callus explants of spelt with 
high and low expression levels is presented in 
Fig. 2.

Further PCR analysis with primers specific 
to the gfp gene was performed. It showed the 
integration of the gfp gene into the genome of 

callus explants from mature spelt embryos 
both in the case of their genetic transforma-
tion by inoculation and vacuum infiltration 
(Fig. 4). According to the results of the analy-
sis, a PCR product of about 717 bp was de-
tected, which corresponded to the expected 
size of the gfp gene [23]

Thus, the expression of the gus gene in callus 
explants using inoculation with agrobacteria was 
4.00 ± 0.91%. But in the case of vacuum in-
filtration, it was slightly higher – 4.66 ± 0.74%
(Table 1). As noted by Dattgonde et al. [6], in 
the case of vacuum infiltration of mature em-
bryos of common oat (Avena sativa L.), the 
gus gene genetic transformation frequency ac-
cording to the results of histochemical analy-
sis was 11–21%.

For comparison, it is known that genetic 
transformation by inoculation of immature em-
bryos of amphidiploid wheat of the ‘Bobwhite’ 
variety with agrobacteria containing a genetic 
construct with the gus gene gives up to 76% of 
transient expression [18]. This occurs in the 
presence of acetosyringone at a concentration 
of 40 mg/L. If the transformation is performed 
without acetosyringone, the number of ex-
plants with gus gene expression will be at the 
level of 52% as Wu et al. [18] note.

The expression of the gus gene in callus ex-
plant tissues during histochemical analysis of 
β-glucuronidase expression was detected at 
different levels of intensity (after reaction 
with X-Gluc callus tissues obtained a blue 
color of different intensity) (Fig. 3B, 3C). It 

Table 1
Frequency of genetic transformation of callus explants of wheat variety ‘Europa’

Reporter gene / variant 
of genetic transformation Repeat Number of callus 

explants (pcs.)
Number of calli with reporter 

gene expression (pcs.)
Transformation 
frequency (%)

Average frequency of 
transformation (%), X ± S

gus / infiltration

1 60 3 5.00

4.66 ± 0.74
2 60 2 3.33
3 60 3 5.00
4 60 3 5.00
5 60 3 5.00

gus / inoculations

1 60 2 3.33

4.00 ± 0.91
2 60 3 5.00
3 60 3 5.00
4 60 2 3.33
5 60 2 3.33

gfp / infiltration

1 60 2 3.33

3.66 ± 0.74
2 60 2 3.33
3 60 3 5.00
4 60 2 3.33
5 60 2 3.33

gfp / inoculations

1 60 2 3.33

4.66 ± 1.39
2 60 3 5.00
3 60 4 6.66
4 60 2 3.33
5 60 3 5.00

Note. Õ – average value, S – sampling mean error.
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could cover either all callus cells, or could be 
observed only in separate cells. An example of 
estimating the level of gus gene expression in 
high- and low-expression spelt callus explants 
is presented in Figures 5.

The level of gray color intensity for the two 
variants of genetic transformation was slight-
ly different. When using vacuum infiltration, 
the intensity was higher and varied in the 
range of 0–250 values (mainly staying in the 
range of 160–250). But during inoculation, 
the level of gray color intensity rarely exceed-
ed the value of 160 and mostly kept within 
values from 130 to 160.

Further PCR analysis with primers specific 
to the gus gene was performed. It showed the 
integration of the gus gene into the genome of 
callus explants from mature spelt embryos 
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Fig. 5. Assessment of the gus gene expression level in callus spelt explants with high (À–C) and low (D–F) 
expression levels (ImajeJ program): À) and D) – «RGB» and «HSB» image of callus explants, with high (A) and low (D) 
level of the gus gene expression (the red line indicates the area for measuring the level of intensity); B) and E) – graphs 
of the intensity level of gray color, corresponding to the blue color in the gus gene expressing; C) and F) – 3-D models of 

the ratio of various shades of gray color for callus with a high and low level of expression, respectively

both in the case of their genetic transforma-
tion by inoculation and vacuum infiltration 
(Fig. 6). PCR analysis with primers specific to 
the gus gene revealed an amplicon of about 
240 bp, which corresponds to the expected 
size of the gus gene and was also about              
240 bp [31].

Thus, for the first time the expression of 
the gus and gfp genes in callus explants of 
spelt (T. spelta L.) after genetic transforma-
tion by vacuum infiltration and inoculation 
with agrobacteria is shown. The average fre-
quency of genetic transformation using both 
techniques was slightly different. So, for the 
gus reporter gene, vacuum infiltration was 
more effective than inoculation (4.66% and 
4.00%, respectively). And for the gfp gene, a 
higher frequency of genetic transformation 
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was during inoculation than vacuum infiltra-
tion (4.66% and 3.66%, respectively). In our 
experiments, the expression of the gus and 
gfp reporter genes could be both temporary 
(transient) and stable.

Conclusions
The expression of the gus and gfp genes in 

callus explants of spelt (T. spelta L.) after ge-
netic transformation by vacuum infiltration 
and inoculation with agrobacteria was shown 
for the first time. The use of vacuum infiltra-
tion and inoculation methods for the genetic 
transformation of spelt gave different results. 
In general, the frequency of genetic transfor-
mation of callus explants from mature embry-
os of ‘Europa’ variety spelt by the gfp gene in 
the case of inoculation was 4.66 ± 1.39%. 
And for vacuum infiltration it was at the lev-
el of 3.66 ± 0.74%. The frequency of genetic 
transformation of the gus gene during vacu-
um infiltration was about 4.66 ± 0.74%, and by 
inoculation with agrobacteria – 4.00 ± 0.91%. 
PCR analysis showed the presence of two re-
porter genes gus and gfp in the callus of spelt 
(the length of the PCR product with primers 
for the gus gene was 240 bp, and for the gfp 
gene – 717 bp). Agrobacterium-mediated ge-
netic transformation of amphidiploid spelt 
wheat (T. spelta L.) allows studying the ex-
pression of the gus and gfp reporter genes us-
ing callus explants derived from mature em-
bryos.
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Ìåòà. Äîñë³äèòè åêñïðåñ³þ ãåí³â gus òà gfp â êà-
ëþñíèõ åêñïëàíòàõ àìô³äèïëî¿äíî¿ ïøåíèö³ ñïåëüòè 
(Triticum spelta L.) ï³ñëÿ Agrobacterium-îïîñåðåäêîâàíî¿ 
ãåíåòè÷íî¿ òðàíñôîðìàö³¿. Ìåòîäè. Äëÿ òðàíñôîðìàö³¿ 
áóëî îáðàíî ñîðò ïøåíèö³ ñïåëüòè îçèìî¿ ‘ªâðîïà’. ßê 
åêñïëàíòè âèêîðèñòîâóâàëè êàëþñè, îòðèìàí³ ç³ çð³ëèõ 
çàðîäê³â. Ïðåêóëüòèâàö³þ êàëþñ³â çä³éñíþâàëè íà æè-
âèëüíîìó ñåðåäîâèù³ ÌÑ (Ìóðàñ³ãå–Ñêóãà), äîïîâíåíî-
ìó 2 ìã/ë 2,4-Ä (2,4-äèõëîðôåíîêñèîöòîâà êèñëîòà) òà 
10 ìã/ë í³òðàòîì ñð³áëà. Äëÿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ 
âèêîðèñòîâóâàëè Agrobacterium tumefaciens Conn., øòàì 
GV3101, òà ãåíåòè÷íó êîíñòðóêö³þ ç ðåïîðòåðíèìè ãåíà-
ìè gus (ãåí áåòà-ãëþêóðîí³äàçè (β-glucuronidase)) òà gfp 
(ãåí çåëåíîãî ôëþîðåñöåíòíîãî á³ëêà (Green Fluorescent 
Protein, GFP)). Êàëþñè òðàíñôîðìóâàëè øëÿõîì ³íîêóëÿö³¿ 
ç àãðîáàêòåð³ÿìè òà âàêóóìíîþ ³íô³ëüòðàö³ºþ. Äàë³ 
¿õ êî-êóëüòèâóâàëè íà ñåðåäîâèù³ ÌÑ ³ç 2 ìã/ë 2,4-Ä 
òà 10 ìã/ë AgNO

3
, àëå áåç àíòèá³îòèê³â. Åêñïðåñ³þ ãåíà 

gus ïåðåâ³ðÿëè ç à äîïîìîãîþ ã³ñòîõ³ì³÷íîãî, à ãåíà gfp –
â³çóàëüíîãî àíàë³çó (ôëóîðåñöåíö³ÿ á³ëêà GFP â ÓÔ 
ñâ³òë³). Ð³âí³ åêñïðåñ³¿ ãåí³â gfp òà gus îö³íþâàëè çà äî-
ïîìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ ImajeJ. ²íòåãðàö³þ 
ãåí³â gfp òà gus â ãåíîì ñïåëüòè ïåðåâ³ðÿëè ìåòîäîì ÏËÐ. 

Ðåçóëüòàòè. Ãåíåòè÷íà òðàíñôîðìàö³ÿ êàëþñíèõ åêñïëàí-
ò³â ñïåëüòè øëÿõîì ¿õíüî¿ ³íîêóëÿö³¿ â æèâèëüíîìó 
ñåðåäîâèù³ ç àãðîáàêòåð³ÿìè òà âàêóóìíîþ ³íô³ëüòðàö³ºþ 
â³äáóâàëàñü ç ð³çíîþ ÷àñòîòîþ. Ð³âåíü åêñïðåñ³¿ ãåíà 
gus çà âàêóóìíî¿ ³íô³ëüòðàö³¿ ñòàíîâèâ 4,66 ± 0,74%, 
çà ³íîêóëÿö³¿ – 4,00 ± 0,91%; à ãåíà gfp çà âàêóóìíî¿ 
³íô³ëüòðàö³¿ – 3,66 ± 0,74%, çà ³íîêóëÿö³¿ – 4,66 ± 1,39%. 
Ð³âåíü åêñïðåñ³¿ ãåíà gfp áóâ âèùèì ó ðàç³ âèêîðèñòàí-
íÿ ³íîêóëÿö³¿ ç àãðîáàêòåð³ÿìè, à ãåíà gus – ïðè âà êó-
óìí³é ³íô³ëüòðàö³¿. Çà äîïîìîãîþ ÏËÐ-àíàë³çó áóëî ï³ä-
òâåðäæåíî ³íòåãðàö³þ ãåí³â gfp òà gus â ãåíîì êàëþñ³â 
ñïåëüòè. Äîâæèíà ÏËÐ ïðîäóêòó ³ç ïðàéìåðàìè äî ãåíà gus
ñòàíîâèëà 240 ï. í., à äî ãåíà gfp – 717 ï. í. Âèñíîâêè.
Âèêîðèñòàííÿ ìåòîä³â âàêóóìíî¿ ³íô³ëüòðàö³¿ òà 
³íîêóëÿö³¿ äëÿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ ñïåëüòè äàëè 
ð³çí³ ðåçóëüòàòè. ×àñòîòà ãåíåòè÷íî¿ òðàíñôîðìàö³¿ êîëè-
âàëàñü â³ä 3,66 äî 4,66%. Agrobacterium-îïîñåðåäêîâàíà 
ãåíåòè÷íà òðàíñôîðìàö³ÿ àìô³äèïëî¿äíî¿ ïøåíèö³ ñïåëü-
òè äîçâîëÿº äîñë³äèòè åêñïðåñ³þ ðåïîðòåðíèõ ãåí³â gus 
òà gfp çà âèêîðèñòàííÿ êàëþñíèõ åêñïëàíò³â, îòðèìàíèõ 
³ç çð³ëèõ çàðîäê³â.

Êëþ÷îâ³ ñëîâà: Triticum spelta L.; ñïåëüòà; êàëþñîãå-
íåç; ãåí gus; ãåí gfp; ãåíåòè÷íà òðàíñôîðìàö³ÿ.
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Öåëü. Èññëåäîâàòü ýêñïðåññèþ ãåíîâ gus è gfp â êàë-
ëþñíûõ ýêñïëàíòàõ àìôèäèïëîèäíîé ïøåíèöû ñïåëüòû 
(Triticum spelta L.) ïîñëå Agrobacterium-îïîñðåäîâàííîé 
ãåíåòè÷åñêîé òðàíñôîðìàöèè. Ìåòîäû. Äëÿ òðàíñôîðìà-
öèè áûë âûáðàí ñîðò ïøåíèöû ñïåëüòû îçèìîé ‘Åâðîïà’. Â 
êà÷åñòâå ýêñïëàíòîâ èñïîëüçîâàëè êàëëþñû, ïîëó÷åííûå 
èç çðåëûõ çàðîäûøåé. Äëÿ ïðåêóëüòèâàöèè êàëëþñîâ èñ-
ïîëüçîâàëè ïèòàòåëüíóþ ñðåäó ÌÑ (Ìóðàñèãå–Ñêóãà), äî-
ïîëíåííóþ 2 ìã/ë 2,4-Ä (2,4-äèõëîðôåíîêñèóêñóñíàÿ 
êèñëîòà) è 10 ìã/ë íèòðàòîì ñåðåáðà. Äëÿ ãåíåòè÷åñêîé 
òðàíñôîðìàöèè èñïîëüçîâàëè Agrobacterium tumefaciens 
Conn., øòàìì GV3101, è ãåíåòè÷åñêóþ êîíñòðóêöèþ, ñîäåð-
æàùóþ ðåïîðòåðíûå ãåíû gus (ãåí áåòà-ãëþêóðîíèäàçû) è 
gfp (ãåí çåëåíîãî ôëþîðåñöåíòíîãî áåëêà GFP). Êàëëþñû 
òðàíñôîðìèðîâàëè ïóòåì èíîêóëÿöèè ñ àãðîáàêòåðèÿìè è 
âàêóóìíîé èíôèëüòðàöèåé. Äàëåå èõ êî-êóëüòèâèðîâàëè 
íà ñðåäå ÌÑ ñ 2 ìã/ë 2,4-Ä è 10 ìã/ë AgNO

3
, íî áåç àíòèáèî-

òèêîâ. Ýêñïðåññèþ ãåíà gus ïðîâåðÿëè ñ ïîìîùüþ ãèñòî-
õèìè÷åñêîãî àíàëèçà, à ãåíà gfp – âèçóàëüíîãî (ôëóîðåñ-
öåíöèÿ áåëêà GFP â UV ñâåòå). Óðîâíè ýêñïðåññèè ãåíîâ 
gfp è gus îöåíèâàëè ñ ïîìîùüþ ïðîãðàììíîãî îáåñïå÷å-
íèÿ ImajeJ. Èíòåãðàöèþ ãåíîâ gfp è gus â ãåíîì ñïåëüòû 
ïðîâåðÿëè ìåòîäîì ÏÖÐ. Ðåçóëüòàòû. Ãåíåòè÷åñêàÿ òðàíñ-

ôîðìàöèÿ êàëëþñíûõ ýêñïëàíòîâ ñïåëüòû ïóò¸ì èõ èíîêó-
ëÿöèè â ïèòàòåëüíîé ñðåäå ñ àãðîáàêòåðèÿìè è âàêóóìíîé 
èíôèëüòðàöèåé ïðîèñõîäèëà ñ ðàçíîé ÷àñòîòîé. Óðîâåíü 
ýêñïðåññèè ãåíà gus ïðè âàêóóìíîé èíôèëüòðàöèè ñîñòà-
âèë 4,66 ± 0,74%, à ïðè èíîêóëÿöèè – 4,00 ± 0,91%, à ãåíà 
gfp ïðè âàêóóìíîé èíôèëüòðàöèè – 3,66 ± 0,74%, à ïðè 
èíîêóëÿöèè – 4,66 ± 1,39%. Óðîâåíü ýêñïðåñèè ãåíà gfp 
áûë âûøå â ñëó÷àå èñïîëüçîâàíèÿ èíîêóëÿöèè ñ àãðîáàê-
òåðèÿìè, à ãåíà gus – ïðè âàêóóìíîé èíôèëüòðàöèè. Ïðè 
ïîìîùè ÏÖÐ àíàëèçà áûëà ïîäòâåðæäåíà èíòåãðàöèÿ ãå-
íîâ gfp è gus â ãåíîì êàëëþñîâ ñïåëüòû. Äëèíà ÏÖÐ ïðî-
äóêòà ñ ïðàéìåðàìè ê ãåíó gus ñîñòàâèëà 240 ï. í., à äëÿ 
ãåíà gfp – 717 ï. í. Âûâîäû. Èñïîëüçîâàíèå ìåòîäîâ âà-
êóóìíîé èíôèëüòðàöèè è èíîêóëÿöèè äëÿ ãåíåòè÷åñêîé 
òðàíñôîðìàöèè ñïåëüòû äàëè ðàçíûå ðåçóëüòàòû. ×àñòîòà 
ãåíåòè÷åñêîé òðàíñôîðìàöèè êîëåáàëàñü îò 3,66 äî 4,66%. 
Agrobacterium-îïîñðåäîâàííàÿ ãåíåòè÷åñêàÿ òðàíñôîð-
ìàöèÿ àìôèäèïëîèäíîé ïøåíèöû ñïåëüòû ïîçâîëÿåò èñ-
ñëåäîâàòü ýêñïðåññèþ ðåïîðòåðíûõ ãåíîâ gus è gfp ïðè 
èñïîëüçîâàíèè êàëëþñíûõ ýêñïëàíòîâ, ïîëó÷åííûõ èç çðå-
ëûõ çàðîäûøåé.
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