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Aim. To determine water defi ciency tolerance of genetically modifi ed common wheat plants (Triticum aestivum L., cv 
Zymoyarka), containing the heterologous ornithine-δ-aminotransferase gene, based on the analysis of grain productivity 
and physiological and biochemical characteristics in transgenic and non-transgenic genotypes. Methods. Biochemical 
spectrophotometric assays: the enzyme ornithine-δ-aminotransferase activity, the free L-proline content, and the 
photosynthetic pigments content; biotechnological: Agrobacterium-mediated transformation in planta; physiological: 
morphometric traits and elements of grain productivity; mathematical statistics. Results. It was established that the presence 
of an additional copy of the ornithine-δ-aminotransferase gene in transgenic plants leads to higher activity of the ornithine-δ-
aminotransferase enzyme: by 1.6 times higher on average for all lines as compared to the non-transgenic plants at 70 % of fi eld 
capacity and by 1.5 – at 30 % fi eld capacity. However, transgenic plants did not differ signifi cantly from the original variety 
in the free L-proline content either under optimal water conditions or under soil drought. The increase in the total chlorophyll 
(a + b) content in fl ag leaves of transgenic plants was established under conditions of both optimal water supply and drought, 
as compared with the original genotype (increase by 5–7 % and 8–11 %, respectively). The enhanced expression of the orni-
thine-δ-aminotransferase gene in the transgenic plants stimulated root growth both under optimal and stressful conditions: 
the root length of the transformed plants exceeded that of the original variety by 3.4–3.9 cm in the variant with optimal 
water supply, and by 4.2–4.6 cm – under drought. They were also characterized by a more developed root system. Dry root 
weight of the transgenic plants exceeded the original variety both in the control (by 23–27 %), and under drought (by 37–
44 %). Under drought, the root dry weight decreased by 29 % in the plants of the original variety, compared 70 % fi eld 
capacity, and by 11–15 % in the lines. Under 30 % fi eld capacity, the transgenic lines also exceeded non-transformed plants 
in the number of grains from the whole plant (on average for 3 lines by 26 %) and in the grain weight (by 22 %). Transgenic 
plants are characterized by the formation of a higher productive shoots number: from 3.2 to 3.4 compared with 2.5 in 
non-transgenic plants at 70 % fi eld capacity and 2.7–3.1 vs 2.2 at 30 % fi eld capacity it was found. Conclusions. Thus, 
the analysis of genetically modifi ed common wheat plants cv. Zymoyarka, containing the heterologous alfalfa ornithine-δ-
aminotransferase gene, by yield structure elements, morphometric parameters and photosynthetic pigment content showed 
their better tolerance to soil drought as compared to non-transgenic plants. We explain the improvement of grain productivity 
of the whole plant in transgenic wheat lines with an additional copy of ornithine-δ-aminotransferase gene by the fact that 
they have a better developed root system (dry root weight of the transgenic plants exceeded the original variety both in the 
control by 23–27 %, and under drought by 37–44 %) and a higher (on average for 3 lines – 3.3 compared to 2.5 in non-
transgenic plants at 70 % fi eld capacity and 2.9 vs 2.2 at 30 % fi eld capacity) number of productive shoots than in the origi-
nal variety both under optimal and insuffi cient water supply. 
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INTRODUCTION
Considerable recent changes in climatic conditions 

have had their negative infl uence on the productivity of 
cultivated plants (Sadras VO and Calderini DF, 2015; 

Raza A et al, 2019). Since the beginning of this century, 
common winter wheat plants (Triticum aestivum L.) – 
one the most relevant food crops – have been exposed 
to elevated temperatures and soil droughts more fre-
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quently (Barnábas B et al, 2008; Brisson N et al, 2010). 
For instance, the data of 30-year-long studies demon-
strated that the infl uence of weather on grain productiv-
ity of common winter wheat varieties of German selec-
tion amounted to 13 % (Laidig F et al, 2017). The mean 
for environmental variation (year, location and year by 
location) of 41 % was only slightly larger than the ge-
notypic variation (40 %). 

The inhibition of the photosynthetic process and im-
paired reproductive development under drought cause 
a considerable loss of wheat grain productivity, which 
may be from 25 to 90 %, depending on the phenologi-
cal stages and the severity, and duration of the stress 
infl uence (Farooq M et al, 2014; Zhang et al, 2018). 
Thus, the prevention of the negative effect of climatic 
changes on the productivity of common winter wheat 
requires breeding high-yielding varieties with high 
adaptive potential, including drought tolerance.

The application of gene engineering methods is a 
modern trend in breeding drought-resistant wheat va-
rieties. An example of such methods is integrating re-
combinant DNA molecules, capable of controlling ad-
aptation/resistance processes on the genetic level, into 
the genome of cultivated plants (Hiei Y et al, 2014). 
The use of genes that control the metabolism of “com-
patible” osmotically active substances – organic mol-
ecules capable of accumulating in signifi cant concen-
trations in plant cells under conditions stress, without 
exerting a toxic effect on the processes of their growth 
and differentiation can be a promising direction for 
increasing their resistance to drought. One of the pos-
sible ways to create drought-resistant varieties is use 
of genes, controlling proline synthesis and catabolism 
(Vahdati K and Lotfi  N, 2013; Anwar A et al, 2018) 
The additional synthesis of this amino acid enhances 
general resistance of plants to abiotic stress, because 
proline protects membranes, macromolecules, and cell 
structural elements, enhancing non-specifi c resistance 
(Szabados L and Savoure A, 2010; Senthil-Kumar M 
and Mysore K, 2012). 

The adaptation of plants to unfavorable environmen-
tal conditions requires comprehensive genetic pro-
grams, involving the coordinated expression of large 
gene complexes (Tuberosa R and Salvi S, 2006; Tran 
LSP et al, 2007; Morgun VV et al, 2010; Fukao T and 
Xiong L, 2013). For instance, in response to stress, there 
are changes in the level of the expression of genes, con-
trolling the metabolism of some aminoacids, such as 
proline, asparagine, arginine (Martinelli T et al, 2007). 
These genes include the ornithine-δ-aminotransferase 

gene, encoding the enzyme (ОАТ, ЕС 2.6.1.13), which 
catalyzes the transfer of the delta-aminogroup of orni-
thine onto alpha-ketoglutarate with the formation of 
pyrroline-5-carboxylate (P5C) and glutamate (Strans-
ka J et al, 2010; Anwar A et al, 2018). This response is 
one of interconversions of such aminoacids as argini-
ne, ornithine, glutamate, and proline. The metabolism
of these aminoacids is related to the fi xation, storing, 
and remobilization of nitrogen, the formation and ger-
mination of seeds, the resistance to different abiotic 
stresses, the regulation of growth and development 
processes (Canas RA et al, 2008; Funck D et al, 2008;
Mattioli R et al, 2009). Thus, ornithine-δ-aminotrans-
ferase may be a relevant regulator of cell metabolism. 

OAT is linked with the metabolic pathways of pro-
line and arginine. The fi rst step in arginine catabolism 
is the degradation of arginine into urea and ornitine by 
arginase. Then ornitine can enter either into the proline 
biosynthesis pathway, or it is transported to the chlo-
roplast, where it takes part in the arginine biosynthesis 
pathway (Anwar A et al, 2018). The OAT is involved 
in stress-induced proline accumulation in cytoplasm, 
programmed cell death and non-host disease resistance 
in plants (Szabados L and Savoure A, 2010; Anwar A 
et al, 2020). The OAT enzyme is also involved in ni-
trogen metabolism as evidenced by proline metabolism 
showing positive correlation with nitrogen metabolism 
through two regulatory enzymes i.e OAT and P5CS, 
which is dependent on the nitrogen supply in plants 
(Funck D et al, 2008; Sánchez E et al, 2018). It was 
found than the homologue of δOAT – OsOAT – in rice 
is essential for nitrogen reutilization through mediating 
arginase activity (Liu C et al, 2018). Through medi-
ating nitrogen reutilization δOAT infl uenced for fl oret 
development and seed setting (Liu C et al, 2018).

The ornithine-δ-aminotransferase gene (oat) is in-
volved in a response to stress, but its specifi c biological 
role has not been completely elucidated yet and is under 
discussion (Stranska J et al, 2010). It has long been be-
lieved that ornithine-δ-aminotransferase is involved in 
proline synthesis under stress (Roosens N et al, 2002). 
There are current data, demonstrating that the OAT en-
zyme participates in the alternative pathway of proline 
metabolism in mitochondria under stress (Anwar A et 
al, 2018). For instance, in Brassica juncea, both the ac-
tivity of OAT and proline content were enhanced with 
the increasing concentration of salt in the environment 
(Madan S et al, 1995). In Brassica napus, the expres-
sion of oat gene increased only under long-term im-
pact of strong osmotic stress (Xue X et al, 2009). Rice 
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plants with higher expression of oat gene accumulate 
more proline than non-transgenic plants (Wu L et al, 
2003). The overexpression of this gene enhanced the 
resistance of transgenic tobacco plants to drought and 
salinization (Roosens N et al, 2002; Gerasimova SV et 
al, 2010). However, the fact that both under norm and 
stress, mutant Arabidopsis plants, defi cient in OAT, had 
the same proline level as the control plants (Funck D et 
al, 2008), may demonstrate that proline accumulation 
may be unrelated to OAT expression. 

While introducing the exogenous oat gene into the 
genome of different cereals (rice, corn, sorghum) are 
rather successful, the research on this methodology for 
wheat has started rather recently and the publications 
are scarce. In particular, the PCR method confi rmed
the obtaining of transgenic spring wheat plants with 
the additional copy of the ornithine-δ-aminotransferase 
gene (Honcharuk AN et al, 2015) with a frequency 
of 5 %. It was found that under the action of osmotic 
stress transgenic plants (T2) of winter wheat were char-
acterized by better yield structure in comparison with 
control plants (Komisarenko AG et al, 2019). Further-
more, the transgenic wheat plants overexpressing gene 
TaOAT showed enhanced tolerance to drought stress 
and salt tolerance (Anwar A et al, 2020).

Our aim was to determine water defi ciency tolerance 
of genetically modifi ed common wheat plants (Triti-
cum aestivum L.), containing a heterologous ornithine-
δ-aminotransferase gene, based on the analysis of grain 
productivity and physiological and biochemical char-
acteristics in transgenic and non-transgenic genotypes. 
The hypothesis of our research was that transgenic 
plants of wheat would demonstrate higher tolerance to 
moisture defi ciency. 

MATERIALS AND METHODS
The materials of the study were non-transformed 

plants of common spring-winter wheat, Zymoyarka 
variety, and three transgenic lines of the seed genera-
tion Т2 (Zymoyarka 120, Zymoyarka 135, and Zy-
moyarka 139), obtained by Agrobacterium-mediated 
transformation in planta. We studied 30 plants of each 

transgenic line and 30 plants of the original variety. 
Transformation in planta was carried out by applying a 
drop of Agrobacterium suspension to a fl ower bud (Na-
rusaka M et al, 2010). Ears of wheat that did not come 
out of the fl ag leaf were pre-castrated and wrapped in 
an individual parchment paper insulator (Zale J et al, 
2009). Night culture of A. tumefaciens was grown on 
LB medium (Sambrook J et al, 1989) to achieve an 
optical density of OD600 = 0.8. Then the culture was 
centrifuged, the precipitate was resuspended in LB 
medium with the addition of 200 mM acetosyringone 
(Sigma, USA) and 5 g/l sucrose (Zale J et al, 2009).

The Agrobacterium tumefaciens AGL0 strain was used 
in transformation experiments. Plants were transformed 
with the binary vector pBi-OAT, which carries the target 
ornithine-δ-aminotransferase gene of Medicago truncat-
ula and selective neomycin phosphotransferase II (nptII) 
gene E. coli (Fig. 1). Vector design is courtesy of Cor-
responding Member RAS, Ph.D. Kochetov OV, Institute 
of Cytology and Genetics, Siberian Branch of the Rus-
sian Academy of Sciences, Novosibirsk.

Agrobacterium-mediated transformation in planta 
was performed in a pot experiment  and the seeds were 
gathered at the end of vegetation period. After inocu-
lation of 70 castrated ears, 428 grains were obtained. 
The obtained seed material was germinated and the 
fact of integration of elements of vector construction 
was established by PCR. As a result of the analysis, 
16 T1 plants with complete incorporation of the genetic 
construct were identifi ed. These plants were planted in 
the soil and by self-pollination obtained seed genera-
tion T2. The seeds were germinated in disposable cups 
with soil mixture (sand and soil 1 : 2). The wheat plants 
were grown in growth rooms under lighting 3000–4000 
lx, relative humidity of 70 % and a 16/8 h light/dark 
photoperiod cycle. The presence of target gene  in 40 
seedlings from T2 seeds, collected from each individual 
T1 plant, was analyzed. Three stable independent trans-
genic lines were obtained in T2 generation named as 
Zymoyarka 120, Zymoyarka 135, and Zymoyarka 139 
which were used for further analysis. 

Fig. 1. The block scheme of the binary vector pBi-OAT: LB, RB – left and right borders of T-DNA; NOSpro, NOSter – pro-
moter and terminator of nopaline synthase; npt II – gene of neomycin phosphotransferase II E. coli; 35S pro – promoter 35S 
of caulifl ower mosaic virus (CaMV) RNA; ОАТ – ornithine-δ-aminotransferase gene of Medicago truncatula (Gerasimova 
SV et al, 2010)
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Confi rmation of the transfer and integration of 
oat and npt II genes into the genomes of the stud-
ied plants was performed by polymerase chain reac-
tion (PCR). For this purpose, the total DNA of con-
trol and selected wheat lines was isolated using the 
CTAB DNA extraction procedure  (Stewart CN and 
Via LE, 1993). PCR was performed using the fol-
lowing primer pairs to the target gene: RTF forward 
(5′-CAGTGCCCACAATTACCATCC-3′) and RTR re-
verse (5′-CGAACTTCTTCCC-AATCACAAGCCA-3′);
to the selective npt II gene: PSGA forward (5′-AG-
GC-TATTCGGCTATGACTG-3′) and PSGB reverse 
(5′-CAAGCTCTTCAGCA-ATATCACG-3′); referen-
ce gene TaTM20: RTF forward 5′-AAGGGTTGCT-
CCT-CTTCGCGATCTTG-3′ and RTR reverse 5′-G-
TACATGCCAGCACCGTAT-GGATTG-3′. In order to 
further verify the absence of bacterial contamination
in the studied wheat samples transformed by the in 
planta method, molecular genetic analysis was per-
formed using specifi c primers to the agrobacterial 
virulence gene vir C of the following sequences: VCF 
forward 5′-ATCATTTGTAGCGTCGTCG-3′ and VCR 
reverse 5′-AGCTCAAACCTGCTTC-3′.

Reaction mixtures for PCR included: 0.5 μl of 10μM 
specifi c primers for the corresponding reaction, 2 μl 
of buffer for PCR 10 × Reaction Buffer B (Solis Bio-
Dyne), 2 μl of 1 mM Cresol 60 % Sucrose (Solis Bio-
Dyne), 1,6 μl of 25 mM MgCl2 (Solis BioDyne), 2 μl
of 2 mM each deoxyribonucleotide-3-phosphate
(Thermo Fisher Scientifi c), 0.5 units FIREPol DNA 
Polymerase (Solis BioDyne), 30 ng of total DNA, de-
ionized Milli-Q water to a fi nal volume of 20 μl. 

PCR was performed on an amplifi er Mastercycler 
Personal 5332 Eppendorf. PCR with primers to the
oat gene was performed according to the program: 
initial denaturation at 94 °C for 3 min; 30 cycles (de-
naturation at 94°C – 1 min, annealing at 57 °C – 1 
min, elongation at 62 °C – 1 min) and fi nal elongation
at 62 °C for 8 min. The expected amplicon size is
708 bp. Multiplex PCR was performed with primers 
to the wheat reference gene TaTM20 and the npt II 
transgene according to the following program: initial 
denaturation at 94 °C for 4 min; 8 cycles (denaturation
94 °C – 30 seс, annealing 68 °C – 45 sec, elongation 
72 °C – 30 sec) and 25 cycles (denaturation 94 °C –
30 sec, annealing 60 °C – 30 sec, elongation 72 °C –
30 sec), fi nal elongation 72 °C – 5 min. The size of the 
expected fragments: for the npt II gene – 700 bp, and
for the TaTM20 gene – 934 bp. PCR to determine bac-
terial infection (Vir C gene) was performed according 

to the following program: initial denaturation 4 min at 
94 °C, 34 cycles – denaturation 30 sec at 94 °C, rena-
turation 30 sec at 59 °C, elongation 30 sec at 72 °C, 
fi nal elongation 5 min at 72 °C. Negative control – TE 
buffer, positive control – DNA of Agrobacterium tu-
mefaciens strain AGLO with the genetic construct of 
pBi-OAT.

After the analysis, the plants were planted into 10 L 
vegetative pots, fi lled with soil mixture (soil : sand =
= 3 : 1) and grown on a special growing site. In half of 
the pots, the original and transgenic forms (15 plants
of the Zimoyarka variety and 15 plants of each trans-
genic line) were cultivated under optimal water sup-
ply – 70 % of fi eld capacity (FC). In other half of the 
pots (15 plants of the Zimoyarka variety and 15 plants 
of each transgenic line) soil humidity was decreased 
down to 30 % FC at fl ag leaf sheath opening (GS 47) 
(Zadoks JC et al, 1974), by stopping the irrigation and 
next everyday controlling of pots weight during 7 days. 
Soil humidity was controlled by gravimetric method 
(Gilev VYu, 2012). After drought, the plants of variants 
30 % FC were watered along with the control under
full ripeness. 

Biochemical traits and photosynthetic pigments con-
tent were determined on the 7th day since the beginning 
of drought. The activity of ornithine-δ-aminotransferase 
(ОАТ) in the leaves was estimated according to (Ma-
dan S et al, 1995) and calculated as the amount of the 
enzyme, necessary to obtain 1 nmol of P5C per minute 
(1U), calculated per 1 mg of protein. Free proline con-
tent in the leaves was determined by  method, based 
on the formation of a stained product of interaction be-
tween L-proline and ninhydrin reagent (Bates LS et al, 
1973). Enzyme activity and proline content were deter-
mined in 5 biological and 3 analytical repeats.

Total chlorophyll and carotenoid content was deter-
mined by non-maceration method of extracting pig-
ments from leaf using dimethyl sulfoxide (DMSO) by 
the method of A.P. Wellburn (Wellburn AP, 1994). The 
average sample was formed from fi ve fl ag leaves of 
main and later shoots. For this, all leaves were fi nely 
cut. For the analytical pigment content estimation from 
the total sample of cut leaves 100 mg leaf material was 
extracted in 10 ml DMSO in triplicate. Then the tubes 
were placed in a water bath (water temperature 60 ºС) 
for 4 h. After cooling to room temperature, 0.5 mL of 
obtained extracts was diluted with 4.5 mL of DMSO. 
The optic density of this solution was determined us-
ing a spectrophotometer (Specord 200, AnalyticJena, 
Germany), at a wavelength of 480, 649, and 665 nm. 
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The calculation of the pigment content per 1 g of dry 
matter was conducted with the consideration of all the 
dilutions and the weight of leaves.

The indices of grain productivity (grain weight per 
plant, number of grains per ear and plant, thousand 
grain weights) were determined at full ripeness, as well 
as the number of productive shoots, length, and root 
dry weight of control and genetically modifi ed plants. 
The number of plants in each variant was 10.

The statistical processing of the obtained data was 
conducted using ANOVA and the Tukey HSD Test 
with the average values. The results were presented as 
mean values and standard error (m ± SE). The differ-
ence between the data was considered reliable, if р ≤
≤ 0.05. Calculations were done using computer soft-
ware STATISTIX8.

RESULTS
To estimate, in which way the introduced construc-

tion infl uences the expression of oat gene, we com-
pared the activity of ornithine-δ-aminotransferase en-
zyme in transformed plants and the original plants of 
Zymoyarka variety in the control and under drought. 
It was established that in the variant, where soil 
moisture was maintained at the level of 70 % FC, 

the activity of ОАТ in the original plants was 0.31 ± 
± 0.05 nmol P5C/min.*mg of protein, and in the trans-
genic plants it was 1.6 times higher on average – 0.50 ± 
± 0.07 nmol P5C/min.*mg of protein (Fig. 2, а). On the 
7th day of drought, the activity of OAT in non-transgen-
ic plants of the variety Zymoyarka (0.68 ± 0.07 nmol 
P5K/min.*mg protein), and in transgenic plants (0.98 ±
± 0.09 nmol P5K/min.*mg protein) increases by about 
2 times compared to plants that grow at soil mois-
ture at the level of 70 % of FC. In transgenic forms
under drought conditions, the enzyme activity was also 
higher (on average 1.5 times) compared to non-trans-
genic plants that grew under stress conditions. There-
fore, in transgenic plants, compared with non-trans-
genic, an increase in OAT activity was observed, both 
with optimal moisture supply and its defi ciency, which 
is obviously due to the expression of the introduced 
gene.

Under drought the level of free L-proline in the 
original variety increased, as compared with 70 % FC, 
from 45 ± 6 to 126 ± 12 mg%/g fresh weight was found 
(Fig. 2, b). The content of free L-proline in the plants 
of transgenic lines at 30 % FC was higher, than under 
optimal water supply, respectively – 45–50 and 130–
139 mg%/g fresh weight was found (Fig. 2, b). Thus, 

Fig. 2. The activity of ornithine-δ-aminotransferase enzyme (a) and the content of free L-proline (b) in the plants of original 
variety Zymoyarka and transgenic lines under optimal water supply (70 % of FC) and drought (30 % FC). Note: m ± SE, * – 
the difference between transgenic lines and the plants of original variety is signifi cant at р < 0.05



AGRICULTURAL SCIENCE AND PRACTICE   Vol. 8   No. 1   2021 19

WATER DEFICIENCY TOLERANCE OF GENETICALLY MODIFIED COMMON WHEAT CV. ZYMOYARKA

the free L-proline content both in the original and 
transgenic plants increased almost three times, as 
compared to the corresponding control variants. How-
ever, the proline content did not differ considerably 
between genetically modifi ed lines and the original 
variety in the variants with 70 or 30 % of FC. So, 
the free L-proline content does not change consider-
ably with the increase in OAT activity, as compared 
to the initial genotype. We found that the introduction 
of the genetic construct, enhancing the expression of 
oat gene, does not lead to a considerable change in 
the level of free L-proline in plant leaves under norm 
or drought.

Comparative analysis of the content and ratio of pho-
tosynthetic pigments in transgenic lines and the original 
genotype was carried out under optimal growing condi-
tions and under drought conditions. Under optimal wa-
ter supply, the chlorophyll a content in fl ag leaves was 
higher, as compared to the original genotype, only in 
the transgenic Zymoyarka line 139 (resp., 7.02 ± 0.13 

and 6.61 ± 0.24 mg/g dry weight) (Fig. 3, a). While 
under drought, it was higher in all the lines: 5.93 ±
± 0.21 and 6.40–6.61 mg/g dry weight respectively 
(Fig. 3, b). The content of chlorophyll b in the leaves 
of non-transformed plants was lower as compared to 
the plants of transgenic lines both in the control vari-
ant (2.10 ± 0.04 and 2.32–2.36 mg g dry weight, re-
spectively), and under drought (1.97 ± 0.02 and 2.17–
2.20 mg/g dry weight, respectively) (Fig. 3). On aver-
age, in both variants its content in the transgenic lines 
exceeded the corresponding values of the original vari-
ety by 10–12 %. 

The total chlorophylls content (a + b) in fl ag leaves 
of the transgenic plants was higher (9.19–9.34 mg/g 
dry weight) as compared to the non-transformed plants 
(8.71 ± 0.28) under optimal water supply (Fig. 3, a). 
and under drought (8.57–8.81 and 7.90 ± 0.23 mg/g
dry weight, respectively) (Fig. 3, b). The rise of the
total chlorophyll content in the transgenic lines as 
compared to the non-transformed plants was smaller 

Fig. 3. The photosynthetic pigments content in fl ag leaves of the original variety (Zymoyarka) and its transgenic lines under 
optimal water supply (a) and drought (b). Note: m ± SE, * – the difference between transgenic lines and the plants of original 
variety is signifi cant at р < 0.05
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in the control that under drought (by 5–7 % and by 
8–11 %, respectively). The total carotenoid content 
in fl ag leaves of transgenic lines exceeded their con-
tent in the non-transformed plants only in the control 
variant (1.89–1.95 and 1.79 ± 0.04 mg/g dry weight, 
respectively) (Fig. 3, a), under drought the difference 
between them was insignifi cant (Fig. 3, b).

Under drought, the chlorophyll a content in fl ag 
leaves of both the original Zymoyarka variety and 
the transgenic genotypes decreased to 92 % and 93–
94 % from the corresponding control variant (Table 1). 
There was also a similar decrease in the content of 
chlorophyll b both in the transformed and non-trans-
formed plants – up to 92–95 % from the control. The 
total chlorophyll content in fl ag leaves of the trans-
genic lines and non-transformed plants, compared 
their values in the control, also changed at close 
range: up to 93–94 % and to 91 %. Under drought, the 
total carotenoid content increased signifi cantly (by 11 
%) in the plants of the original variety only, for trans-

genic lines the difference with 70 % FC variant was 
insignifi cant.  

In the control variant, the chlorophyll a/b ratio in fl ag 
leaves of the original variety was higher than in trans-
genic plants, whereas under drought there was no dif-
ference between them (Table 2). This ratio was higher 
in the leaves of the original variety at 70 % FC than un-
der drought (respectively, 3.14 ± 0.05 and 3.02 ± 0.07). 
No signifi cant difference was observed for transgenic 
plants. Non-transformed plants and transgenic geno-
types at 70 % FC did not differ by the Car/Chl ratio, 
and under drought this ratio was lower (0.22–0.23) in 
the modifi ed plants than in Zymoyarka variety (0.25 ± 
0.01). Under drought, the Car/Chl ratio was higher in 
all forms of plants than in the corresponding variants at
70 % FC. 

Therefore, the transgenic plants were characterized by 
a higher total chlorophyll content (a+b) in fl ag leaves 
under both water supply regimes (9.19–9.34 mg/g dry 
weight at 70 % FC and 8.57–8.81 mg/g dry weight at 

Table 1. The infl uence of drought on the photosynthetic pigments content in fl ag leaves of the original Zymoyarka variety 
and transgenic lines, % to the corresponding variant at 70 % FC 

Genotype
Content, %

Chlorophyll a Chlorophyll b Total chlorophylls 
content (a + b) Carotenoids

Zymoyarka variety 
Zymoyarka 120
Zymoyarka 135  
Zymoyarka 139

92 *
93 *
94 *
94 *

94 *
93
92 *
95 *

91 *
93 *
94 *
94 *

111 *
101
105
104

Note: * the difference with the plants of the corresponding variant at 70 % FC is reliable at р ≤ 0.05.

Table 2. The chlorophyll a/b and carotenoid/total chlorophyll ratios in fl ag leaves of the original Zymoyarka variety and the 
transgenic lines

Variant Genotype
Ratio of

chlorophyll a/b Car/Chl (a+b)

70 % FC

30 % FC

Zymoyarka variety 
Zymoyarka 120
Zymoyarka 135  
Zymoyarka 139

Zymoyarka variety 
Zymoyarka 120
Zymoyarka 135  
Zymoyarka 139

3.14 ± 0.05
2.96 ± 0.07 *
2.96 ± 0.05 *
3.03 ± 0.02 *

3.02 ± 0.07#
2.95 ± 0.02
2.99 ± 0.04
3.01 ± 0.05

0.21 ± 0.01
0.21 ± 0.01
0.21 ± 0.01
0.21 ± 0.01

0.25 ± 0.01#
0.22 ± 0.01*#
0.23 ± 0.01*#
0.23 ± 0.01*#

Note. The difference is signifi cant at р ≤ 0.05: * – as compared to the original variety, # – as compared to the corresponding 
control.
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30 % FC), than original variety (8.71 ± 0.28 and 7.90 ±
± 0.23 mg/g dry weight, respectively). The transgenic 
lines were higher in  total carotenoid content (1.89–
1.95 mg/g dry weight), than variety Zymoyarka (1.79 ±
± 0.04) only under optimal water supply. Under drought, 
the chlorophyll a/b ratio in fl ag leaves of transgenic gen-
otypes did not differ from its values in the original vari-
ety, whereas the Car/Chl ratio in them was 8–12% lower.

The comparative analysis of growth parameters for 
the transgenic plants at full ripeness showed that they 
were higher than the plants of the original variety: in the 
control variant – by 8 cm on average, under drought – 
by 10 cm (Table 3). 

By root length, the genetically modifi ed plants in 
the variant with optimal water supply differed from 
the original variety with an increase in length of 3.4–
3.9 cm, under drought  by 4.2–4.6 cm. Drought short-
ened the root length of the original variety by 18 %, that 
of the lines by 3–6 %. 

By the number and weight of grains from the spike of 
the main shoot, the difference between the transgenic 

lines and the original variety was insignifi cant in both 
variants (Table 4). Under drought, the grain weight 
from the spike of the main shoot in the original variety, 
as well as in the lines, no signifi cant differences from 
70 % FC, too.

In the transgenic lines, the number and weight of 
grains per plant were, on average, considerably higher 
than in the original variety: by 20 and 18 % in 70 % FC, 
and by 26 and 29 % in 30 % FC, respectively (Table 5). 
Under drought, the number and weight of grains per 
plant of the original variety decreased by 17 and 28 %, 
respectively, and in all modifi ed plants, on average, – 
by 12 and 17 %.

The dry root weight of whole plants of the transgenic 
lines exceeded the original variety both under optimal 
water supply (by 23–27 %), and under drought (by 
37–44 %) (Table 6). In drought-affected plants of the 
original variety the root weight decreased by 29 % in 
the original variety and by 11–15 % in the lines. 

Number of productive shoots of the transgenic plants 
both at 70 % FC (3.0–3.4 item), and at 30 % FC (2.7–

Table 3. The growth parameters of the main shoot of the original variety Zymoyarka and the transformed lines under optimal 
water supply (70 % FC) and drought (30 % FC) (M ± m, n = 10 plants)

Genotype Height of plants, cm
Length, cm

of spike of roots

Suffi cient water

Zymoyarka control
Zymoyarka 120
Zymoyarka 135
Zymoyarka 139

88.2 ± 3.0
96.4 ± 4.0*
95.9 ± 3.7*
96.1 ± 4.2*

8.4 ± 0.6
8.9 ± 0.8
9.2 ± 0.9
9.3 ± 0.9

8.5 ± 0.4
12.4 ± 1.3*
11.9 ± 1.0*
12.1 ± 1.4*

Drought
Zymoyarka control
Zymoyarka 120
Zymoyarka 135
Zymoyarka 139

72.3 ± 3.7#
81.4 ± 3.5*#
82.2 ± 2.8*#
82.9 ± 4.9*#

6.7 ± 0.6#
8.4 ± 0.7
8.8 ± 0.8
8.6 ± 0.6

7.2 ± 0.5#
11.7 ± 1.1*
11.4 ± 1.4*
11.8 ± 1.0*

Note: the difference is signifi cant at р ≤ 0.05: * – as compared to the original variety, # – as compared to the corresponding 
control.

Table 4. The yield components of main shoot of variety Zymoyarka and transformed lines under optimal water supply and 
drought (M ± m, n = 10 plants)

Genotype
Number of grains, it Grain weight, g

70 % FC 30 % FC 70% FC 30 % FC

Zymoyarka control
Zymoyarka 120
Zymoyarka 135
Zymoyarka 139

39.6 ± 2.4
42.4 ± 3.1
40.2 ± 3.1
43.1 ± 3.9

35.2 ± 2.1
38.8 ± 2.8
37.0 ± 3.0
39.3 ± 2.4

1.17 ± 0.09
1.23 ± 0.07
1.20 ± 0.08
1.24 ± 0.08

0.97 ± 0.08 #

1.12 ± 0.07
1.05 ± 0.08
1.13 ± 0.07
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3.1) exceeded the original variety (2.5 and 2.2 shoots, 
rspectively) (Table 6). Thus, the whole plants of trans-
genic lines differed from the variety by increased root 
weight and number of productive shoots both under op-
timal water supply and drought. 

DISSCUSION
Drought changes the physiological, morphologi-

cal, biochemical and molecular characteristics of the 
plant (Kapoor D et al, 2020). At the molecular level, 
drought-induced stress induces an expression/repres-
sion of genes that affect the metabolism of a number 
of biochemical substances involved in dehydration 
processes, including osmotic regulation (Yang S et 
al, 2010; Budak H et al, 2015). Genetic-engineering 
technologies that target at the increase of plant tol-
erance to osmotic stress associated with changes in
the level of gene expression and catabolism of free 
L-proline are of considerable interest (Gerasimova 
SV et al, 2010; Khan MS, 2015; Anwar, 2020). Nu-
merous data describe the unique properties of this 
amino acid, which has a complex impact on numer-

ous vital functions of organisms under normal condi-
tions and stress (Szabados L and Savoure A, 2010; 
Kaur G, 2015). 

Proline in plants can be synthesized in two ways - 
from glutamate or ornithine. Under abiotic stress, its 
biosynthesis is mainly from glutamate and the most 
important enzyme is P5CS (Szabados L and Savoure 
A, 2010; Liang X et al, 2013). In transgenic plants in-
creased expression of the P5CS gene is positively cor-
related with the accumulation of free proline and in-
creased levels of resistance to osmotic stress (Guerzoni 
JTS, 2014; Guan C et al, 2019). The accumulation of 
proline is also regulated by the level of expression of 
the proline dehydrogenase gene. Under stress, expres-
sion of the proline dehydrogenase is suppressed and 
P5CS transcription is induced (Hein et al, 2016; Anwar 
et al, 2018). In our studies of transgenic common wheat 
plants, containing a double-stranded RNA suppressor 
of the proline dehydrogenase gene, it was also shown 
that partial suppression of this gene leads to decreased 
enzyme activity and increased free proline content and 

Table 5. The yield components of whole plant of variety Zymoyarka and transformed lines under optimal water supply and 
drought (M ± m, n = 10 plants)

Note. The difference is signifi cant at р ≤ 0.05: * – as compared to the original variety, # – as compared to the 70 % FC.

Genotype
Number of grains, it % from Zymoyarka Grain weight, g % from Zymoyarka

70 % FC 30 % FC 70 % FC 30 % FC 70 % FC 30 % FC 70 % FC 30 % FC

Zymoyarka con-
trol
Zymoyarka 120
Zymoyarka 135
Zymoyarka 139

87.7 ± 2.7

106.4 ± 3.3*
98.9 ± 4.9*

110.4 ± 4.8*

74.7 ± 3.1#

96.5 ± 4.8*#
89.1 ± 4.5*#
95.7 ± 4.6*#

100

121
113
126

100

129
119
128

2.24 ± 0.10

2.63 ± 0.13*
2.54 ± 0.11*
2.75 ± 0.12*

1.75 ± 0.09#

2.34 ± 0.11*#
2.15 ± 0.13*#
2.29 ± 0.13*#

100

117
113
123

100

134
123
121

Table 6. The root weight of whole plant and number of productive shoots of variety Zymoyarka and transformed lines under 
optimal water supply and drought (M ± m, n = 10 plants)

Note: the difference is signifi cant at р ≤ 0.05: * – as compared to the original variety, # – as compared to the 70 % FC.

Genotype
Root weight, g % from Zymoyarka Number of productive 

shoots, it. % from Zymoyarka

70 % FC 30 % FC 70 % FC 30 % FC 70 % FC 30 % FC 70 % FC 30 % FC

Zymoyarka con-
trol
Zymoyarka 120
Zymoyarka 135
Zymoyarka 139

1.62 ± 0.14

2.06 ± 0.17*
1.99 ± 0.13*
2.01 ± 0.16*

1.26 ± 0.07#

1.80 ± 0.11*
1.73 ± 0.15*
1.81 ± 0.10*

100

127
123
124

100

143
137
144

2.5 ± 0.1

3.2 ± 0.2*
3.0 ± 0.2*
3.4 ± 0.2*

2.2 ± 0.2#

3.0 ± 0.2*
2.7 ± 0.2*
3.1 ± 0.2*

100

128
120
136

100

136
123
141
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increases the resistance of wheat plants to water defi -
ciency (Dubrovna OV et al, 2020).

The glutamate pathway of proline biosynthesis is well 
known in plants, whereas the pathway of ornithine is not 
yet clearly established. The mechanism of proline accu-
mulation via OAT under a broad spectrum of stress con-
ditions is not fully understood (Sharma S and Verslues 
PE, 2010; Gerasimova SV et al, 2011; Anwar A et al, 
2018, 2020). It has also been determined that OAT reg-
ulates ornithine degradation and is associated with the 
nitrogen recirculation system (Funck et al, 2008). In par-
ticular, the recently discovered interaction of oat genes 
of hexaploid wheat lines with genes associated with 
proline biosynthesis and arginine catabolism enzymes, 
confi rms that they are involved in proline synthesis and 
nitrogen remobilization (Anwar A et al, 2020).

Several studies have found a positive correlation be-
tween OAT activity and proline synthesis under stress-
ful conditions. Increased AtOAT gene expression and 
activity provide an additional pathway for proline bio-
synthesis in Nicotiana plumbaginifolia plants (Roosens 
NH et al, 2002). Expression of AtOAT in rice plants in-
creased the proline content by 5 to 15 times compared 
to wild-type plants under salinity and drought (Wu L 
et al, 2003). It was also found that overexpression of 
OsOAT increases the osmotolerance of transgenic rice 
(You J et al, 2012). Moreover, it was established that 
exogenous use of ornithine increases the activity of 
OAT and the accumulation of proline in cashew plants 
under salt stress (Da Rocha IM et al, 2012). It has been 
reported that under stress in plants, in addition to the 
glutamate pathway, proline can also be synthesized 
from ornithine through OAT (Rizzi Y et al, 2015). 
Transgenic wheat plants with TaOAT overexpression  
showed increased drought resistance due to increased 
proline content (Anwar A et al, 2020).

However, there are studies in which it is shown that 
the change in OAT activity did not affect of the proline 
content, for example in Nicotiana tabacum transgenic 
plants, neither under normal conditions nor under os-
motic stress caused by salinity (Gerasimova SV et al, 
2010). In Arabidopsis plants, the level of free proline 
increased under salt stress, but OAT activity remained 
unchanged (Roosens NH et al, 1998). In V. aconiti-
folia  plants, the level of OAT decreased in response 
to salt stress, but increased with excessive nitrogen 
intake (Delauney AJ et al, 1993). It was concluded 
that OAT is involved in the catabolism of arginine and 
does not affect the accumulation of proline caused by 
stress (Funck D et al, 2008). So the role of the OAT 

enzyme in stress-induced proline accumulation in 
plants is under discussion and needs to be clarifi ed, 
and additional research to confi rm its role during abi-
otic stress is necessary.

Our studies have shown that the introduction of a ge-
netic construct that increases the expression of the oat 
gene does not lead to a signifi cant change in the level 
of free L-proline in the leaves of wheat plants, neither 
under optimal conditions, nor under drought. In the 
genetically modifi ed lines, the content of proline did 
not differ signifi cantly from the original variety plants, 
neither at 70 % FC, nor at 30 % FC. These data sup-
port the hypothesis that OAT does not directly affect 
the accumulation of proline caused by stress (Funck D 
et al, 2008; Gerasimova et al, 2010). We found, how-
ever, that transgenic plants grow better in conditions of 
water defi cit, which confi rms a certain role of OAT in 
the acquisition of stress resistance. 

Chlorophyll content in the leaves can refl ect plant 
drought tolerance (Allahverdiyev et al, 2015). Many 
studies demonstrate that under drought the content and 
ratio of photosynthetic pigment forms in drought-re-
sistant genotypes remains higher as compared to non-
resistant ones (Morgun VV et al, 2019; Ahmed HGM-
D et al, 2020; le Roux ML et al, 2020). There is still 
few information on the difference in chlorophyll content 
between the original type and transgenic wheat plants 
under drought.  It was established that wild-type Tugela 
DN wheat plants showed a greater loss in chlorophyll 
(± 50 %) within 7 days after water defi cit induction 
(at late booting stage), and also much sooner than the 
mutant RYNO3936 plants with superior characteristics 
regarding tolerance to water defi cit (le Roux ML et al, 
2020). In other plant species  a higher chlorophyll con-
tent was confi rmed in transgenic plants  containing orni-
thine genes. For example, two mODC transgenic lines, 
containing a transgenic mouse ornithine decarboxylase 
gene, as compared to the wild type of Arabidopsis thali-
ana, had signifi cantly higher chlorophyll a and chloro-
phyll b content per mg protein basis (Majumdar R et 
al, 2016). Three transgenic lines of Arabidopsis plants 
overexpressing the fi rst arginine pathway enzyme gene 
(SlNAGS1), with increased tolerance to drought and salt 
stress were higher in chlorophyll content than the wild-
type, too (Kalamaki MS et al, 2009). Our fi ndings of an 
increase in chlorophyll content (8–11%) under drought 
conditions in the leaves of transgenic lines with an addi-
tional copy of the oat gene as compared with non-trans-
genic cv Zimoyarka plants, point also to their increased 
tolerance to water defi cit.
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The genetically modifi ed plants obtained by us were 
characterized by a better developed root system (dry 
root weight of the transgenic plants exceeded the orig-
inal variety both in the control by 23–27 %, and under 
drought by 37–44 %) and and by increase of the num-
ber of productive stems (on average, 3.3 compared to 
2.5 in non-transgenic plants at 70 % FC and 2.9 vs 2.2 
at 30 % FC). Transgenic Arabidopsis plants, with the 
tomato N-acetyl-L-glutamate synthase (SlNAGS1) 
gene, accumulated more ornithine and showed in-
creased tolerance to salt stress and drought (Kalamaki 
MS et al, 2009). Tobacco transformants containing 
the oat gene, showing an increased tolerance to salt 
stress, were characterized by a higher fresh weight of 
shoots and roots compared to the non-transgenic con-
trol (Gerasimova SV et al, 2010). Greater root weight 
and more productive stems under drought stress may 
be due to the accumulation of ornithine, which is the 
intermediate compound in the arginine biosynthesis, 
where the pathway deviates to the formation of com-
pounds such as proline and polyamines, which are 
known to perform osmoprotective functions (Kala-
maki MS et al, 2009). 

Studies carried out on 10 wheat genotypes under 
drought-stressed and well-watered conductions shown 
that drought tolerance is associated with the length 
of the longest root (Becker SR et al, 2016). The dry 
weight of the root at depth is considered the main phy-
siological indicator of adaptation to drought (Lopes
MS and Reynolds MP, 2010). This is due to the fact that 
genotypes that have longer and more branched roots 
can make better use of water and nutrients (Wasson
AP et al, 2012). Because drought causes an imbalance 
in the plant’s mineral nutrition, secondary negative 
effects can be observed (Ahanger MA et al, 2016). 
Insuffi cient moisture supply impairs the transport of 
mineral nutrients from the root to the aboveground or-
gans, due to reduced transpiration intensity and dys-
function of membrane transporters (Ahanger MA et 
al, 2016).

Thus, the analysis of genetically modifi ed common 
wheat plants cv. Zymoyarka, containing the heter-
ologous alfalfa ornithine-δ-aminotransferase gene, by 
yield structure elements, morphometric parameters and 
photosynthetic pigment content, showed their better 
tolerance to soil drought as compared to non-transgenic 
plants. We explain the improvement of grain productiv-
ity of the whole plant in transgenic wheat lines with an 
additional copy of oat gene by the fact that they have 
a better developed root system (dry root weight of the 

transgenic plants exceeded the original variety both 
in the control by 23–27 %, and under drought by 37–
44 %) and a higher (on average for 3 lines – 3.3 com-
pared to 2.5 in non-transgenic plants at 70 % FC and 
2.9 vs  2.2 at 30 % FC) number of productive shoots 
than in the original variety both under optimal and in-
suffi cient water supply.

The increase in the chlorophyll content by 8–11% in 
the leaves of transgenic lines with an additional copy 
of the oat gene under drought conditions as compared 
with non-transgenic plants of the Zimoyarka variety, 
which we established, may also indicate their better tol-
erance to water defi cit.

CONCLUSIONS

The analysis of genetically modifi ed common wheat 
plants cv. Zymoyarka, containing the heterologous al-
falfa ornithine-δ-aminotransferase gene, by yield struc-
ture elements, morphometric parameters and photo-
synthetic pigment content showed their better tolerance 
to soil drought as compared to non-transgenic plants. 
Transgenic plants are characterized by the formation 
of a higher (on average for 3 lines – 3.3 compared to
2.5 in non-transgenic plants at 70 % FC and 2.9 vs 
2.2 at 30 % FC) number of productive shoots than 
in the original variety both under optimal and insuf-
fi cient water supply. They were also characterized by 
a more developed root system (dry root weight of the 
transgenic plants exceeded the original variety both 
in the control by 23–27 %, and under drought by 37–
44 %). The increase in the total chlorophyll (a + b) 
content in fl ag leaves of transgenic plants was estab-
lished under conditions of both optimal water supply 
and drought, as compared with the original genotype 
(increase by 5–7 % and 8–11 %, respectively) may 
also indicate their better tolerance to water defi cit. The 
formation of a larger number of productive shoots and 
a more developed root system positively infl uence the 
yield of genetically modifi ed plants and increase their 
ability to grow and development in conditions of wa-
ter scarcity.
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Мета. Визначити толерантність до водного дефіциту 
генетично модифікованих рослин пшениці м’якої (Triti-
cum aestivum L., сорт Зимоярка), що містять гетероло-
гічний ген орнітин-δ-амінотрансферази (Medicago trun-
catula), на основі аналізу зернової продуктивності, 
фізіологічних та біохімічних характеристик у трансген-
них і нетрансгенних генотипів. Методи. Біохімічні,  
спектрофотометричні: активність ферменту орнітин-δ-
амінотрансферази, вміст вільного L-проліну, вміст фото-
синтетичних пігментів; біотехнологічні: Agrobacterium-
опосередкована трансформація in planta; фізіологічні: 
морфометричні показники та елементи структури вро-
жаю; математична статистика. Результати. З’ясовано,
що наявність додаткової копії гена орнітин-δ-аміно-
трансферази в трансгенних рослинах призводить до
підвищення активності цього ферменту: у 1,6 рази в
середньому для всіх ліній порівняно з нетрансгенни-
ми рослинами за умов оптимального водозабезпечення 
(70 % від повної вологоємності) та у 1,5 рази – за 
умов грунтової посухи (30 % повної вологоємності). 
Однак трансгенні рослини суттєво не відрізнялись від
рослин вихідного сорту за вмістом вільного L-проліну
ні за умов оптимального водозабезпечення, ні за умов
ґрунтової посухи. Встановлено підвищення сумарного
вмісту хлорофілів (a+b) у прапорцевих листках транс-
генних рослин за умов оптимального водозабезпе-
чення та за умов посухи, порівняно з вихідним гено-
типом (відповідно, на 5–7 % та на 8–11 %). Посилена 
експресія гена орнітин-δ-амінотрансферази в трансген-
них рослинах стимулювала ріст коренів як за звичай-
них, так і за стресових умов: довжина коренів транс-
формованих рослин перевищувала їх довжину у рослин 
вихідного сорту на 3,4–3,9 см у варіанті з оптимальним 
водозабезпеченням та на 4,2–4,6 см – за умов посухи. 
Вони також характеризувалися більш розвиненою коре-
невою системою. Маса сухої речовини коренів транс-
генних рослин перевищувала вихідний сорт як у конт-
ролі (на 23–27 %), так і за умов посухи (на 37–44 %). 
За посухи маса сухої речовини коренів у рослин ви-
хідного сорту зменшилась на 29 %, порівняно з опти-
мальним водозабезпеченням, у ліній – на 11–15 %.
За посухи трансгенні лінії також перевищували нетранс-

формовані рослини за кількістю зерен з рослини (в 
середньому для 3 ліній на 26 %) і за масою зерна (на 
22 %). Трансгенні рослини характеризуються утво-
ренням більшої кількості продуктивних стебел: від 3,2
до 3,4 порівняно з 2,5 у нетрансгенних рослин при 
оптимальному водозабезпеченні та 2,7–3,1 проти 2,2
при посусі. Висновки. Таким чином, аналіз генетично 
модифікованих рослин м’якої пшениці сорту Зимо-
ярка, що містить гетерологічний ген орнітин-δ-аміно-
трансферази люцерни, за елементами структури вро-
жаю, морфометричними параметрами та вмістом фото-
синтетичних пігментів засвідчив їх кращу толерантність 
до ґрунтової посухи порівняно з нетрансгенними рос-
линами. Поліпшення зернової продуктивності рослин 
трансгенних ліній пшениці з додатковою копією гена 
орнітин-δ-амінотрансферази ми пояснюємо тим, що
вони мають краще розвинену кореневу систему (суха
маса коренів у них перевищувала вихідний сорт як 
у контролі (на 23–27 %), так і за умов посухи (на 37–
44 %) та більшу кількість продуктивних пагонів (у се-
редньому для 3 ліній за оптимального водозабезпе-
чення – 3,3, за посухи – 2,5), ніж рослини вихід-
ного сорту (відповідно 2,9 та 2,2).  

Ключові слова: пшениця, трансгенні рослини, ген мета-
болізму проліну, ґрунтова посуха, фотосинтетичні піг-
менти, зернова продуктивність.
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