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Abstract: The growth of plant and process of yield formation in crops are moderated by 

surrounding conditions as well as interaction of genetic background of plants and environment. In 

the last two decades significant changes in climate can be observed generating unfavorable and 

harmful impact on plant development. Drought stress can be considered as one of the most 

dangerous environmental factor influencing plant life cycle and decreasing production of biomass 

and finally the yield. Plants can react to water deficit in a wide degree what is dependent on the 

species, the genetic variability within the species, the phase of the plant ontogenesis, the intensity 

of stress, and other potential stress factors. In plants there can be observed hybrids between distinct 

taxa which exhibit certain traits adopted to tolerate stress conditions better than parental plants. Oat 

× maize addition (OMA) plants are good example of fertile hybrids with retained maize 

chromosomes as addition to complete oat genome. Hybrids generated via wide crossing can exhibit 

morphological, physiological and biochemical variations implemented by the occurrence of extra 

chromosomes of maize, as well as interaction of maize and oat chromatin. The molecular analysis 

indicated 12.5% OMA lines among all tested descendants of wide oat-maize crossing. On the 

fourteenth day of the drought, a significant effect of stress on the content of soluble sugars and 

phenolic compounds was observed, soil drought significantly reduced plant biomass above ground 

and several yield components. Less water lost revealed by results of the excised leaf water loss test 

was correlated with high yield of OMA lines. Phenolic compounds content might be used as 

biochemical indicator of plant drought tolerance since there were significant correlation with high 

kernel yields of plants subjected to drought stress. 

Keywords: agronomic traits; drought stress; Grande I; maize; oat; OMA; phenolic compounds; 

soluble sugars 

 

1. Introduction 

Drought is acknowledged as one of the most important factors lowering agricultural yield, 

including crops like wheat, rice, and maize [1]. Chlorophyll concentration in leaves may decrease due 

to extreme drought conditions as well as a breakdown of the photosynthetic system, particularly PSI 

and PSII [2]. However, it is still unknown how two photosystems interact under stress, as well as 

how drought stress affects how the photosynthetic linear electron transport mechanism reacts [3]. 

Chlorophyll is unquestionably a necessary component of photosynthesis in vegetation, therefore it 

might be viewed as a vital indication of plant production and function [4]. Through adjustments to 
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multiple systems that function at various levels of the physiological, biochemical, and genetic 

processes, plants have developed exceptional capacities to govern growth and development in harsh 

environmental conditions. Depending on the severity of the stress, the kind of crop, genetic 

characteristics, the presence of other stressors, and the stage of plant development, a plant's response 

to drought stress may differ [5]. In one of the way of plant defense system are involved soluble sugars. 

Carbohydrates are made of carbon, oxygen and hydrogen atoms. Single carbohydrate molecules 

are simple sugars, such as glucose or fructose. When one carbohydrate molecule is made up of several 

smaller ones, we are talking about oligosaccharides, such as sucrose. Polysaccharides such as starch, 

glycogen or cellulose are polysaccharides composed of many sugar molecules. Each type of 

carbohydrate plays important roles in plants, e.g. as an energy reserve, performing signal or 

regulatory functions, affecting the maintenance of turgor or causing the opening and closing of 

stomata [6]. In conditions of increasing water scarcity, the efficiency of all processes in the plant is at 

risk. Plants that are more tolerant of drought stress do better when intracellular pressure drops due 

to water loss. It depends to a large extent on the concentration of cell sap in the cytosol. Its key 

components are soluble sugars, the accumulation of which is correlated with resistance to drought 

stress [7]. Accumulation of sugar reserves as a preparation of plants for the stress of water shortage 

has been observed in many very different species, such as grasses or potatoes [8,9]. Storing large 

amounts of carbohydrates can inhibit photosynthesis while stimulating respiration. In addition, their 

stock can be used after the drought subsides as a source of readily available carbon [10]. The 

concentration of soluble sugars in the cell sap is a direct response to a given stressor. The functions 

of some sugars may be responsible for an indirect reaction, such as inducing the expression of some 

genes responsible for plant resistance or being precursors of many defense substances synthesized in 

the plant as a result of stress. Hexokinase signal transduction, for which hexoses are responsible, 

activates many genes, which increases the production of peroxidase or pathogen-related PR proteins 

[11]. The role of soluble sugars in the plant is also extremely important in the case of biotic stresses. 

By influencing changes in the water potential in cells infected with the pathogen, they limit its 

development. For example, higher resistance of grasses to snow mold was demonstrated at low water 

content and high concentration of soluble sugars in cells [12,13]. 

Another big group of molecules generated by plants in order to fight with stress factor are 

phenolic compounds. As a result of the stress factor, the synthesis of various types of compounds is 

induced in plants, which participate in the proper reaction aimed at limiting its harmful effects. The 

synthesized compounds may be specific to a given stressor protein. Heat shock proteins (HSP) or 

dehydrins, i.e. LEA (late embryogenesis abundant) proteins, occur during drought stress. In response 

to biotic stresses, for example, pathogenesis related (PR) proteins are synthesized, which are 

responsible, among others, for the hypersensitivity reaction, which cuts off the infection site from 

healthy tissue [14]. Phenolic compounds are important chemical compounds, the amount of which 

present in plants varies during the growing season and depends to a large extent on stress factors. 

This is a very diverse group of secondary metabolites. Phenolic compounds are divided into simple 

and complex phenols which are their derivatives. Simple phenols commonly found in plants are e.g. 

coumarins, vanillin, caffeic acid, salicylic acid or phenylpropanoids, i.e. cinnamic acid and its 

derivatives. Coumarins are seed germination inhibitors, they also inhibit cell division. They also have 

a protective function against herbivorous animals, affecting the taste and smell of plants. Phenolic 

compounds in root secretions have a significant impact on the phenomenon of allelopathy. Secreted 

by oat plants, scopoletin interrupts the reproduction cycles of many pests and diseases of cereals. For 

this reason, oat is considered a phytosanitary plant, improving its position in cereal crop rotations 

[15]. In turn, polymers of phenylpropanoids, such as lignin and suberin, saturate the cell walls of the 

cork - the secondary covering tissue. A large group of complex phenols are tannins, also called 

tannins, and flavonoids. They mainly perform protective functions, being poisons and repellents 

protecting against pathogens and pests. The toxic properties of phenols include: on protein 

denaturation. Anthocyanins, flavonols and flavones are individual groups of flavonoids that make 

up the majority of known groups of phenolic compounds. Absorption of different spectra of visible 

light causes different colors of aboveground parts of plants, mainly leaves. In addition to the ability 
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to attract pollinating insects, resulting from the properties of flavonoids, their advantage is also 

protection against ultraviolet radiation. Increased content of phenolic compounds as a plant response 

to stress also contribute to the neutralization of reactive oxygen species (ROS), which are often the 

fastest reaction and effect of the stressor [16]. 

In crop species, there are several instances of sexual hybridization where stable viable hybrids 

have been produced, such as the oat (Avena sativa L. 2n = 6x = 42) and maize (Zea mays L. 2n = 2x = 

20), which are particularly intriguing since they are clearly related plant species that are capable of 

sexual reproduction [17]. The discovery of keeping corn chromosomes in pollinated oat plants, led to 

the development of the oat × maize addition (OMA) lines [18] and their use in streamlining the study 

of the maize genome [17]. Numerous applications of OMA lines in research might be enumerated as 

follows: investigations on the expression of maize genes in the oat genetic background, including 

looking at elements of gene regulation [19], the potential acquisition of novel traits [20], and disease 

resistance [21], but also abiotic stress like drought [22]. The OMA lines are crosses between plants 

with C3 and C4 photosynthesis, allowing researchers to better understand C4 photosynthesis [20]. In 

order to follow the genetics of the maize C4 pathway and identify chromosomes/chromosome regions 

significant in this process, OMA lines may also be used. The C4 photosynthesis is thought to be more 

efficient, and plants that perform that type of CO2 assimilation are more resistant to photooxidation 

[20,23,24]. Other uses of OMA lines have been noted in the field of molecular genetics, including 

investigations into the structure of the maize centromere and knob [18], the behavior of chromosomes 

during meiosis [25], the use of in situ hybridization (FISH) to physically map single-copy sequences 

on maize chromosomes [26], and the procedure of flow-cytometry to separate individual maize 

chromosomes [27]. Additionally, the presence of maize chromatin frequently indicates 

morphological (such as thickened shoots, straight leaf blades, and bent panicles) and physiological 

(such as abnormal panicle growth and chlorophyll production) anomalies, but their characteristics 

vary depending on the specific addition of maize chromosomes as well as oat genetic background 

[23]. The greater tolerance of the OMA lines to different stressors, including resistance to 

environmental variables, such as Puccinia coronata f. sp. avenae or Puccinia graminis f. sp. avenae, is 

therefore assumed, as well as their effect on the behavior of the photosynthetic apparatus [28–30]. 

Numerous environmental conditions can impair the photosynthetic process and, as a result, alter the 

photosynthetic apparatus through structural and functional abnormalities [31], which in turn limits 

plant growth and biomass production [32,33]. 

Oat are a very significant cereal crop because of their great nutritional value, unique biological 

characteristics, and use in the cosmetics sector [34]. With a seeded area of 9.77 million hectares and a 

total harvest of 25.18 million tons in 2020, an average yield of 25.77 dt/ha was produced. Oat are 

mostly farmed in Australia, Canada, and Russia. In 2020, these three nations cultivated 45% of all 

agricultural land worldwide. Canada topped Russia in terms of harvest volume (4.57 million t vs 4.13 

million t, respectively) thanks to higher oat grain yields [35]. Drought can diminish cereal yields by 

lowering the number of viable ears, the number of kernels per ear, and disrupted grain filling (lower 

thousand grain weight) [34]. However, oat exhibit increased vulnerability to drought stress and 

require more water during the vegetative phase than other cereal crops [36]. When being sown in 

early spring, spring cereals require longer time than winter cereals to reach the crucial stage of 

shooting at the stem, which increases the risk of drought-related losses due to a shortage of rainfall 

when the water stores in the soil run out [37]. The pouring of the grain is another crucial growth stage 

because a shortage of water at this stage causes the grain to fill poorly, resulting in a reduction in the 

weight of a thousand grains. Both winter and spring cereals fall under this [38]. In regions where late 

spring droughts are common, plant breeding produces early crop types that begin the most important 

water-demanding stages of the cycle as soon as feasible to get through them before protracted 

drought conditions arise [39]. Studies on the impact of dryness during grain filling on winter barley 

reveal a production decline of even more than 80% in both greenhouse and field circumstances [40]. 

Drought may spread to even more locations as a result of climate change, and its impacts may be 

more severe [41]. The first aim of the study were to identify OMA lines among plants generated by 

wide crossing with maize as pollinator, then to investigate possible differences in OMA lines 
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according to Excised Leaf Water Loss (ELWL) test, and determining selected biochemical changes 

and agronomic characteristics of OMA plants developed from the cross between oat and maize under 

water availability and simulated soil drought conditions. Also detection if the possible changes are 

stable in subsequent generations (F2 and F3). The extra goal was to choose the lines best suited to 

development and cultivation under water limitation based on the aforementioned results. 

2. Results 

2.1. Molecular identification of OMA lines 

Based on the results of electrophoretic separations, introgression of maize genetic material was 

found in 15 descendants resulting from wide crossing of oat with maize out of 120 tested genotypes 

the rest were oat DH (doubled haploids) lines. Therefore it was detected that 12.5 % of plants 

generated as a result of oat pollination with maize were OMA lines (oat maize addition). The OMA 

lines with the Grande 1 retrotransposon fragment (500 bp) presence are annotated as follows: 1b, 9, 

12, 18, 23, 26, 35, 42, 43, 55, 78b, 83, 97, 114 and 119. The example result of DNA separation is presented 

in Figure 1. 

 

Figure 1. Electrophoretic separation of PCR products generated with Grande 1 primers application 

(M – 100 bp marker, W – maize cv. Waza, S – oat cv. Stoper, 35 - OMA line, 36-41 - oat DH lines, 42-

43 - OMA lines, 44-51 – oat DH lines). 

2.2. Biochemical analysis 

All the traits had a normal distribution. The results of MANOVA indicated that treatment, 

generation, genotype as well as all interactions were statistically significant (p<0.001) when examined 

in all ten quantitative traits jointly. Analysis of variance revealed that the main effects of all factors 

and all interaction were significant for all the traits of study, except for differences between control 

and stress for phenolic compounds content (p=0.818). 

The mean water loss of all genotypes after 6 hours averaged 28.60%, and ELWL0-6 h values ranged 

from 20.81% to 42.08%. Genotypes 18, 119 and 35 lost the most water, and 23, 9 and 12 the least. 

Detailed results of each tested genotype are presented in Table 1. 
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Table 1. Mean values, standard deviations and homogeneous group for excised-leaf water loss. 

Trait 
Excised-leaf water loss (ELWL) 

after 0-3 hours after 4-6 hours after 0-6 hours 

Genotype Mean s.d. Mean s.d. Mean s.d. 

Bingo 19.71c-g 3.677 13.96c-e 3.318 30.82b-e 5.665 

F2 

114 22.80bc 5.225 12.97c-f 4.272 32.64b-d 7.846 

119 17.39e-h 1.493 12.88c-f 3.044 28.01b-f 3.551 

12 16.55gh 2.033 13.66c-e 11.022 27.98b-f 9.052 

18 28.32a 5.774 19.33b 2.403 42.08a 6.264 

1b 22.27b-d 7.371 14.06c-e 6.472 32.85b-d 11.078 

23 15.26gh 3.659 10.25e-h 4.050 23.84e-g 6.563 

26 15.43gh 1.828 9.98e-h 1.210 23.86e-g 2.622 

35 21.34b-f 3.189 16.41b-d 2.724 34.21bc 4.467 

42 16.26gh 2.910 10.83e-h 3.337 25.26e-g 5.302 

43 18.88c-h 6.296 11.07e-h 6.225 27.57c-g 10.275 

55 21.69b-e 3.930 16.91bc 4.978 34.80b 7.022 

78b 15.72gh 0.820 10.05e-h 0.751 24.20e-g 0.110 

83 18.24d-h 3.523 11.39e-h 4.057 27.47c-g 5.886 

9 15.58gh 2.293 7.58gh 1.295 21.96fg 3.203 

F3 

114 22.80bc 5.225 12.97c-f 4.272 32.64b-d 7.846 

119 16.9f-h 3.878 11.72d-h 1.959 26.67d-g 3.323 

12 17.05f-h 3.994 9.46e-h 2.458 24.82e-g 5.661 

18 28.32a 5.774 19.33b 2.403 42.08a 6.264 

1b 17.24e-h 2.189 8.51f-h 3.023 24.25e-g 4.328 

23 15.29gh 1.644 8.43f-h 0.910 22.42fg 2.120 

26 16.87f-h 1.483 12.28c-g 2.539 27.05d-g 3.351 

35 21.34b-f 3.189 16.41b-d 2.724 34.21bc 4.467 

42 16.3gh 4.258 10.10e-h 3.367 24.65e-g 6.52 

43 15.96gh 2.685 11.32e-h 3.181 25.39eg 5.052 

55 16.74gh 1.091 12.80c-f 1.808 27.4c-g 1.867 

78b 25.62ab 4.516 26.76a 6.265 45.33a 7.675 

83 18.22d-h 0.497 11.61e-h 0.751 27.72c-g 0.173 

9 14.81h 0.997 7.05h 1.681 20.81g 2.279 

LSD0.05 4.533  4.768  7.07  

On the first day of drought, the plants subjected to water restriction possessed in average 34% 

higher content of soluble sugars compared to the objects normally watered. A statistically 

insignificant decrease occurred only in line no. 18 and in the Bingo variety. The remaining lines 

showed an increase, and in 9 genotypes it was statistically significant. The highest increases of 70% 

were observed in lines no. 43, 12, 9 and 1b. The highest contents of soluble sugars in the control objects 

were recorded in lines no. 23 and 35 and in the Bingo variety, while the lowest contents were found 

in lines no. 43 and 42. Among the OMA lines in drought stress, the highest contents of soluble sugars 

were found in lines no. No. 18 and 42 (Table 2). 
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Table 2. Mean values, standard deviations and homogeneous group for soluble sugars content (mg 

g–1 of d.w.). 

Trait 
First day of drought (20% of soil field 

capacity) 

After two weeks of drought (maintaining 

20% of soil field capacity) 

Treatment C S Average C S Average 

Genotype Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. 

Bingo 374.9 19.98 340.1 42.86 357.5bc 36.96 263.9 77.13 162.1 8.13 213.0b-f 74.64 

F2 

114 204.6 28.81 295.8 26.54 250.2g-k 55.09 139.6 12.26 218.6 10.10 179.1f-j 43.47 

119 244.0 48.65 305.7 10.88 274.8e-i 46.38 202.2 32.22 272.6 14.41 237.4a-c 44.14 

12 160.1 19.47 352.3 114.43 256.2g-k 127.8 142.5 22.68 206.6 3.88 174.5f-j 37.45 

18 221.2 38.25 206.7 70.09 214.0jk 52.84 122.0 16.74 264.8 37.10 193.4d-i 80.89 

1b 250.3 24.60 415.6 26.73 332.9b-e 91.51 130.7 18.47 314.2 64.12 222.5b-e 107.39 

23 419.7 29.45 548.0 45.13 483.8a 77.09 243.4 20.49 219.9 34.43 231.6b-d 29.09 

26 279.1 75.43 383.6 62.29 331.3bc-e 84.98 150.4 32.41 183 38.38 166.7h-l 37.22 

35 330.2 36.01 402.3 15.70 366.3b 46.36 186.7 25.69 195.6 22.16 191.1e-i 22.72 

42 225.1 41.08 241.1 31.87 233.1i-k 35.09 101.9 22.33 79.9 4.82 90.9n 19.02 

43 190.8 26.63 303.5 20.56 247.1h-k 64.17 177.4 40.47 207.7 35.99 192.6d-i 38.97 

55 310.6 30.05 379.5 39.92 345.1b-d 49.27 147.3 4.55 204.7 21.07 176.0f-j 33.73 

78b 195.8 33.04 324.3 26.41 260g-k 74.04 193.8 54.08 120.8 30.89 157.3i-l 56.46 

83 167.4 44.50 437.7 48.72 302.5c-h 150.79 199.1 33.07 279.7 38.16 239.4ab 54.31 

9 186.5 42.29 356.6 57.23 271.5f-j 102.13 142.2 35.16 204.7 13.83 173.4f-j 41.58 

F3 

114 204.6 28.81 295.8 26.54 250.2g-k 55.09 139.6 12.26 218.6 10.10 179.1f-j 43.47 

119 309.3 19.76 291.3 34.64 300.3c-h 27.82 190.5 26.76 208.1 46.86 199.3c-h 36.56 

12 269.3 66.51 383.4 29.55 326.4b-f 77.43 188.5 42.90 153.8 33.26 171.2g-k 40.08 

18 219.5 48.8 206.7 70.09 213.1k 56.33 124.6 17.23 264.8 37.10 194.7d-i 79.62 

1b 210.6 29.86 360.2 38.35 285.4e-i 86.03 151.8 30.76 261.4 61.75 206.6b-g 73.99 

23 389.3 26.23 500.1 30.32 444.7a 64.76 197.1 51.67 247.7 15.50 222.4b-e 44.48 

26 201.2 25.52 349.7 45.73 275.5e-i 86.46 120.7 6.20 141.9 23.68 131.3lm 19.64 

35 330.2 36.01 402.3 15.70 366.3b 46.36 186.7 25.69 195.6 22.16 191.1e-i 22.72 

42 178.9 47.00 294.0 1.54 236.5i-k 68.81 113.1 16.64 75.9 2.94 94.5mn 22.75 

43 147.8 12.36 279.5 33.99 213.6jk 74.25 152.7 32.65 103.3 0.00 128.0l-n 33.97 

55 292.6 31.49 421.2 138.04 356.9bc 115.38 175.9 8.81 243.0 7.91 209.4b-g 36.70 

78b 327.1 108.05 289.1 28.59 308.1b-g 75.94 154.7 18.25 110.7 16.95 132.7k-m 28.62 

83 301.9 113.68 300.4 75.66 301.1c-h 89.40 193.3 43.89 354.7 0.00 274.0a 90.95 

9 231.9 1.51 358.0 28.28 294.9d-h 69.88 109.1 10.60 172.3 70.26 140.7j-l 57.50 

LSD0.05     58.341      39.71  

On the fourteenth day of drought, a decrease in the content of soluble sugars was noted 

compared to the first day of drought. In 3 genotypes and in the variety Bingo, the level of soluble 

sugars in combination with drought was lower than in the control objects, but significant decreases 

occurred only in line no. 78b and in the variety Bingo, where they amounted to 34% and 39%, 

respectively. In 11 OMA lines, an increase in the content of soluble sugars was observed as the effect 

of drought, but significant only in 6 lines, and the highest, over 100%, was observed in lines no. 18 

and 1b. Among the control plants, the highest content of soluble sugars was recorded in lines no. 23 

and 119 and in the Bingo variety, while the lowest in lines no. 42 and 18. In the group of plants 

subjected to drought stress, the highest contents were found in lines no. 83 and 1b and the lowest in 

no. 42 and 78b (Table 2). 

On the first day of drought, there were no statistically significant differences in the average 

content of phenolic compounds between control plants and plants in drought conditions. But 

significant differences were observed between individual genotypes, such as in line no. 119, in which 

an increase in the content of phenolic compounds due to drought stress was observed, and in line no. 
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1b a decrease compared to control objects. Statistically significant differences as a result of drought 

occurred only in these two genotypes. Among the control objects, the highest content of phenolic 

compounds was observed in lines no. 43 and 42, and the lowest in lines no. 23 and 119 and in the 

Bingo variety. In the objects subjected to drought, the highest content of phenolic compounds was 

recorded in lines no. 114 and 43, and the lowest in lines no. 1b and 55 and in the Bingo variety (Table 

3). On the fourteenth day of drought, significant differences in the content of phenolic compounds 

between control plants and plants growing in drought conditions were observed. On average, 6% 

more phenolic compounds were found in plants subjected to drought compared to control plant. As 

a result of drought, the highest increase in the content of phenolic compounds (57%) was recorded in 

line no. 9, and the only significant decrease occurred in line no. 114 and amounted to 21%. In the 

control conditions, the highest concentrations of phenolic compounds were recorded in lines no. 42 

and 114, and the lowest in lines no. 18 and 26. In drought conditions, the highest concentrations of 

phenolic compounds were recorded in lines no. lines no. 18 and 35 (Table 3). 

Table 3. Mean values, standard deviations and homogeneous group for phenolic compounds content 

(mg g–1 of d.w.). 

Trait 
First day of drought (20% of soil field 

capacity) 

After two weeks of drought (maintaining 

20% of soil field capacity) 

Treatment C S Average C S Average 

Genotype Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. 

Bingo 19.41 3.568 23.22 1.856 21.31m 3.380 36.60 2.218 41.76 2.873 39.18c-e 3.639 

F2 

114 32.84 2.407 37.93 7.56 35.39ab 5.862 41.35 6.317 32.29 1.910 36.82d-h 6.489 

119 26.96 3.464 32.62 3.352 29.79d-h 4.371 35.87 2.412 30.07 0.640 32.97g-k 3.504 

12 27.67 3.062 34.32 7.745 30.99c-f 6.509 27.66 0.856 38.12 5.552 32.89g-k 6.690 

18 30.13 2.423 24.74 4.503 27.43e-k 4.417 27.45 3.816 25.26 3.168 26.35l 3.451 

1b 33.41 0.412 20.86 1.874 27.14e-k 6.821 38.30 2.271 38.32 4.649 38.31c-f 3.387 

23 24.79 1.780 25.67 2.016 25.23i-m 1.823 31.24 2.349 33.48 5.414 32.36i-k 4.043 

26 22.85 0.774 25.55 3.639 24.2k-m 2.831 31.15 3.630 34.08 1.871 32.61h-k 3.098 

35 26.74 3.360 24.59 1.854 25.67h-l 2.762 31.56 2.153 31.36 4.996 31.46k 3.563 

42 33.36 3.572 31.00 0.549 32.18b-d 2.681 46.34 0.870 42.62 1.840 44.48ab 2.395 

43 38.26 0.833 34.62 9.858 36.44a 6.762 40.58 1.873 39.58 8.265 40.08b-d 5.573 

55 23.25 1.679 24.79 2.318 24.02k-m 2.049 36.02 0.280 35.26 5.003 35.64d-k 3.305 

78b 31.79 4.030 28.08 3.141 29.94d-g 3.891 33.40 2.428 32.23 8.697 32.81h-k 5.944 

83 28.56 3.085 25.30 1.191 26.93f-k 2.778 32.51 2.456 40.88 2.626 36.70d-i 5.053 

9 28.67 0.898 29.37 4.215 29.02d-j 2.846 34.75 1.965 48.36 2.962 41.56a-c 7.634 

F3 

114 32.83 2.711 37.93 7.56 35.38ab 5.922 40.64 4.586 32.29 1.910 36.46d-j 5.522 

119 22.08 2.454 30.91 2.233 26.5g-l 5.196 35.33 2.95 36.39 0.490 35.86d-k 2.038 

12 27.83 4.926 29.38 2.532 28.61d-j 3.719 34.73 1.461 39.92 3.809 37.33c-g 3.849 

18 30.13 2.423 24.74 4.503 27.43e-k 4.417 27.45 3.816 25.26 3.168 26.35l 3.451 

1b 32.02 4.865 26.52 5.512 29.27d-i 5.639 32.92 1.200 40.03 1.269 36.48d-j 3.971 

23 19.80 2.061 25.69 3.102 22.74lm 3.984 32.60 2.509 32.92 0.895 32.76h-k 1.753 

26 27.20 1.263 24.00 3.431 25.60i-l 2.943 28.64 2.813 35.45 2.738 32.04jk 4.456 

35 26.74 3.360 24.59 1.854 25.67h-l 2.762 31.56 2.153 31.36 4.996 31.46k 3.563 

42 34.16 2.533 28.27 1.407 31.21b-e 3.678 42.74 4.226 36.74 3.238 39.74cd 4.735 

43 37.11 1.394 31.57 1.703 34.34a-c 3.291 38.20 5.292 31.88 0.000 35.04e-k 4.841 

55 26.93 0.452 21.88 2.420 24.40k-m 3.142 30.51 1.918 38.92 3.628 34.71f-k 5.238 

78b 24.50 2.914 30.05 1.902 27.27e-k 3.741 31.90 2.957 44.79 3.590 38.35c-f 7.536 

83 29.26 0.232 25.13 1.888 27.20e-k 2.532 33.67 4.322 29.66 7.933 31.67k 6.291 

9 20.48 3.051 29.52 4.478 25.00j-m 5.993 32.78 0.823 57.93 8.004 45.35a 14.44 

LSD0.05     4.181      4.453  
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2.3. Analysis of primary and secondary shoots biomass and selected yield elements 

Significant differences in the total mass of shoots were found between control and drought 

objects. On average, as a result of drought, 43% less biomass of aboveground parts was collected. No 

increase in shoot weight due to drought was found in any of the genotypes. Only for line no. 114, the 

decrease in the total weight collected was not statistically significant. In the remaining OMA lines 

and in the Bingo cultivar, the decreases in the harvested biomass of above-ground parts due to 

drought were statistically significant. The highest decreases were found in lines no. 18 and 78b and 

in the Bingo variety, where they amounted to 58%, 56% and 75%, respectively. Among the control 

plants the highest shoot weights were recorded on lines no. 78b and 1b, and the lowest on lines no. 

114 and 83. On the other hand, when considering combination with drought, the highest masses of 

shoots were found in lines no. 1b and 119, and the lowest in lines no. 83 and 18 and in the Bingo 

cultivar (Table 4). 

The number of developed grains differed in particular genotypes. As a result of drought, there 

was a statistically significant decrease in the number of kernels in drought combination by an average 

of 31% compared to control objects. Statistically significant decreases in the number of kernels 

occurred in lines no. 23, 78b, 83 and 9 and in the Bingo variety, where they amounted to 52%, 44%, 

38%, 25% and 62%, respectively. Among the control plants, the most kernels were found in lines no. 

78b and 9, and the least in lines no. 114 and 18. Whereas in drought conditions, the most kernels were 

found in lines no. 9 and 78b, and the least in lines no. 18 and 114 (Table 4). 

The mass of kernels developed by single plant decreased in combination with drought by an 

average of 34% compared to control objects. Only in three lines statistically insignificant increases in 

kernel mass were found. This was the case with an overall very low number of developed grains. In 

the remaining genotypes, decreases were noted. In lines no. 1b, 83, 78b and 9 and in the Bingo variety, 

they were statistically significant. Among the objects of the control combination, the highest weights 

of kernels were recorded in lines no. 9 and 78b and in the Bingo variety, and the lowest in lines no. 

18 and 114. Among the plants subjected to drought, the highest weights were found in lines No. 9 

and 78b, and the lowest on lines 18 and 114 (Table 4). 
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Table 4. Mean values, standard deviations and homogeneous group for the mass of stems plant–1 (g), the number of grains and the mass of grains plant–1 (g) in control combination (C) 

and combination with soil drought (D). 

Trait The mass of stems/plant (g) The number of grains The mass of grains/plant (g) 

Treatment C D Average C D Average C D Average 

Genotype Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. 

Bingo 17.16 3.157 4.29 3.089 10.72d-f 7.300 124.25 17.34 47.75 31.13 86bc 46.40 6.242 0.8845 1.833 1.5724 4.037b-d 2.5885 

F2 

114 9.04 4.200 6.21 1.499 7.62f 3.288 1.00 1.15 2.67 1.70 1.83i 1.61 0.047 0.0543 0.091 0.0781 0.069k 0.0665 

119 14.87 2.860 10.56 1.717 12.72a-e 3.172 8.50 3.00 7.75 2.87 8.12i 2.75 0.420 0.0671 0.285 0.1125 0.353k 0.1121 

12 16.57 3.515 9.13 1.212 12.85a-e 4.66 90.75 39.51 76.25 21.39 83.50b-d 30.42 3.558 1.4544 3.021 0.8043 3.290c-f 1.1252 

18 13.57 2.224 5.72 1.501 9.65ef 4.551 8.25 2.50 0.25 0.50 4.25i 4.59 0.311 0.093 0.006 0.0115 0.159k 0.1746 

1b 17.29 2.151 12.99 2.872 15.14a 3.286 76.75 12.69 35.50 21.11 56.12d-f 27.32 3.464 0.4248 1.485 0.8583 2.475e-h 1.2295 

23 14.95 2.448 11.34 0.772 13.15a-d 2.557 58.75 17.21 37.00 4.69 47.88e-g 16.48 2.423 0.7491 1.459 0.2433 1.941g-j 0.7288 

26 13.71 3.182 9.19 1.199 11.45de 3.282 44.50 17.18 43.25 10.63 43.88e-g 13.24 1.998 0.6854 1.991 0.4541 1.994g-j 0.5383 

35 14.83 1.180 7.84 1.514 11.33de 3.944 69.25 23.91 58.25 10.40 63.75c-e 18.05 2.962 0.8024 2.577 0.3947 2.769d-g 0.6204 

42 14.06 1.962 7.92 2.904 10.99de 4.005 16.00 14.21 25.75 15.13 20.88g-i 14.55 0.782 0.8016 1.346 0.8691 1.064jk 0.8306 

43 12.91 1.657 9.34 1.993 11.13de 2.555 29.75 14.45 17.75 21.61 23.75g-i 18.19 1.395 0.6518 0.89 1.1859 1.143i-k 0.9262 

55 14.15 1.972 9.65 1.065 11.90b-e 2.82 26.25 7.41 51.5 17.62 38.88e-h 18.40 1.194 0.2872 2.19 0.7574 1.692g-j 0.7514 

78b 16.76 3.276 8.85 1.047 12.80a-e 4.786 132.00 73.14 82.00 9.27 107.00ab 55.17 5.089 2.3964 3.343 0.3876 4.216bc 1.8430 

83 12.67 1.022 6.86 1.252 9.77ef 3.28 139.50 36.57 104.00 22.38 121.75a 33.88 5.442 1.0742 4.016 0.7586 4.729ab 1.1498 

9 12.86 2.528 9.19 5.206 11.03de 4.266 141.75 21.61 104.00 70.15 122.88a 52.12 7.041 2.7310 3.978 2.709 5.510a 3.0038 

F3 

114 9.04 4.200 6.21 1.499 7.62f 3.288 1.00 1.15 2.67 1.70 1.83i 1.61 0.047 0.0543 0.091 0.0781 0.069k 0.0665 

119 18.89 6.158 11.14 1.247 15.01ab 5.837 9.25 3.20 9.75 1.50 9.50hi 2.33 0.382 0.0910 0.364 0.0409 0.373k 0.0661 

12 13.12 2.378 9.06 0.344 11.09de 2.678 103.25 25.22 74.75 15.22 89.00bc 24.58 3.975 1.0943 2.945 0.5318 3.460c-e 0.9683 

18 13.57 2.224 5.72 1.501 9.65ef 4.551 8.25 2.50 0.25 0.50 4.25i 4.59 0.311 0.093 0.006 0.0115 0.159k 0.1746 

1b 17.26 4.163 12.42 0.823 14.84a-c 3.798 62.75 31.61 47.50 13.38 55.12d-f 23.90 2.692 1.3115 2.034 0.6319 2.363e-i 1.0159 

23 18.02 1.880 9.57 1.597 13.79a-d 4.798 76.25 18.08 27.50 8.35 51.88e-g 29.14 3.044 0.6402 1.067 0.3224 2.055f-j 1.1560 

26 13.38 1.545 9.35 0.906 11.36de 2.453 49.25 14.48 39.75 5.56 44.50e-g 11.35 2.411 0.7548 1.817 0.2941 2.114f-j 0.6180 

35 14.83 1.180 7.84 1.514 11.33de 3.944 69.25 23.91 58.25 10.4 63.75c-e 18.05 2.962 0.8024 2.577 0.3947 2.769d-g 0.6204 

42 11.77 1.970 7.99 6.697 9.88ef 4.997 18.50 13.58 27.75 32.95 23.12g-i 23.85 0.726 0.5186 1.305 1.6926 1.016jk 1.1996 

43 15.06 2.137 8.41 0.238 11.74c-e 3.819 43.00 42.58 48.00 16.17 45.50e-g 29.93 1.909 1.8288 2.281 0.4809 2.095f-j 1.2539 

55 13.85 2.33 7.48 0.970 10.66d-f 3.788 54.25 24.30 57.00 11.34 55.62d-f 17.61 2.498 1.0145 2.317 0.6464 2.407e-h 0.7934 

78b 19.80 2.438 7.36 0.687 13.58a-d 6.851 167.50 56.97 84.75 18.39 126.12a 59.10 6.179 1.1685 3.314 0.6160 4.747ab 1.7583 

83 6.25 6.306 2.13 2.933 4.19g 5.056 48.00 55.43 11.50 22.34 29.75f-i 43.72 2.151 2.4832 0.418 0.8081 1.284h-k 1.9442 

9 13.64 1.701 8.38 1.909 11.01de 3.273 119.00 26.14 91.25 23.41 105.12ab 27.35 4.724 0.8791 3.448 1.1002 4.086bc 1.1468 

LSD0.05         3.211           29.80           1.241   
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2.4. Correlations among biochemical parameters, biomass and yield elements 

Soluble sugars content in first day of drought (20% of soil field capacity) was significantly 

negatively correlated with phenolic compounds content in first day of drought in both control (–0.70) 

and drought stress (–0.39) (Figures 1 and 2, respectively). Similarly, for both treatments, control and 

stress, significant positive correlations were observed between the number of grains and the mass of 

grains plant–1 (0.98 and 0.99, respectively) (Figures 1 and 2). In addition, under control conditions, 

correlations were observed between ELWL after 0-3 hours and ELWL after 4-6 hours, ELWL after 0-

3 hours and ELWL after 0-6 hours, ELWL after 4-6 hours and ELWL after 0-6 hours, soluble sugars 

content in first day of drought and soluble sugars content after two weeks of drought, phenolic 

compounds content in first day of drought and phenolic compounds content after two weeks of 

drought, Moreover, a positive correlation between the mass of stems plant–1 and the number of grains 

as well as negative between phenolic compounds content in first day of drought and soluble sugars 

content after two weeks of drought were observed (Figure 1). 

 

Figure 2. A heatmap showing correlation coefficients between all pairs of observed traits in control. 

[t[1]—ELWL after 0-3 hours, t[2]—ELWL after 4-6 hours, t[3]—ELWL after 0-6 hours, t[4]—soluble 

sugars content in first day of drought (20% of soil field capacity), t[5]—phenolic compounds content 

in first day of drought (20% of soil field capacity), after two weeks of drought (maintaining 20% of 

soil field capacity), t[6]—soluble sugars content after two weeks of drought (maintaining 20% of soil 

field capacity), t[7]—phenolic compounds content after two weeks of drought (maintaining 20% of 

soil field capacity), t[8]—the mass of stems plant–1, t[9]—the number of grains, t[10]—the mass of 

grains plant–1]. 
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In addition, under stress conditions, a positive correlation was observed between five pairs of 

traits: soluble sugars content in first day of drought and the mass of stems plant–1, soluble sugars 

content in first day of drought and the number of grains, soluble sugars content in first day of drought 

and the mass of grains plant–1, phenolic compounds content after two weeks of drought and the 

number of grains, and phenolic compounds content after two weeks of drought and the mass of 

grains plant–1 (Figure 2). 

Each trait was of varying significance and had different shares in the joint multivariate variation 

in the examined genotypes. Analysis of the first two principal components for studied genotypes is 

shown in Figure 3 (for control) and Figure 4 (for drought stress). In the graphs the coordinates of the 

point for a studied lines and cultivar Bingo are the values for the first and second principal 

component. For control condition, the first two principal components accounted for 90.50% of the 

total variability between the individual genotypes (Figure 3). The most significant positive linear 

relationship with the first principal component was found for soluble sugars content in first day of 

drought and soluble sugars content after two weeks of drought, whereas the most significant 

negative linear relationship was found for phenolic compounds content in first day of drought. The 

second principal component was significantly negatively correlated with the number of grains and 

the mass of grains plant–1. 

 

Figure 3. A heatmap showing correlation coefficients between all pairs of observed traits in drought 

stress. [t[4]—soluble sugars content in first day of drought (20% of soil field capacity), t[5]—phenolic 

compounds content in first day of drought (20% of soil field capacity), after two weeks of drought 

(maintaining 20% of soil field capacity), t[6]—soluble sugars content after two weeks of drought 

(maintaining 20% of soil field capacity), t[7]—phenolic compounds content after two weeks of 
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drought (maintaining 20% of soil field capacity), t[8]—the mass of stems plant–1, t[9]—the number of 

grains, t[10]—the mass of grains plant–1]. 

 

Figure 4. Distribution of fourteen OMA lines in F2 and F3 generations and cultivar Bingo in the space 

of the first two principal components for control. 

For drought stress, the first two principal components accounted for 94.04% of the total 

variability between the individual OMA lines and cultivar Bingo (Figure 4). The most significant 

positive linear relationship with the first principal component was found for soluble sugars content 

in first day of drought and soluble sugars content after two weeks of drought, while the most 

significant negative linear relationship was found for phenolic compounds content in first day of 

drought. The second principal component was significantly positively correlated with the number of 

grains and the mass of grains plant–1, whereas it was significantly negatively correlated with soluble 

sugars content after two weeks of drought. 
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Figure 5. Distribution of fourteen OMA lines in F2 and F3 generations and cultivar Bingo in the space 

of the first two principal components for drought stress. 

Excised-leaf water loss after 0-3 hours (observed in control only) determined the mass of stems 

plant–1, the number of grains and the mass of grains plant–1 observed in drought stress (Table 5). 

Table 5. The effect of excised-leaf water loss (ELWL) values, independent: after 0-3 hours, after 4-6 

hours and after 0-6 hours (independent variable, x), on the mass of stems plant–1, the number of grains, 

the mass of grains plant–1 (dependent variable, y) estimated by regression model y=a x + b. 

Independent 

variable 

Dependent 

variable 
Model 

Percentage variance 

accounted 

Standard error of 

observations 

ELWL after 0-3 

hours 

The mass of stems 

plant–1 
y=21.53*** –0.314* x 3.0 4.87 

The number of 

grains 
y=20.184*** –0.028* x 3.2 4.86 

The mass of 

grains plant–1 
y=20.109*** –0.637* x 2.6 4.88 

ELWL after 4-6 

hours 

The mass of stems 

plant–1 
y=15.14*** –0.285 x 2.0 5.23 

The number of 

grains 
y=13.051*** –0.0057 x - 5.3 

The mass of 

grains plant–1 
y=12.935*** –0.074 x - 5.3 

ELWL after 0-6 

hours 

The mass of stems 

plant–1 
y=33.23*** –0.500* x 3.0 7.77 

The number of 

grains 
y=30.39*** –0.0286 x 0.8 7.86 

The mass of 

grains plant–1 
y=30.23*** –0.611 x 0.4 7.88 

* p<0.05; *** p<0.001. 
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In all three cases, the impact was inversely proportional, and the coefficient of determination 

was not large, ranging from 2.6 (for the mass of grains plant–1) to 3.2 (for the number of grains). The 

mass of stems plant–1 was determined by ELWL after 0-6 hours, with values explained at 3.0% (Table 

5). 

3. Discussion 

When certain related species are crossed, the pollinator's chromosomes might be totally 

excluded, resulting in haploid offspring generation. This method widely known as interspecies or 

intergeneric crossing (wide crossing) is utilized in plant breeding to speed breeding activities by 

getting a totally homozygous generation [42]. When the mentioned above technique is applied in 

crossing of oat with maize, certain maize chromosomes are retained in embryogenesis, during mitotic 

cell divisions and they act like oat chromosomes and are permanently integrated into the genome of 

newly produced hybrids. OMA lines (oat x maize addition lines) can be detected with molecular 

methods application, e.g. PCR with specific retrotransposon Grande I primer application. The 

method was used by many authors to detect OMA lines [22,43], the percentage of OMA lines could 

be high even 47% [43] but in our studied in the group of 120 offspring plants resulted from wide 

crossing oat with maize, 12.5% OMA lines were detected. OMA lines could be useful genotypes in 

plant breeding, but also they aid in the mapping of the maize genome [44]. 

The water loss test (ELWL) performed in our experiment revealed significant differences 

between the tested genotypes. Significant differences in the values of ELWL parameters between 

different genotypes were found in many cereal species [45,46]. Different crop plants, and within them 

different genotypes, for which low values of ELWL parameters were found, during drought have a 

greater ability to maintain water balance in the leaves, which is largely due to soluble sugars in the 

plant. The combination of low water loss and high content of soluble sugars allows to maintain water 

balance during stresses and provides such genotypes with tolerance to drought stress, in effect higher 

yield stabilization [46]. In our experiment, line no. 23 was characterized by the lowest water loss 

among all genotypes and was also characterized by the highest content of soluble sugars, especially 

compared to other drought-stressed genotypes. Negative correlations between the percentage of 

water loss and the analyzed yield components indicate genotypes that cope better with soil drought 

stress. If water loss is lower, yield under drought stress conditions is higher. On this basis, potentially 

valuable genotypes can be selected for recombinant breeding aimed at creating varieties tolerant to 

drought stress. Drought stress might possess strong impact on various physiological parameters of 

plant, generally stress including also biotic stress might reduce plant performance e.g. fluorescence 

parameters like Fv/Fm and PI indices decreased in barley DH lines that had been infected with 

Fusarium culmorum spores [47], and other PS II (photosystem II) characteristics, such RC/CSo 

decreased [48]. 

In our experiment the content of soluble sugars in oat plants increased as a result of soil drought. 

However, there were significant differences among tested genotypes, which was proved by 

significant interaction of two experimental factors T×G (Treatment and Genotype) both in the first 

day and 14-th day of drought. During prolonged drought conditions, the content of soluble sugars 

decreased (comparison of the first and fourteenth day of drought), but it was still higher in drought-

treated plants than in control objects. The accumulation of soluble sugars in plants has been found in 

many species as a reaction to drought stress, e.g. in maize, oats, rapeseed or rice, in which the reaction 

to salinity stress was additionally studied [48–50]. The beneficial effect of soluble sugars during 

persistent water shortages was basically manifested by regulating the osmotic pressure of plants, 

which prevents significant decreases in turgor. Sinay and Karuwal (2014) in a greenhouse experiment 

with nine corn varieties, investigated the effect of watering intervals on the content of soluble sugars 

[51]. In the control objects, all objects were watered every other day, while the conditions of water 

deficiency were induced on two levels: watering only every 8 or 12 days. As a result of the induced 

drought conditions, significant increases in the content of soluble sugars in maize leaves were found, 

depending on the genotype, several times to several hundred times compared to the values in control 
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objects [52]. In addition, a significant positive correlation was found between the content of soluble 

sugars and the analyzed yield components. 

The content of phenolic compounds is another possible parameter applied in our studies to 

indicate genotypes tolerant to soil drought stress. During the experiments, it increased in both control 

and drought objects when compare the first and the fourteenth day of drought. In most cases, the 

values due to stress were higher. In both dates (first and fourteenth day of drought), the genotype 

had a significant impact on the content of phenolic compounds, which indicates a different reaction 

of the tested OMA lines to water deficiency. In experiments on drought stress in spring triticale, an 

increase in the content of phenolic compounds was found, and this parameter was considered useful 

in selecting genotypes less susceptible to drought stress [53]. In potato, increased content of phenolic 

compounds was also observed as a result of drought, during which the analyzed secondary 

metabolites were responsible for the good general condition of plants [54]. The positive effect of 

increased phenolic compounds content as antioxidants supporting plants in the fight against ROS 

(reactive oxygen species) induces by stress, has also been demonstrated in other species, such as 

rapeseed or potato [51,54]. 

The last analyzed parameters were aboveground biomass and selected yield elements. The 

occurrence of a two-week period of drought during the growing season of oat-maize hybrids affected 

the total dry mass of shoots, as well as the number and mass of kernels. Genotype, treatment and 

their interaction had a significant impact on the differences. The average decrease in the total 

aboveground mass was 43%. In the most susceptible genotypes, the decrease reached 75%, and in the 

tolerant ones the differences were not statistically significant. The experiments also showed a 

significant reduction in the number and weight of kernels. Among all analyzed lines, the highest 

values of yield components were achieved by lines no. 9 and 78b, especially in the case of the number 

and weight of kernels. The total biomass of above-ground parts of these lines decreased as a result of 

drought, but it was one of the smallest percentage decreases in these values compare to the rest of 

tested genotype. These lines were the only ones among the 14 analyzed OMA lines that achieved 

higher or similar values to the Bingo variety in the control, and even exceeded the standard object 

(cv. Bingo) in drought conditions. None of the genotypes reached a higher number and weight of 

kernels under drought stress when compare to lines no. 9 and 78b. Bingo variety reached similar 

values only for some yield elements. Studies conducted on wheat showed lower biomass values in 

plants growing in drought conditions compared to control combination with sufficient access to 

water. The decrease in yield was 59% for fresh weight and 51% for dry weight [55]. Other studies on 

drought stress in barley revealed a significant decrease in the number of kernels as well as their 

weight due to drought in both mild and severe drought stress. As a result of drought, the grain filling 

period was shortened by as much as ⅓ in the case of severe drought stress. The pouring of grain 

ended earlier, which caused a shortening of the vegetation period and led to a situation where, 17 

days after the beginning of this phase, the average weight of one kernel was higher in drought-

stressed plants than in control objects. Grain pouring in the control objects continued after 17 days 

from the beginning of this phase, so much higher grain weights than those in drought conditions 

were reached only after the end of drought vegetation [56]. In our experiment, faster maturation and 

dying of plants subjected to drought stress were also observed. In the experiment interesting and 

significant correlation was found, a higher production of biomass and a higher number and weight 

of kernels were associated with higher contents of soluble sugars on the first day of drought or higher 

contents of phenolic compounds on the fourteenth day of drought. 

4. Materials and Methods 

4.1. Molecular identification of OMA lines 

The plant material for the study were obtained by wide crossing of oat with maize, at The 

Franciszek Górski Institute of Plant Physiology, Polish Academy of Sciences in Krakow. Intraspecific 

oat hybrids (cross combinations of cultivars or breeding lines) pollinated with maize allowed to 

generate a population of DH lines and OMA lines equivalent to the classic F2 generation, but with 
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the difference that only homozygous forms constituted this population [57]. A total of 120 

descendants of wide crosses were tested to detect oat-maize hybrids. The control objects were: maize 

variety Waza (positive control) and oat variety Stoper (negative control). Identification of hybrids 

was carried out using the PCR method, with the application of the marker retrotransposon fragment 

sequence Grande 1 present in multiple copies on each maize chromosome [23]. The leaves of plants 

grown in controlled greenhouse conditions were used for the study. 

4.2. Grande I amplification 

The harvested oat leaves were lyophilized under reduced pressure (40 μbar) at a heat exchanger 

temperature of -52°C (FreeZone 6L lyophilizer, Labconco, USA). The plant material was then 

homogenized using a cryogenic homogenization mill (MM400, Retsch, Germany) for 5 minutes at a 

frequency of 25 Hz in a 2000 μl round-bottom tubes together with 5 grinding balls made of zirconium 

oxide (Ø5 mm). Genomic DNA isolation was performed using the Genomic Mini AX Plant enhanced 

performance kit from A&A Biotechnology, the DNA was then dried in a concentrator (Concentrator 

Plus, Eppendorf, Germany) for 10 minutes at 20 mbar. Then dried DNA samples were diluted in TE 

buffer (Tris, EDTA) for 48 hours. The concentration of the DNA solution was measured using the 

NanoDrop 2000c spectrophotometer (Thermo Scientific, USA). Finally the DNA concentration 50 

ng/μl was used in the PCR reaction. Apart from the OMA lines samples, the maize DNA isolated 

from cv. Waza (positive control) and oat DNA from variety cv. Stoper (negative control) was used in 

the reaction. The reaction mixture contained: 15.5 μl of water, 3 μl of MgCl2 solution, 2 μl of free 

nucleotides (dNTP) solution, 2.5 μl of Taq 10x buffer, 1 μl of Grande 1R primer solution, 1 μl of 

Grande 1F primer solution, 0,42 μl of Taq polymerase (Thermo Scientific, USA). The primers used 

bound to highly conserved elements, such as the Grande 1 retrotransposons, which are common on 

each maize chromosome [18] (GenBank accession number X976040. The Grande 1 primer sequence 

was as follows: 

GRANDE 1F: 5' - AAAGACCTCACGAAAGGCCCAAGG - 3'  

GRANDE 1R: 5' - AAATGGTTCATGCCGATTGCACG - 3' 

The PCR reaction was carried out under the following conditions: pre-denaturation - 94°C for 5 

minutes; 25 cycles:denaturation - 94°C for 30 seconds, primer annealing - 58°C for 30 seconds, 

polymerization - 72°C for 30 seconds; final polymerization at 72°C for 5 minutes and cooling the 

samples to 4°C. Separation of the amplification products according to the length of the newly formed 

DNA fragments was carried out by electrophoresis in 1.5% agarose gel in TBE buffer (Tris, boric acid, 

EDTA – Sigma Aldrich, USA) at a voltage of 110 V for 60 minutes. Archiving of electrophoretic 

separations was made using a gel archive system (Amersham - Pharmacia Biotech, USA) and the 

Liscap Capture Application ver. 1.0. The analysis of the obtained PCR products was performed using 

the GelScan ver. 1.45 (Kucharczyk - Electrophoretic Techniques, Poland). Computer analysis of the 

gels allowed the detection of oat DH lines and OMA lines. 

4.3. Greenhouse experiment 

OMA lines that were chosen based on molecular analyses were replicated to create F3 offspring, 

which were then evaluated in a greenhouse experiment in the spring of 2020. The Bingo oat variety 

was used as a reference genotype and two generations (F2 and F3) of fourteen OMA lines (No. 1b, 9, 

12, 18, 23, 26, 35, 42, 43, and 55) were evaluated. The plants were given a soil drought treatment, while 

the control group consisted of the same plants that were consistently watered during the trial. In 

Krakow's Department of Plant Breeding, Physiology and Seed Science, the experiment was 

conducted in the greenhouse. Four replications of the experimental factor—i.e., drought conditions 

and optimal soil water content —were prepared for each OMA line. 

A total of 240 pots were used in the experiment (15 genotypes, including 14 OMA lines and the 

cv. Bingo; four replicates; two generations; and two treatments). In February 2020, the genotypes 

under study had their seeds planted. The pots held a total of 2500 g of soil and sand combined in 

equal parts. In order to simulate a drought, watering was restricted after the soil humidity level 

reached 20%. The control pots received regular watering to 70% of soil humidity throughout the 
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simulation of drought conditions, whereas the pots under the stress of the drought received only 

water to a moisture level of 20%. The following experiments and activities were conducted during 

the greenhouse experiment: 

1. Performing ELWL (Excised Leave Water Loss) 

2. Collection of leaves for soluble sugars and phenolic compound content in the first day of 

reaching 20% humidity simultaneously with control combination (70% soil humidity). 

3. Collection of leaves for soluble sugars and phenolic compound content in the fourteenth day 

of drought (maintaining 20% humidity) simultaneously with control combination (70% soil 

humidity). 

4. Harvesting mature shoots, weighing the biomass of aboveground parts and total mass of 

kernels from all shoots. 

4.4. Water loss test 

A physiological indicator widely used as a selection criterion for drought tolerance is the rate of 

Excised Leaf Water Loss (ELWL), which in soil drought conditions is negatively correlated with grain 

yield [58]. The water loss test was performed on OMA lines grown under controlled greenhouse 

conditions. The cut leaves of oat plants at the BBCH 27 development stage (end of tillering) were 

transferred to the growth chamber, where the following measurement conditions were maintained: 

temperature 20°C, air humidity 50% and lighting 250 μmol m2 s-1 (HPS "Agro" lamps, Osram). Water 

loss was monitored by weighing the leaves immediately after cutting (0 hours), after 3 and 6 hours, 

and after drying at 70 °C for 48 hours. The water loss in the tested plants was calculated on the basis 

of the formula given by Clarke and McCaig (1982) [59]: 

� ELWL0-3 h = (FW0 – FW3) / (FW0 – DW), 

� ELWL4-6 h = (FW3 – FW6) / (FW3 – DW), 

� ELWL0-6 h = (FW0 – FW6) / (FW0 – DW), 

where: FW0 - fresh mass, FW3 – fresh mass after 3 hours, FW6 – fresh mass after 6 hours, DW – dry 

weight after drying for 48 hours at 70°C. 

4.5. Analysis of biochemical parameters 

The leaves for biochemical analysis were collected twice during the experiment: on the first day 

of drought (when the soil reach the 20% of capacity) and on the fourteenth day of drought (the 

maintenance of soil 20% capacity) both from control plants and plants subjected to soil drought. One 

leaf was collected from the main shoots of each 3 pots of the F2 generation and 3 pots of the F3 

generation. The harvested oat leaves were lyophilized under reduced pressure (40 μbar) at a heat 

exchanger temperature of –52°C (FreeZone 6L lyophilizer, Labconco, USA). The plant material was 

then homogenized using a cryogenic homogenization mill (MM400, Retsch, Germany) for 5 minutes 

at a frequency of 25 Hz in a 2000 μl round-bottom tubes together with 5 grinding balls made of 

zirconium oxide (Ø5 mm). For biochemical measurements, 5 mg of lyophilized and homogenized 

leaves were utilized with addition of 2 ml of 80% ethanol, then the tubes were centrifuged at 2800 

rpm for 20 minutes (Eppendorf Centrifuge 5702 R, Germany). The total amount of sugars was 

determined by the phenol method by Dubois et al. (1956) [60]. The reaction mixture contained: 0.2 ml 

of distilled water, 20 μl of supernatant, 0.2 ml of 5% phenol and 1 ml of concentrated H2SO4. After 10 

minutes from mixing the reaction components, the absorbance was measured at a wavelength of 490 

nm (Synergy 2 spectrophotometer, BioTek, USA). On its basis, the content of soluble sugars in the 

samples was calculated, which was then presented as the content in the dry matter of plant tissue 

[mg g–1 DM]. The content of phenolic compounds was determined by the method of Folin and 

Ciocalteu [61]. The reaction mixture contained: 1 ml of water, 20 μl of supernatant, 0.5 ml of 25% 

Na2CO3 and 0.125 ml of Folin and Ciocalteu reagent (diluted 1:1 with distilled water shortly before 

use). After 30 minutes, the absorbance was measured on a spectrophotometer (Synergy 2, BioTek, 
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USA) at a wavelength of 760 nm. The content of phenolic compounds was determined in mg of 

chlorogenic acid per 1 g of dry matter of plant tissue [mg g–1 DM]. 

4.6. Analysis of primary and secondary shoots biomass and selected yield elements 

At the stage of kernels’ full maturity all plant of control and subjected to drought stress condition 

were harvested. The primary and secondary shoots biomass generated by plants was assessed, as 

well as the percentage of grains in the overall biomass yield. It was noted the quantity of shoots, their 

weight, and the weight of the kernels. Each shoot was measured independently, and the total amount 

of branching on each individual plant was then calculated and the results were gathered for each 

individual plant as described by Warzecha et al. 2023 [22]. 

4.7. Statistical analysis 

The normality of distribution of the ten traits was tested using Shapiro–Wilk’s normality test 

[62] to verify whether the analysis of variance (ANOVA) met the assumption that the ANOVA model 

residuals followed a normal distribution. Three-way multivariate analysis of variance (MANOVA) 

was performed. Three-way analyses of variance (ANOVA) were carried out to determine the main 

effects of treatment, generation, and genotype as well as their interactions on the variability of the 

particular traits. The mean values and standard deviations of traits were calculated for treatments, 

generation, genotypes, and their combinations. Additionally, Fisher’s least significant differences 

(LSDs) were calculated for individual traits at the 0.05 level, and on this basis homogeneous groups 

were generated. The relationships between observed traits were estimated using Pearson’s linear 

correlation coefficients based on the means of the genotypes, independent for control and drought 

stress. The relationships of the observed traits are presented in heatmaps. The results were also 

analyzed using multivariate methods. Principal component analysis (PCA), independent for control 

and drought stress, was utilized to show a multi-trait assessment of the similarity of the tested 

genotypes in a lower number of dimensions with the least possible loss of information [63]. The effect 

of excised-leaf water loss values, independent: after 0-3 hours, after 4-6 hours and after 0-6 hours, on 

the mass of stems plant–1, the number of grains, the mass of grains plant–1 was assessed by regression 

analysis. All these analyses were conducted using the GenStat v. 22 statistical software package [64]. 

5. Conclusions 

Among the 120 tested plants generated by wide crossing oat with maize, the presence of 105 DH 

(doubled haploids) lines and 15 OMA (oat × maize addition) lines was confirmed, which is 12.5% of 

all tested lines. The analysis of variance showed a significant effect of soil drought on the content of 

soluble sugars on the first day of soil drought, and on the fourteenth day of soil drought, a significant 

effect of stress on the content of soluble sugars and phenolic compounds was noted. Moreover, 

drought caused a significant decrease in the above-ground biomass of plants and selected yield 

elements. The tested OMA lines had a significant impact on the values of the excised leaf water loss 

(ELWL) test as well as biochemical parameters and selected yield components in response to drought 

stress. In the entire experiment, lines no. 9 and 78b were the most distinctive, as they were the only 

ones among the analyzed genotypes to achieve higher values of the tested yield components than the 

Bingo cultivar, both in the control and in the soil drought conditions. It is worth to note that for the 

OMA line no. 9 significant correlation between high yield values and low water loss from the leaves 

(ELWL test) were found. The ELWL values classified line no. 9 among the 3 genotypes with the lowest 

water loss, therefore it can be concluded that this genotype is more tolerant to drought stress. OMA 

lines no. 9 and 78b should be considered as the best candidates for further investigation and possible 

application in breeding program on oat resistance to soil drought stress. Moreover, in both lines, high 

content of phenolic compounds was found, correlated with a high yield of kernels in drought 

conditions. This parameter can be utilized as a biochemical indicator of oat tolerance to soil drought 

in oat. 
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